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Abstract: In this paper, we investigated the effect of the incidence angle of a laser ray on the
reflected laser intensity. A dataset on this dependence is presented for materials usually used in
the industry, such as transparent and non-transparent plastics and aluminum alloys with different
surface roughness. The measurements have been performed with a laser line triangulation sensor
and a UR10e robot. The presented results are proposing where to place the sensor relative to the
scanned object, thus increasing the reliability of the sensor data collection.

Keywords: angle of incidence; AoI; incidence angle; laser scanner; laser intensity; surface properties;
transparent; shiny; glossy surface; sensor placement

1. Introduction

Laser scanning is a widely used process in both industrial and non-industrial en-
vironments. In non-industrial sectors, these are terrestrial laser scanning and airborne
laser scanning methods that use received intensity data as the main data source in various
studies, such as vegetation and forest exploration [1], scanning and creating 3D models
of buildings [2]. In an industrial environment, laser scanning is mainly used for reverse
engineering [3,4], component localization systems for bin-picking applications [5], product
inspection, checking dimensions and quality [6–8], or control of the production process,
e.g., inspection of welds in robotic welding [9].

In the industrial environment, laser line triangulation (LLT) sensors, which operate
on the principle of triangulation [10,11], are commonly used. The already mentioned
inspection of the components can also be carried out by contact sensors, but the LLT sensors
have advantages in speed and resolution of the measurement. Contactless measurements
cannot damage the checked component in any way. In addition, 3D point clouds can
be generated using LLT sensors for further processing. On the other hand, LLT sensors
can be affected by the geometry and reflective properties of scanned surfaces that can
cause distortion.

Another limiting factor is shiny and smooth surfaces which cause specular reflections.
Specular reflection depends on material reflectance, surface roughness, and geometric
scanning parameters such as the incidence angle of a laser ray (beam), and the out-plane
and in-plane angle of a sensor [12,13].

Transparent surfaces are problematic to scan because of the refraction problem [14].
For transparent surfaces, the laser beam is split and reflected from both the upper and the
lower surface. The sensor can detect both beams; however, this is causing disturbances.
Nonetheless, there are methods allowing scanning transparent surfaces using area filtering
masks or by detecting UV light [15].
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The digitization of specular glossy surfaces is still problematic even though it has
undergone many advances; e.g., in [16], the authors presented a method for the reconstruc-
tion of a specular surface, using a single camera viewpoint and the reflection of a planar
target placed at two different positions; in [17], the authors projected several patterns on
the shiny object, and the reflections of these patterns were processed and used for geometry
reconstruction of the scanned object; other methods can be found in [18], which is a review
on this topic. The diffusion intensity level, shown in Figure 1 of the shiny surfaces captured
by the sensor was very small, leading to poor data collection [19]. In addition, specular
reflections led to a greater occurrence of outliers, which were points located outside the
captured cloud of points, which could be considered as noise. However, these outliers
could be eliminated by various methods, e.g., in [12], the authors examined the effect of
scanning orientation on the formation of outliers to facilitate their detection and subsequent
removal; in [20], the authors presented a toolkit for cleaning point clouds.

Reflectance is the ability of a material to reflect light, which depends on the optical
properties of that material. A beam of light can be reflected in two ways (types) as shown
in Figure 1a. Diffuse and specular reflection [21]. Both types of reflection exist at the same
time, though one of them dominates. For glossy materials, specular reflection prevails,
and for matte materials, diffusion reflection prevails. It is the diffusion reflection that is
desirable for laser scanning; the ideal surface with a high light-scattering index is referred
to as the Lambertian surface [22].

According to [23], we can divide the reflection of the beam of light into three types of
reflection, as seen in Figure 1b. Diffuse reflection, specular spike, and specular lobe. The
type of reflection depends on the material, its reflective properties, and the roughness of
the surface: With increasing roughness, the specular spike is shrinking and the specular
lobe is increasing [23].

Figure 1. Reflection phenomenon. For an ideal specular reflection, the angle of incidence (AoI) θi is the same as the angle of
reflection θr relative to the surface normal n; (a) the general distribution of the reflection; (b) the distribution of the reflection
by [23].

Some studies investigated the relationship between surface roughness and laser scan-
ning. In [24,25], authors analyzed the influence of the surface roughness on the scanning
quality and accuracy. They proved that the quantity of detected points and accuracy is
influenced not only by the roughness itself but also by the manufacturing process, such as
horizontal and vertical milling or turning [26].

Additionally, ambient light causes noise in captured data (point clouds), which has an
impact on the detection accuracy of this data [27]. According to [19], when ambient light
is inhibited during scanning, the collected data contain a higher number of points while
the noise level is lowered. If the manufacturing process requires lighting, one can choose a
source of light that provides a more reliable acquisition of scanned data, as studied in [28].
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Another option for scanning shiny and transparent surfaces is an application of an
additional layer of matte material to the scanned object. Using this method, the intensity of
the specular reflection is significantly reduced and the diffuse scattering of light into the
surroundings is strengthened, which is desirable for detection by the sensor. However, this
method is not always possible, as the applied material can devalue the surface of the part
(e.g., the remains of a sticky part or spray, etc.). In addition, this added material must be
removed, which requires an additional process that extends the production and control
(inspection) times and increases production costs.

In this work, we investigated the effect of the incidence angle of a laser ray (beam)
on this laser intensity. We presented results for this relation for industrial construction
materials such as non-transparent colored plastics, transparent colored and pure plastics,
and aluminum alloy with different surface roughness. These samples have a glossy,
transparent, or matte surface. Our objective was to introduce the possibility of scanning
these surfaces by an LLT sensor without adding matte materials to the surface of the
scanned object. The acquired functions of the incidence angle allowed us to place the
sensor in a position and orientation that increases the reliability of the data acquisition.
Furthermore, these characteristics can also be implemented in simulation programs for
virtual laser scanning and thus simulate different material behavior.

2. Methodology

For sensors that have a laser transmitter and receiver in the same location, the AoI of
the laser ray (beam) is always positive. In our case, we also considered a negative value
of the AoI, because the CCD camera (receiver) is not located in the same location as the
transmitter (laser source). The positive and negative directions of the AoI and sensor
schematic are shown in Figure 2; the CCD camera is detecting the laser line at a fixed angle.

Figure 2. LLT sensor schematic. The α angle is the angle between the laser beam and the camera axis
(triangulation angle); β is the vertical field of view of the CCD camera; δ is the angle of the cone of
the projected laser. α, β, and δ are constants, which is given by the sensor manufacturer. θ is the AoI
of the laser rays (beams) plane relative to the surface normal (n).

Section 3 describes the measuring process and data analysis in details. To collect the
data for evaluation of the influence of AoI on the reflected laser intensity, we performed
the steps visualized in Figure 3. The robot moved the LLT sensor to the starting pose and
then subsequently rotated around the laser line (visualized as the red point B in Figure 3)
by 1◦, which represented a measuring pose. In total, 140 poses from the AoI θ −85◦ to +55◦

were measured.
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Figure 3. Schematic of the experimental measurement. DREF is the reference distance of the sensor
(Z-axis), θ is the AoI of the laser rays (beams) plane relative to the surface normal (n). Point
B represents the laser line (it is perpendicular to the image) around which the robot rotates the
LLT sensor.

The objective of this study was to determine the interval of positioning and orientation
of the sensor with respect to the surface. The parameters to decide which interval provided
the most reliable data were the detected number of points and the intensity level.

3. Experiment Setup and Details

Rotary collaborative robot UR10e (basic parameters shown in Table 1) was used to
handle the LLT sensor. Using a robot with six degrees of freedom (DoF), the sensor can
be positioned exactly in the desired position and orientation towards the measured object
without the production of complex jigs or positioning mechanisms.

Table 1. Basic parameters of the UR10e robot.

Parameter Specification

DoF 6
Reach 1300 mm

Payload 10 kg
Pose repeatability ±0.05 mm

The LLT sensor is mechanically attached to the robot using an aluminum L profile.
The LJ-X8080 (provided by Keyence) sensor with parameters shown in Table 2 was used
for this measurement.

Table 2. Parameters of LJ-X8080 sensor.

Parameter Specification

Reference distance (Z-axis) 73 mm

Triangulation angle 35◦

Measuring range (Z-axis) ±20.5 mm (full scale = 41 mm)

Measuring range (X-axis)

30 mm (near side)

35 mm (reference distance)

39 (far side)

Linearity (Z-axis) ±0.03% of the full scale

Profile data count 3 200 points

Laser type Blue laser

Laser source 10 mW

Laser wavelength 405 nm (visible light)
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The sensor was controlled by the LJ-X8000e control unit (by Keyence), which allowed
us to measure the laser intensity throughout the whole profile of points (for each point).
Figure 4 shows the example of raw intensity data provided by the sensor control unit for
one full profile (3200 points); the X-axis represents the captured points; the Y-axis represents
the light intensity of the laser for each point, measured by a charge-coupled device (CCD)
chip camera inside of the LLT sensor.

Figure 4. An example of raw intensity data for the full profile (3200 points) provided by the sensor control unit. The X-axis
represents captured points, Y-axis represents intensity from 0 to 10 mW.

3.1. Experimental Workplace

The workplace was made of aluminum profiles on which an aluminum plate with a
matrix of threaded holes was mounted. The UR10e robot was attached to this plate. Due
to the threaded holes in the matrix, we could easily attach various holders in the exact
positions relative to the robot. The configuration of the workplace can be seen in Figure 5.

Figure 5. Experimental workplace.

The workplace was controlled by a C# application. For fast communication, the
controllers of the robot and sensor were connected to an Ethernet switch and then to
the control computer via an Ethernet connection. Communication was done via TCP/IP
protocol. The communication diagram can be seen in Figure 6.
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Figure 6. Communication diagram of the workplace.

The scanned samples had different dimensions and thicknesses (as seen in Table 3).
The robot always performed the same moves for the scanning of all samples, as previously
shown in Figure 3. There was a plastic holder with attachments that held the scanned
surface at the same level, as can be seen in Figure 7a–c. The holder was attached to the
threaded hole of the matrix, so its position against the robot was known.

Table 3. Dimensions, surface roughness, and flatness of scanned objects.

Material Width
[mm]

Height
[mm]

Thickness
[mm]

Roughness
[µm]

Flatness
[mm]

Non-transparent plastics 100 100 3 Ra1.2 0.02

Colored transparent plastics 100 100 3 Ra0.01–0.04 0.01

Pure transparent plastic 50 100 5 Ra0.01–0.04 0.01

Aluminum alloy 40 80 12 Ra0.8, 1.6, 3.2, 6.3, 12.5 0.02

Figure 7. Plastic holder for scanning samples of thickness: (a) 3; (b) 5; (c) 12 mm.

The materials of the samples for measuring the function of the AoI were the commonly
used materials in automotive. These were red and orange transparent plastics (Figure 8a),
transparent clear plastic (Figure 8b), a black plastic plate, and a gray plastic plate (Figure
8c), and an aluminum alloy with different surface roughness (Figure 8d), made by milling.
To easily determine the AoI of individual laser rays, all samples were flat.
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Figure 8. Scanned samples: (a) Transparent colored plastics (acrylic sheets); (b) transparent pure plastic (acrylic sheet);
(c) non-transparent colored plastics (PVC plastics); (d) aluminum alloy with different roughness (Ra0.8–12.5).

3.2. Data Collection

The robot moved the sensor to the desired position and orientation above the sample
(scanned material) so that the measured displacement of the sensor was equal to its
reference distance. The LLT sensor projected a laser line to the scanned object, which
served as the axis of rotation when rotating the sensor head of the robot. In this way, the
robot gradually rotated the sensor from the AoI θ−85◦ to +55◦ with a step of 1◦. This angle
range was the maximum possible scanning range of the LJ-X8080 sensor. By rotating the
sensor outside the specified interval, the projected laser line would be no longer detected
by the CCD camera. In each rotation position, data were collected and stored for further
processing. The measurement process was described by Algorithm 1.

Algorithm 1. The measurement process.

for i = 0 to m // m[1:140] represents the position (pose) number, each position corresponds to a specific AoI
set_robot_pose (i)
waittime // stabilization of the robot
for j = 0 to n // n[1:30] represents the number of frames in one position
Get profile data
Get image data
Save data
end for
Get mean profile data
Get mean intensity data
end for

The robot was not 100% rigid short time after stopping in a position. There was
so-called shifting, which was a slight displacement of the tool center point of the robot.
Therefore, in each position, the data were measured 30 times with an interval of 250 ms to
minimize the influence of shifting and vibrations caused by the movement of the robot.
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The intensity data obtained for each point were averaged and then normalized to a range
of 0 to 1. The mean intensity value for one point was calculated by Equation (1):

In =
1
n

n

∑
i=1

Ii (1)

where In is the mean intensity value of one point in a measured pose and Ii is the normalized
intensity value of one point in a measured pose of the i-th scan. The normalized mean
intensity value was used for further processing.

When data from multiple measurements were compared, no significant variability
was immediately obvious. However, minor differences of measured intensity at one pose
of the sensor can be observed in Figure 9 with a detailed look. In Figure 9a, the measured
intensity was influenced by shifting and robot vibrations, while in Figure 9b,c the intensity
value was more stable, but we could still observe small differences that are marked by
circles (the area marked by the red circle in Figure 9a corresponds to the areas marked by
the red circle in Figure 9b,c; the same convention goes for orange circles).

Figure 9. Raw intensity data in a part of the scanned profile. Differences of measured intensity at one pose: (a) Scan no. 4;
(b) scan no. 14; (c) scan no. 16.

The saved profile may not have contained all points, and a smaller or larger portion
may have been missing. Such a situation occured when the sensor did not detect enough
reflected light from the target, mostly from shiny smooth surfaces on which specular
reflection dominated. An example of an incomplete profile can be seen in Figure 10, where
the side laser rays are no longer detected by the CCD camera.

Figure 10. The measured intensity of one profile on a shiny smooth surface. Points in the laser line are no longer detected
on the left and right side because of low laser intensity.

The data processing procedure describes Algorithm 2, which worked with averaged
intensity data. AoI of each laser ray was calculated by Equation (2):

θi =
√

θ2
pl + δ2

i (2)

where θpl is the AoI of the laser ray plane, and δi is the AoI of the corresponding beam
in the projected cone, as shown in Figure 11. Subsequently, the appropriate intensity was
assigned to each detected point.
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Figure 11. Schematic of the laser ray geometry for computation of AoI of i-th laser ray.

Algorithm 2. Acquisition of reflected intensity data.

for i = 0 to m // m[1:140] represents a saved scan that corresponds to a certain pose of the sensor
for j = 0 to n // n[1:3200] represents the point ID number in the saved profile
if n exists
get_angle_of_incidence (j)
assign_intensity_to_point (j)
end if
end for
Save data
end for

4. Results

The incidence angle dependencies are shown in the following graphs in which the
intensity was normalized as a value from 0 to 1. The intensity of detected points in one
profile for each AoI was plotted using boxplots. The same plots also contained a blue
line representing the percentage of the detected points. For better clarity, the graphs
were cropped on sides and did not show data when no laser reflection was detected. For
example, the sample in Figure 12a was detected from −74◦ to 34◦. The step of 4◦ was set for
aluminum samples; for plastic non-transparent samples the detected interval was greater,
therefore the data were plotted with a step of 5◦.

4.1. Aluminum Alloy with Different Roughness

The intensity for aluminum samples with different roughness is plotted in
mboxfigfig:sensors-1149392-f012a–e. For rough surfaces (e.g., Ra12.5), the laser line was
detected at AoI −83◦ to +41◦, while for smooth surfaces (e.g., Ra0.8) the laser line was
detected only at AoI −74◦ to +34◦. The measured intensity data were very similar to
each other. In Figure 12f, there is the median intensity of all measured positions. We
could observe the sharp intensity change in relation to the angle of incidence for the
sample with surface roughness Ra0.8. For smaller roughnesses (Ra0.8–1.6), the graph of
the median intensity was smooth; for higher roughness, we could observe step changes in
intensity, which was due to the irregularities on the material surface and manufacturing
process [25,26].



Sensors 2021, 21, 2890 10 of 16
Sensors 2021, 21, x FOR PEER REVIEW 10 of 16 
 

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 12. Processed intensity of aluminum alloy of different roughness: (a) Ra0.8; (b) Ra1.6; (c) Ra3.2; (d) Ra6.3; (e) Ra12.5; 

(f) median values in each measured position for all aluminum samples. 

4.2. Transparent Plastics 

For the clear transparent material, both the bottom and top surface of the material 

was detected, which was undesirable in most applications, and therefore an area filtering 

mask had to be applied to eliminate detection of unwanted surfaces. 

For all transparent materials, the laser line was detected only at AoI −20° to −16° and 

even at these incidence angles, the profile of points was not detected completely. Only 

about 50% of points was detected in a profile, as shown in Figure 13, which represented 

raw intensity data AoI −20° to −16°. This area of incidence angles represented specular 

reflections; therefore, the measured intensity (normalized) was either one or almost zero. 

Figure 12. Processed intensity of aluminum alloy of different roughness: (a) Ra0.8; (b) Ra1.6; (c) Ra3.2; (d) Ra6.3; (e) Ra12.5;
(f) median values in each measured position for all aluminum samples.

4.2. Transparent Plastics

For the clear transparent material, both the bottom and top surface of the material was
detected, which was undesirable in most applications, and therefore an area filtering mask
had to be applied to eliminate detection of unwanted surfaces.

For all transparent materials, the laser line was detected only at AoI −20◦ to −16◦

and even at these incidence angles, the profile of points was not detected completely. Only
about 50% of points was detected in a profile, as shown in Figure 13, which represented
raw intensity data AoI −20◦ to −16◦. This area of incidence angles represented specular
reflections; therefore, the measured intensity (normalized) was either one or almost zero.
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Figure 13. Raw intensity data for orange plexiglass. The other transparent plastics have simi-
lar intensity.

In the red plexiglass, the laser line was also detected at AoI −21◦ and −15◦, as shown
in Figure 14. However, only about 20% of points in the profile were detected in these
positions, and significant noise could be seen outside the detected points.

Figure 14. Raw intensity data for red plexiglass at AoI −21◦ and −15◦. Points in the laser line are no
longer detected on the left and right side because of the low laser intensity; we can also observe the
noise which leads to a high occurrence of outliers.

For transparent materials, the processed data are shown in Tables 4–6 instead of
boxplots, due to specular reflections. The median, the twenty-fifth percentile, and the
seventy-fifth percentile had the same value in the area of specular reflection, which was the
AoI of the laser beam from −20◦ to −16◦; except for the red material, where the twenty-fifth
percentile was affected by noise (outliers).

Table 4. Processed intensity data for red transparent plastic.

AoI Median Mean 25th Percentile 75th Percentile

−21◦ 0.324 0.445 0.133 0.875

−20◦ 0.958 0.597 0.158 0.958

−19◦ 0.958 0.691 0.259 0.958

−18◦ 0.958 0.716 0.320 0.958

−17◦ 0.958 0.675 0.241 0.958

−16◦ 0.958 0.633 0.191 0.958

−15◦ 0.310 0.428 0.134 0.785

Table 5. Processed intensity data for orange transparent plastic.

AoI Median Mean 25th Percentile 75th Percentile

−20◦ 0.958 0.815 0.958 0.958

−19◦ 0.958 0.880 0.958 0.958

−18◦ 0.958 0.854 0.958 0.958

−17◦ 0.958 0.865 0.958 0.958

−16◦ 0.958 0.822 0.958 0.958
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Table 6. Processed intensity data for pure transparent plastic.

AoI Median Mean 25th Percentile 75th Percentile

−20◦ 0.958 0.929 0.958 0.958

−19◦ 0.958 0.961 0.958 0.958

−18◦ 0.958 0.960 0.958 0.958

−17◦ 0.958 0.962 0.958 0.958

−16◦ 0.958 0.961 0.958 0.958

The graphs of the median intensity for transparent plastics can be seen in Figure 15;
the laser line was detected only in the area of specular reflection.

Figure 15. Median values of intensity in measured positions of transparent plastic samples.

4.3. Non-Transparent Plastics and Overview

The intensity for the black plastic was plotted in Figure 16a and for the gray plastic in
Figure 16b. For both materials, the laser line was detected at AoI −85◦ to +50◦. Although it
is the same material with the same surface roughness, we can observe a different shape of
the intensity graph. In this case, the color of the material played an important role, where
the black object absorbed part of the light beam [29]. The graphs of the median intensity
are shown in Figure 16c.
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4.4. The Results Overview

The functions of the incidence angle on laser intensity for all materials are shown in
Figure 17, where the red rectangle with the dashed line shows the specular reflection area.
Only in this area was the laser line detected on transparent and shiny surfaces. In this area,
the greatest laser intensity was detected in other materials as well. A diffusion reflection
was in the area outside the red rectangle.

Figure 17. Dependence of the laser intensity on the angle of incidence for all samples; the specular
reflection area was marked by a red rectangle with a dashed line.

In Table 7, there is a list of the detection range of the laser line for each material.
In addition, for each material, there was defined an interval of AoI with high intensity
corresponding with a high number of detected points. In the case of non-transparent
materials, we chose intervals where both values were above 90%. For transparent plastics,
the recommended range was the same as the whole detection range where only 50–70% of
the points were being detected, as explained in Section 4.2. This interval was recommended
for setting the position and orientation of the sensor relative to the scanned object.
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Table 7. Detection range of the laser line for all materials. The recommended range provides the
highest reflection intensity, based on the experimental measurements.

Material Detection Range Recommended Range

Aluminum alloy Ra0.8 [−74◦, 34◦] [−21◦, 0◦]

Aluminum alloy Ra1.6 [−78◦, 34◦] [−25◦, −1◦]

Aluminum alloy Ra3.2 [−83◦, 41◦] [−26◦, 0◦]

Aluminum alloy Ra6.3 [−76◦, 36◦] [−24◦, −3◦]

Aluminum alloy Ra12.5 [−83◦, 41◦] [−30◦, −1◦]

Pure transparent plastic [−20◦, −16◦] [−20◦, −16◦]

Orange transparent plastic [−20◦, −16◦] [−20◦, −16◦]

Red transparent plastic [−21◦, −15◦] [−20◦, −16◦]

Black non-transparent plastic [−85◦, 50◦] [−25◦, −11◦]

Gray non-transparent plastic [−85◦, 50◦] [−80◦, 0◦]

5. Conclusions

Laser scanning (1D, 2D, or 3D) is a commonly used technology in the industry; whether
for surface quality control, checking dimensions and quality, or creating point clouds for
object localization and further processing. To achieve accurate results, it is essential to
obtain reliable data from the sensor.

In this article, we focused on examining the effect of the laser beam incidence angle on
the laser intensity. Data were measured by an LLT sensor, which is commonly used in the
industry. This angle function on laser intensity was investigated on various materials that
are frequently used in automotive (red, orange, and clear transparent plastics, black and
gray plastic, and aluminum alloys with different roughness). Of course, more materials
can be scanned (e.g., different steel alloys, leathers), and the proposed methodology for
obtaining these functions can be used for these materials as well.

The appropriate intensity for laser scanning was the highest intensity of diffusion
reflection. For aluminum samples, the maximum intensity was measured at the AoI interval
[−25◦, 0◦]; but the laser line was already detected at AoI from −83◦ to +41◦ for samples
with higher surface roughness; for samples with lower roughness (smoother surface), the
laser line was detected at AoI from −74◦ to +34◦.

For the black plastic sample, the maximum intensity was noticed at the AoI interval
[−24◦, −12◦]. Outside of this interval, the intensity of the laser changed significantly
with the changing AoI. In this case, the color of the material played a big role, where the
black color absorbed light. For a gray sample, the highest intensity was observed at the
AoI interval [−80◦, 0◦]; for AoI 0◦ and above, the laser intensity decreases continuously.
Therefore, the gray sample was well scanned at a wide range of angles. For both samples,
the laser line was detected at AoI from −85◦ to +50◦.

For transparent plastics, the laser line was detected only at the AoI interval [−20◦, −16◦],
which was the specular reflection area. Obtained profiles with these AoI did not contain
all points, but only 50%, as seen in Figure 13. These surfaces were very smooth (almost
mirror-like), where specular reflection dominated, and the diffuse light scattering was almost
zero. The outer beams of the scanning profile (on the left and right side) were reflected
outside the CCD camera and were therefore not detected. In addition, while scanning pure
transparent plastic, there was a refraction problem where both the top and bottom surfaces
were detected. In our case, the reflection from the lower surface was undesirable and was
eliminated using an area filtering mask. However, for some applications, detection of both
surfaces was required and was used, for example, to measure the thickness of the material.

Presented data showed that each material had different reflective properties. As seen
in Figure 17, the laser line was detected under different AoI for each material. Therefore,
the measured dependence of the laser intensity on the AoI could help to correctly place the
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LLT sensor in the production or control process for more reliable data collection. These
characteristics could also be used as data in the virtual scanning simulation environment
to improve the sensor location (position and orientation) relative to the scanned object, or
to test scanning by the LLT sensor before a real sensor was bought.

The proposed method brought benefits for practical usage in industry. The process
of design and deployment of a workplace could be sped up and its cost lowered when
the placement of LLT sensor providing reliable data was known, so there is no need for
additional tests and experiments with different hardware options. The workplaces already
participating in a manufacturing process could be adjusted to achieve even better results.
Furthermore, this methodology could be transferred even to mobile robotics. For example,
in simultaneous localization and mapping (SLAM), laser scanning is often used to localize
a robot or to inspect the environment. The correct positioning of such robot in respect to
scanned objects may increase the accuracy and reliability of the detection.

For future research, this methodology can be extended to exterior materials used in
automotive either before painting (sheet metal) or after painting (different colors of the
painted layer), so the list of suggested measuring angles would contain other materials.
Furthermore, this methodology could be extended by checking the quality of the obtained
point cloud, that is, whether the points are distributed according to a plane by measuring
the dispersion of the points on that plane.

Author Contributions: Conceptualization, D.H. (Dominik Heczko) and Z.B.; methodology, D.H.
(Dominik Heczko) and Z.B.; software, D.H. (Dominik Heczko); validation, D.H. (Dominik Heczko),
P.O. and T.K.; formal analysis, D.H. (Daniel Huczala); investigation, D.H. (Dominik Heczko), T.K.,
P.O. and D.H. (Daniel Huczala); writing—original draft preparation, D.H. (Dominik Heczko) and
D.H. (Daniel Huczala); writing—review and editing, P.O., T.K., D.H. (Daniel Huczala), J.S., and Z.B.;
visualization, D.H. (Dominik Heczko); supervision, Z.B.; project administration, J.S. and Z.B. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Research Platform focused on Industry 4.0 and Robotics
in Ostrava Agglomeration project, project number CZ.02.1.01/0.0/0.0/17_049/0008425 within the
Operational Programme Research, Development and Education. This article has been also supported
by specific research project SP2021/47 and financed by the state budget of the Czech Republic. This
research was also funded by Slovak Grant Agency VEGA 1/0389/18 “Research on kinematically
redundant mechanisms”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Contact correspondence author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript;
or in the decision to publish the results.

Abbreviations
The following abbreviations are used in this manuscript:
AoI Angle of incidence
LLT Laser line triangulation
CCD Charge-coupled device
DoF Degrees of freedom

References
1. Balduzzi, M.A.; Van Der Zande, D.; Stuckens, J.; Verstraeten, W.W.; Coppin, P. The Properties of Terrestrial Laser System Intensity

for Measuring Leaf Geometries: A Case Study with Conference Pear Trees (Pyrus Communis). Sensors 2011, 11, 1657–1681.
[CrossRef]

2. Albano, R. Investigation on Roof Segmentation for 3D Building Reconstruction from Aerial LIDAR Point Clouds. Appl. Sci. 2019,
9, 4674. [CrossRef]

http://doi.org/10.3390/s110201657
http://doi.org/10.3390/app9214674


Sensors 2021, 21, 2890 16 of 16

3. Kus, A. Implementation of 3D Optical Scanning Technology for Automotive Applications. Sensors 2009, 9, 1967–1979. [CrossRef]
[PubMed]

4. Li, F.; Longstaff, A.P.; Fletcher, S.; Myers, A. Rapid and accurate reverse engineering of geometry based on a multi-sensor system.
Int. J. Adv. Manuf. Technol. 2014, 74, 369–382. [CrossRef]

5. Chang, W.-C.; Wu, C.-H. Eye-in-hand vision-based robotic bin-picking with active laser projection. Int. J. Adv. Manuf. Technol.
2016, 85, 2873–2885. [CrossRef]

6. Wu, X.; Li, Z.; Wen, P. An automatic shoe-groove feature extraction method based on robot and structural laser scanning. Int. J.
Adv. Robot. Syst. 2017, 14. [CrossRef]

7. Zhang, M.; Shi, H.; Yu, Y.; Zhou, M. A Computer Vision Based Conveyor Deviation Detection System. Appl. Sci. 2020, 10, 2402.
[CrossRef]

8. Na, K.-M.; Lee, K.; Shin, S.-K.; Kim, H. Detecting Deformation on Pantograph Contact Strip of Railway Vehicle on Image
Processing and Deep Learning. Appl. Sci. 2020, 10, 8509. [CrossRef]

9. Wang, Z.; Zhang, C.; Pan, Z.; Wang, Z.; Liu, L.; Qi, X.; Mao, S.; Pan, J. Image Segmentation Approaches for Weld Pool Monitoring
during Robotic Arc Welding. Appl. Sci. 2018, 8, 2445. [CrossRef]

10. Bickel, G.; Häusler, G.; Maul, M. Triangulation with Expanded Range of Depth. Opt. Eng. 1985, 24, 246975. [CrossRef]
11. Dong, Z.; Sun, X.; Liu, W.; Yang, H. Measurement of Free-Form Curved Surfaces Using Laser Triangulation. Sensors 2018, 18, 3527.

[CrossRef]
12. Wang, Y.; Feng, H.-Y. Effects of scanning orientation on outlier formation in 3D laser scanning of reflective surfaces. Opt. Lasers

Eng. 2016, 81, 35–45. [CrossRef]
13. Van Gestel, N.; Cuypers, S.; Bleys, P.; Kruth, J.-P. A performance evaluation test for laser line scanners on CMMs. Opt. Lasers Eng.

2009, 47, 336–342. [CrossRef]
14. Gao, F.; Muhamedsalih, H.; Jiang, X. Surface and thickness measurement of a transparent film using wavelength scanning

interferometry. Opt. Express 2012, 20, 21450–21456. [CrossRef] [PubMed]
15. Ran, R.; Stolz, C.; Fofi, D.; Meriaudeau, F. Non contact 3D measurement scheme for transparent objects using UV structured light

2010. In Proceedings of the 2010 20th International Conference on Pattern Recognition, Istanbul, Turkey, 23–26 August 2010;
pp. 1646–1649. [CrossRef]

16. Bonfort, T.; Sturm, P.; Gargallo, P. General Specular Surface Triangulation. In Lecture Notes in Computer Science (Including
Subseries Lecture Notes in Artificial Intelligence and Lecture Notes in Bioinformatics); Springer: Hyderabad, India, 2006; Volume 3852,
pp. 872–881. [CrossRef]

17. Weinmann, M.; Osep, A.; Ruiters, R.; Klein, R. Multi-View Normal Field Integration for 3D Reconstruction of Mirroring Objects.
In Proceedings of the 2013 IEEE International Conference on Computer Vision, Sydney, NSW, Australia, 1–8 December 2013;
pp. 2504–2511. [CrossRef]

18. Ihrke, I.; Kutulakos, K.N.; Lensch, H.P.A.; Magnor, M.; Heidrich, W. Transparent and Specular Object Reconstruction. Comput.
Graph. Forum 2010, 29, 2400–2426. [CrossRef]

19. Mian, S.H.; Mannan, M.A.; Al-Ahmari, A.M. The influence of surface topology on the quality of the point cloud data acquired
with laser line scanning probe. Sens. Rev. 2014, 34, 255–265. [CrossRef]

20. Weyrich, T.; Pauly, M.; Keiser, R.; Heinzle, S.; Gross, M. Post-processing of Scanned 3D Surface Data. Eurographics Symp.
Point-Based Graph. 2004, 1. [CrossRef]

21. Tan, K.; Cheng, X. Specular Reflection Effects Elimination in Terrestrial Laser Scanning Intensity Data Using Phong Model. Remote.
Sens. 2017, 9, 853. [CrossRef]

22. Oren, M.; Nayar, S.K. Generalization of the Lambertian model and implications for machine vision. Int. J. Comput. Vis. 1995,
14, 227–251. [CrossRef]

23. Nayar, S.; Ikeuchi, K.; Kanade, T. Surface reflection: Physical and geometrical perspectives. IEEE Trans. Pattern Anal. Mach. Intell.
1991, 13, 611–634. [CrossRef]
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