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Based on laser scanning surface
3D reconstruction intelligent
assembly system

Yanchen Liu*, Zhouqi Zhang, Gong Chen, Hou Rong and
Yufeng Li

School of Mechanical and Electrical Engineering, North University of China, Taiyuan, Shanxi, China

To improve the assembly accuracy of intelligent assembly process, a 3D
surface reconstruction system based on laser scanning for assembly targets
and assembly positions was designed. The light source uses a line laser to
provide structured light, enabling rapid scanning of the assembly target surface
on a single line. Calculate the spatial relationship between the assembly target
and the assembly position through the calibration board. A position inversion
optimization algorithm has been proposed. By completing the transformation
of feature points from local coordinates to global coordinates. The energy
distribution in the central area of the CCD image plane was simulated and
analyzed under different baseline lengths, and the optimal baseline position
of 35 mm was determined. The experiment is divided into two parts, and the
reconstruction of the three-dimensional surface of the free-form surface target
based on laser scanning was completed in the laboratory. The optimized target
3D point cloud data is evenly distributed, with almost no scattered points on
the main two local surfaces, which well reflects the surface structure of the
target. In the actual outdoor assembly experiment, the system cooperated with
the assembly vehicle to achieve the correct assembly of the assembly. The
reconstruction accuracy deviation of most test points is very small, with over
85% of test points having an error of less than 0.54 mm. The average deviation
of these points before and after optimization is 0.67 mm. This system has higher
application value in the field of large-scale intelligent assembly.

KEYWORDS

laser scanning, intelligent assembly, linear laser, optimization algorithm for position
inversion, 3D surface reconstruction

1 Introduction

With the continuous updating of industrialization, traditional automated assembly
technology can no longer meet the application requirements of complex structural
assembly. The emergence of intelligent assembly technology can greatly improve the
accuracy and stability of intelligent assembly of complex structures, and intelligent
sensing units based on laser scanning are the core technology of intelligent assembly
systems. It is of great significance to study the application of three-dimensional surface
recognition technology for intelligent assembly processes. To quickly obtain the three-
dimensional surface shape of the object being assembled, traditional contact scanning
methods cannot be achieved, and non-contact optical testing methods can only be

Frontiers in Physics 01 frontiersin.org

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2024.1505062
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2024.1505062&domain=pdf&date_stamp=2024-12-02
mailto:lyc37242219@163.com
mailto:lyc37242219@163.com
https://doi.org/10.3389/fphy.2024.1505062
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fphy.2024.1505062/full
https://www.frontiersin.org/articles/10.3389/fphy.2024.1505062/full
https://www.frontiersin.org/articles/10.3389/fphy.2024.1505062/full
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org


Liu et al. 10.3389/fphy.2024.1505062

used [1–3]. The non-contact optical testing methods are mainly
divided into laser scanning method and image recognition method.
The image scanning method uses multi angle photography to
calculate the assembly target feature position [4, 5]. This method
is fast and cost-effective, but its accuracy is low and it has certain
requirements for the morphology of the tested object. Compared
to other methods, laser scanning has high accuracy and no special
requirements for the morphology of the assembly object.

Simon et al. [6] developed a desktop 3D laser scanning system,
which can be applied to collect the 3D surface shape of targets on
experimental platforms. However, it is easily affected by light, so it is
only suitable for dark environments, which limits its application.The
handheld 3D laser scanning plane detector developed by Lavelle P
et al. [7] from NASA can quickly obtain the surface shape features
of the test surface, reconstruct its 3D point cloud, reconstruct
geometric models such as cracks and depressions, and achieve a
detection accuracy of 0.30 mm. Zhongxu Hu from the University of
Newcastle in the UK [8] studied a 3D measurement method based
on line laser. A vision system was installed on the arm of a robot,
and combined with a line laser projector, fast 3D reconstruction of
objects such as shoes was achieved, achieving good results. Tang
et al. [9] achieved non-contactmeasurement of surface roughness by
using the principle of displacement change generated by combining
laser spot with area array CCD camera. Peng et al. [10] designed
a three-dimensional detection device using both a translation
platform and a rotation platform. In order to reduce measurement
blind spots, the system uses two cameras and a line laser projector.
Under the action of the rotation platform, the laser can scan the
entire test surface of the object. After scanning for a week, the
detection systemwill move in a vertical direction, scan the object up
anddown, and obtain the overallmorphology of the object.Morozov
et al. [11] performed laser scanning on aircraft skin and interpolated
the test area using a feedback correction algorithm, achieving a
testing accuracy of 5.0 mm. Connolly et al. [12] proposed a laser
scanning module installed on a robotic arm, with a 3D scanning
accuracy better than 0.5 mm. In addition, some companies also have
similar laser scanning products. The Fast CAN Cobra handheld
laser scanner developed by Polhemus Company can obtain 15,000
point coordinates per second,with ameasurement accuracy of 1 mm
within a measurement range of 200 mm, efficiently completing
the three-dimensional model reconstruction of the target surface
[13]. LDI GKS has developed the OM-3R scanner, which can be
combined with a rotating platform to measure the external contours
of teeth, crowns, and other materials, and reverse synthesize 3D
models. It is widely used in the medical field, with a depth of field
of up to 100 mm and a scanning accuracy of up to 40 um [14].
The 3DCaMegaDS series human body scanning system does not
require marking points and utilizes texture features to complete
automatic stitching. In a scanning area of 2,200∗1,200∗1200 mm, the
accuracy can reach 0.5 mm [15]. In summary, although there are
many literature based on laser scanning, the vast majority of them
are fixed target scanning with a fixed laser position, which limits
the positional relationship of the assembly process. This article uses
the laser scanning system fixed on a 6-degree-of-freedom assembly
claw and studies the calculation method of its coordinate system
one. This method contributes to the matching of laser scanning and
dynamic assembly.

The use of laser scanning can effectively capture the three-
dimensional surface features of the captured object. During the
assembly process, laser 3D scanning can accurately obtain the
surface structure of the assembly area, thereby achieving precise
assembly. This article proposes a fast 3D surface acquisition system
based on line laser scanning, and designs a position inversion
optimization algorithm based on it.

2 System design

The system is controlled by a computer, and the carrier uses an
automatic tracking method to find the assembly target placement
position. When the loading vehicle reaches the designated position,
the camera takes a photo to obtain the precise position relationship
between the loading vehicle and the assembly area. Then, the
laser scans the test location to obtain three-dimensional spatial
information of the area to be placed, and then feeds it back to the
computer.The computer uses 3Dprocessing software to calculate the
point cloud for assembly targets and placing positions. The system
is shown in Figure 1.

The system is equipped with a 6 degree of freedom robotic arm
on the cargo vehicle, which assembles the approximate position
of the assembly target area through camera photography. Then, a
laser is used to scan the surface shape of the area and reconstruct
the 3D point cloud of the assembly position. By using 3D point
cloud information, precise recognition of the face shape is achieved,
providing a placement path for the robotic arm. The system
realizes unmanned automated loading and unloading. In order to
improve its assembly accuracy, feature extraction is performed on
the surface shape of the loading and unloading assemble target,
thereby improving system stability. Target disk is used to provide the
calibration image required for the location information of the cargo
vehicle, so as to determine that the cargo vehicle will automatically
travel to the designated position. The laser adopts a line scanning
laser to form structured light, which can scan data on one line at a
time. The laser is fixed on a six degree of freedom robotic arm, so
they have a unified coordinate system.Through computer inversion
calculation, a mapping relationship can be established between the
spatial offset of the placement position and the spatial position of the
assembly target.

3 Principle of laser scanning 3D
reconstruction

3.1 Laser triangulation

The system uses a line laser as the light source to scan the surface
of the assembly target. Using the principle of triangulation, convert
the three-dimensional depth information of the surface of the object
to be grasped into a two-dimensional laser stripe image. Establish
a laser scanning measurement system model based on the relative
position relationship between the laser plane and the camera. The
camera obtains the three-dimensional spatial coordinates of each
measurement point on the stripe, and then controls the stepper
motor to automatically grasp and place the object.
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FIGURE 1
Automatic control of loading and unloading grab system.

The acquisition of three-dimensional laser point clouds is
achieved by lasers, so the position of the laser is crucial for the
construction of the point cloud. The position of the laser can
be known in advance, so we use the plane constructed by the
laser and the CCD photosensitive surface as the reference plane,
extending towards the target direction to form a three-dimensional
space. Therefore, the coordinate system of the two-dimensional
CCD is positively located on the plane of z = 0 in the point cloud
coordinate system.

Set the center of the camera lens as the coordinate origin
and establish the camera coordinate system [16]. According to the
triangular relationship in the measurement model, the coordinates
of the spatial measurement points are (x, y, z), the distance from the
laser to the camera center is the baseline length l, the angle between
the laser optical axis and the system baseline is θ, the focal length of
the lens is f, and the coordinates of the measurement points and the
conjugate points on the CCD image plane are (x′, y′). The following
relationship can be derived:

{{{{
{{{{
{

x = lx′( f tan θ− x′)−1

y = ly′( f tan θ− x′)−1

z = l f( f tan θ− x′)−1
(1)

Calibration of the parameters in Formula 1 can accurately obtain
comprehensive feature points of the target. So as to improve the
testing accuracy of the system. In order to achieve measurement
of the entire surface of the object to be grabbed, the measurement
system needs to be mounted on a displacement platform for
translational motion, where the displacement platform’s motion
speed is v and the motion time is t. At this point, in the relationship
between spatial coordinates (x, y, z) and (x′, y′), the coordinates on
the x-axis become:

x = lx′( f tan θ− x′)−1 + vt (2)

Among them, the coordinate relationship between the y-
axis and the z-axis remains unchanged. When the laser is not
perpendicular to the reference plane to be measured, the incident
direction of the structured light is not perpendicular to the reference
plane. At a certain angle with the reference plane, the object being

measured is reflected, and the partially reflected light is received
by the CCD and imaged on the CCD sensor. The angle between
the incident light and the normal of the reference plane is θ1.
The reflected light forms an angle θ2 with the normal of the
reference plane [17]. According to the principle of trigonometry, it
can be obtained that:

X
cos θ1

sin (θ1 + θ2) ⋅ (L2 −X
′ cos α) = [L1 −

X
cos θ1

cos (θ1 + θ2)]X
′ cos α

(3)

In the above equation, α is the angle between the laser optical
axis and the normal direction of the image, L1 is the distance from
the imaging lens to the target., L2 is the focal length of the receiving
lens, so L2 = f. According to Formulas 2, 3, the positional relationship
can be obtained, we can obtain the height to be measured as:

X =
X′L1 cos θ1 cos α

( f −X′ cos α) sin (θ1 + θ2) +X′ cos (θ1 + θ2)cos α
(4)

3.2 Testing error analysis

After obtaining the height to be measured by Formula 4, analyze
the measurement error of the system structure. The spatial position
coordinates of the measured point in the camera coordinate system
directly affect the detection accuracy of the measurement system.
In order to study the influence of the structure of the laser scanning
system onmeasurement accuracy, the errors in locating the center of
the laser stripes in the x and y directions are δ1 and δ2, respectively.
The errors in the measurement results in the three directions can be
expressed as:

{{{{
{{{{
{

dx = (l f cot θδ1)( f cot θ− x′)
−2

dy = (l f cot θδ2 − lxδδ2 + lyδδ1)( f cot θ− x′)
−2

dz = l fδ1( f cot θ− x
′)−2

(5)

When ( f cot θ - x) is 0, the system error reaches its maximum
value. So x = f cot θ is the peak point of the above error formula,
at which point the system error reaches its maximum value. Under
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the premise of considering the influence of system distortion,
the center of the stripes should be as close as possible to the
camera’smain point position, so the intersection position of the light
plane and the optical axis determines the measurement range of
the system by Formula 5. Z is the distance from the intersection
point of the laser plane and the camera axis to the lens optical
center. This system will be positioned at 150 mm, and it can be seen
that the measurement range of the system is determined by l and θ
together. Therefore, the relationship between its testing function is
obtained as follows:

Z = l tan θ (6)

According to Formula 6, it can be inferred that themeasurement
error has a linear relationship with the baseline length l and a
nonlinear relationship with θ.

4 Algorithm design and simulation
analysis

4.1 Optimization algorithm for position
inversion

To obtain the surface shape of the assembly target, it needs
extract the center point of the laser scanning image, in order
to accurately calculate the three-dimensional coordinates of the
target. This article proposes a multi feature point structural
parameter calibration algorithm. The traditional wire drawing
method has a simple principle, but the calibration process is
complex, requiring the use of a measuring arm to measure the
coordinates of the intersection point between the iron wire and
the light plane, resulting in low accuracy. The structural cursor
calibration method based on constant alternating ratio utilizes a
special stereo calibration assembly target to solve the accuracy
problem of planar targets. However, the production of calibration
targets is difficult, and assemble accuracy has a significant impact on
test results. So, we propose a detection algorithm formultiple feature
points on the light plane using a planar target.

(1) Find the local world coordinates of feature points on the light
plane. Extract the fitting line between the center point of the
disk and the laser stripe. Obtain sub-pixel level intersection
coordinates through line fitting, and each row of the circular
array calibration board intersects with the laser stripes. Obtain
the three-dimensional point cloud (x, y, z) and the two-
dimensional coordinates (x, y) of the CCD;

(2) After obtaining the three-dimensional point cloud coordinate
system and the two-dimensional CCD plane coordinate
system, the two-dimensional CCD image plane position is
mapped into the three-dimensional point cloud based on
their actual physical positional relationship, thus achieving the
unification of the coordinate system. Parameter calculation is
also carried out at this time. Import platform v and angle θ,
correct the true position of the assembly target;

(3) Maintain consistent proportions in each straight line. Calculate
the pixel coordinates corresponding to these feature points in
the image coordinate system. Calculate L1, L2, and α to achieve
optimal image quality;

(4) Complete the transformation from local coordinates of feature
points to global coordinates. Fit the test point data on the
corresponding circular array calibration board and unify all
feature points in the global coordinate system;

(5) Using the least squares method to fit the spatial parameter
equation of the plane, calculate the shortest distance between
laser planes and use it as the optimization objective function.
Calculate X and provide feedback to the control module to
correct the assembly position and pose;

(6) Use this objective function to calculate the three-dimensional
coordinates of multiple feature points.

4.2 Simulation analysis

In order to obtain the optimal laser reflection intensity for CCD
during dynamic assembly, it is necessary to analyze and obtain
the optimal baseline position. The optimal position is determined
by the energy intensity that can be obtained on the image plane
under the same conditions. For different combinations of structural
parameters l and θ, there are significant differences in measurement
errors in the X, Y, and Z directions of the measurement results.
Near the error peak point, the peak values differ by more than
10 times, and the measurement error decreases sharply with the
change of x. In order to analyzemeasurement errorsmore intuitively,
we take the part near the main point of the image center that is
far away from the error peak. Comparing Figures 2A, B, it can be
seen that when determining the measurement range of the system,
the baseline length is different, and the measurement accuracy is
also different. As the baseline length increases, the angle between
the laser plane and the baseline length becomes smaller, and the
measurement error becomes smaller. When the CCD is near the
main point (−1 mm, +1 mm) and the baseline length is 30 mm, the
measurement error is less than 0.5 mm, as shown in Figure 2A. The
maximum measurement error for a baseline length of 35 mm is less
than 0.2 mm, as shown in Figure 2B. Near x = 0, the larger the
baseline length, the smaller the measurement error.

As shown in Figure 2, in the central sensitive area of CCD, the
intensity distribution of energy will undergo significant changes due
to the baseline length. In order to achieve better imaging quality,
it is necessary to optimize the selection of baseline length. When
the measurement distance is fixed, as the baseline of the system
increases, the measurement error of the system will become smaller.
However, as the baseline length increases, the angle between the laser
plane and the camera optical axis becomes smaller, resulting in an
increase in the volume of the measurement system and a decrease
in the measurement range. The error peak points are closer to the
main point direction, which reduces the utilization rate of the CCD.
Therefore, the baseline length should not be too large. After the
above analysis, the baseline length of the system, the angle between
the laser plane and the baseline, will have a significant impact on
measurement accuracy. Although the measurement accuracy of the
system will improve with the increase of baseline length, if the
baseline length is too long, it will increase the external dimensions of
the system, and the CCD utilization rate of the system will decrease,
reducing the measurement range of the system. Finally, the baseline
length of the system is selected as 35 mm, and the tangent value of
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FIGURE 2
Measurement errors under different baseline lengths. (A) Baseline length is 30 mm (B) Baseline length is 35 mm.

FIGURE 3
Laser scanning system with scanning assembly target and its 3D reconstruction. (A) Laser scanning system with scanning target (B) Scanned 3D
reconstruction image.

the angle between the laser plane and the baseline is set to 3.5, so the
error caused by the system structure is within ±0.1 mm.

5 Experiments

5.1 Laser scanning 3D reconstruction

In the experiment, the system consists of BNS 250 ZG line
laser, G3-GM10 area array CCD sensor, HGTA01 mechanical

guide rail, and NBB20-K power module. The scanning target is
a free-form surface object in the shape of a flower pot, made
of PVC material. A black velvet cloth was used to semi enclose
the optical platform area to avoid stray light interference. Then
place the assembly target with both curved and edge structures on
the optical platform. The position relationship between the laser
and CCD is determined by the baseline position in simulation
analysis, and its optimal position can improve the imaging
effect of CCD. And place it within the irradiation range of
the laser. The laser scanning system and its scanning assembly
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FIGURE 4
Analysis of assembly system and assembly position accuracy based on laser scanning. (A) Physical assembly system (B) Comparison of assembly
position accuracy.

TABLE 1 Deviation comparison of position.

Coordinate axis Optimized testing Handscan testing

Max-value/mm Mean value/mm Max-value/mm Mean value/mm

X 1.1258 0.8415 0.5126 0.2214

Y 0.7849 0.4324 0.5849 0.2452

Z 1.1574 0.9577 0.7548 0.3026

DXYZ 1.9587 1.4361 1.0244 0.5487

target are shown in Figure 3A. Collect point cloud data of the
surface to be tested. According to the mapping relationship of
the optical system in Section 1, its three-dimensional coordinates
are reconstructed in Cloud Compare software, and a three-
dimensional model of the measured surface is generated to
reconstruct the three-dimensional shape of the measured surface,
as shown in Figure 3B.

After obtaining the energy distribution of the line laser, curve
fitting of the center position can obtain the fitting equation of the
structural laser scanning line; Then, based on the image positions
of the standard plates in two CCDs, calculate the baseline length
and the angle between the assembly target and the testing platform;
Finally, eachmeasurement section point cloud is replicated in three-
dimensional space to form the assembly target three-dimensional
point cloud set. Sample and fit the energy at the position of the beam
irradiation. On the basis of comparing extreme value sampling and
Gaussian sampling, Gaussian sampling was selected to obtain sub-
pixel level standard position coordinate points. Combined with the
coordinates of the circular dots on the Halcon calibration board,

the two-dimensional information of the section can be converted
into a three-dimensional point cloud. From Figure 3B, it can be
seen that the optimized and filtered three-dimensional point cloud
data of the assembly target is evenly distributed, with almost no
scattered points on the main two local surfaces, which can well
reflect the surface structure of the assembly target and provide good
visual effects.

5.2 Assembly position accuracy test

The loading and unloading assembly system consists of
a computer, a load truck, a robotic arm, a laser scanning
and image acquisition module. The system assembles a fixed
accessory and transports it to the placement position, and
calculates the error between the placement trajectory and
the assembly path by scanning the feature points on the
placement area with laser. After correcting the error, place the
assembly target in the corresponding position. The physical
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system is shown in Figure 4A. Two test targets with different
curvatures were selected for the experiment, and point
cloud data was collected by scanning them. The Handscan
scanner was compared with the laser scanning method for
testing the accuracy of assembly position, and the results
are shown in Figure 4B. The Handscan scanner is commonly used
for surface scanning, with high scanning accuracy but a smaller
scanning range.

As shown in Figure 4B, when selecting 100 feature points for
reconstructing the 3D point cloud, the position testing accuracy of
this system is similar to the accuracy error of traditional methods,
indicating that this system can also ensure good position accuracy
in dynamic scanning 3D reconstruction. 1,000 coordinate points
were selected for layering on the surface of the test target, with the
majority distributed on two local surfaces of the target. The test
results show that the reconstruction accuracy deviation of most test
points is very small, with over 85% of test points having an error
of less than 0.54 mm. The average deviation of these points before
and after optimization is 0.67 mm. However, there are three obvious
deviation positions in the unoptimized test points, with a maximum
deviation of 0.85 mm, indicating that they are no longer on the
same surface and are judged as scattered point noise. It can be seen
that using this algorithm has a good recognition effect on abnormal
points in the point cloud.

5.3 Precision analysis

The point cloud set reconstructed by this system was
compared with the test data scanned using Handscan scanner,
and the test results are shown in Table 1. Compare the three
directions (X, Y, Z) and their spatial absolute deviation
distances (DXYZ = sqrt [X2+Y2+Z2], where sqrt represents
the square root) in the same coordinate system. Select 5
segmented points from the path trajectory for a total of 45 test
data points.

As shown in Table 1, the scanning accuracy of The Handscan
scanner is still better than that of our system. However, due
to the small testing range of The Handscan scanner, for large-
sized docking, this scanning time may take several minutes
or even tens of minutes. It is too inefficient for intelligent
assembly, so adopting this system has more obvious advantages.
Our system is fast and has the ability to scan quickly over a
large area.

6 Conclusion

The paper presents a surface recognition and reconstruction
system for grasping objects based on line laser scanning, and
proposes a position inversion optimization algorithm. The
innovation of this article is to unify the three-dimensional
point cloud and two-dimensional image in the same coordinate
system, enabling the scanning system to achieve assembly
target surface recognition on a dynamic robotic arm. The
feasibility of obtaining assembly target feature points based on
laser scanning was derived through simulation analysis, and
the accuracy of position accuracy inversion during dynamic

assemble process was verified through experimental testing.
This proves that the system has the ability to obtain the surface
shape of the assembly target in real-time. The average deviation
of the positions in the three testing directions is less than
1.0 mm, which meets the design requirements of the online
loading and unloading system. The 3D surface reconstruction
provided by this system can also be applied in fields such as
automatic pose adjustment in intelligent assembly. It has a certain
contribution to online intelligent grasping and precise placement,
and can be applied to precise control of unmanned loading and
unloading systems.
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