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In order to improve the degree of assembly automation, an online assembly
calibration system is designed based on laser scanning and optical fiber sensors.
The optical fiber sensing module is used to obtain the stress field information, and
the laser scanning module is used to obtain the point cloud information of the
assembly structure. The position offset caused by the stress field can be
compensated to the 3D point cloud for improving the target reconstruction
accuracy. It consists of laser scanning module, optical fiber sensor module,
demodulator, data analysis module, etc. Analyzing the structural characteristics
of the module, the stress field distribution of the module structure is obtained
through simulation analysis, and an appropriate optical fiber sensor network layout
is constructed. When the force is applied in different directions, the stress field
distribution of the assembly structure is simulated and analyzed. The results show
that the magnitude and direction of the residual stress have an impact on the
distribution of the stress field. At the same time, the stress field diffusion degree
had been also analyzed in different strength conditions. In the calibration test of
FBG sensor, the functional relationship between wavelength variation and stress is
about 0.0011 nm/N. In the assembly test, the stress test trends of different FBGs
were obtained, and the relative error was concentrated between 4.0% and 9.0%,
which had good stability. After correcting the position of the point cloud for
optical fiber sensing data, the position deviation between the test point and the
digital analog has been significantly reduced, with the average value decreasing
from 2.953. to 0.095 mm. It has good applicability in factories with large
interference of working environment, and can improve the application field of
intelligent assembly.
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1 Introductions

Intelligent assembly technology is the development direction of the future
manufacturing industry, and it is the closed-loop control of online real-time monitoring
and feedback as demonstrated [1]. The existing online adjustment methods of intelligent
assembly mainly include laser scanning method and image matching method [2]. The image
matching method mostly uses a trinocular measuring instrument. Boeing adopts intelligent
assembly technology, and large parts were realized by iGPS and AGV. It greatly reduces time
for assembly time [3–5]. A high-precision online correction module was provided by the
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modular positioning technology, which can use laser positioning to
obtain real-time assembly information Arnaldo G [6]. Had a very
high level of intelligence as demonstrated.

Lidar technology [7–11] has the advantages of high precision
and good repeatability in intelligent assembly, and the image
matching method has the advantages of strong applicability and
good stability. Both of them use the method of collecting light waves
at the target position to obtain the assembly state. In the existing
intelligent assembly system, it can often only be applied to large
components with a simple structure or an assembly process with a
single process, and at the same time, it is necessary to ensure the low
noise of the assembly environment. It also limits the application of
the two technologies in the more general assembly process, so these
two technologies are currently mainly used in the aviation field.
Multi-sensor measurement methods have low dependence on
working conditions, good real-time performance and strong
adaptability. Mulle et al. [12] completed the measurement of
mechanical structures under moving conditions through FBG
strain measurement and vibration demodulation. Stress
fluctuation range test; Anany [13] used multi-core fiber to
achieve the acquisition of three-dimensional strain field
distribution, so as to invert the structural shape change; Arnaldo
[14] detected the bending shape and solved the problem of the
installation process of the aircraft boom. The force condition assists
the assembly. Qu Daoming et al. [6] used optical fiber sensing
technology to complete the flexible skin detection, and provided
experimental reference data for the automatic adjustment of variable
wings. Jiang Xintong et al. [15] obtained the pre-assembled stress
model through the optical fiber network to improve the assembly
accuracy. In order to directly obtain the assembly state information
during the assembly process for realizing online correction, it can
achieve the purpose of being suitable for various assembly fields.

An intelligent assembly trajectory correction system was
designed by optical fiber sensing. The tool distributed sensor
network was used to solve the problem of visual blind spots, and
the differential correction was used to solve the problem of
environmental interference.

2 Principle of the system

During the assembly process, the assembly tool needs to move
the workpiece to a suitable position. During the process, it is often
affected by the error between the preset trajectory and the actual
assembly trajectory. Translation error, pose error, etc., will cause
improper assembly, interference assembly or assembly interference,
etc. In order to realize the self-adaptive correction in the assembly
process of large-scale structural workpieces, it is necessary to obtain
the real-time assembly status information. Obtaining the stress field
distribution through optical fiber sensing technology can complete
the real-time correction of assembly trajectory, the echo offset of any
FBG can be expressed as.

ΔλB
λB

� 1 − Pε( ) · ε + αf + ξ( )ΔT (1)

Among them, λB is the initial value of the center wavelength of
the FBG, α is the thermal expansion coefficient, ξ is the thermo-optic
coefficient, ΔT is the temperature change, ε is the strain, and Pε is the

elastic-optic coefficient. Since the influence of temperature on FBG
can be realized by performing temperature compensation in the
same working environment, the temperature term in the above
formula can be replaced by a constant coefficient.

Let the feature point set on the tape-mounted product be A (x, y,
z), and the actual point set beA’ (x, y, z). The reason for the deviation
is the deformation caused by stress, then the point set change ΔA (x,
y, z) can be expressed as

ΔA x, y, z( ) � A x, y, z( ) − A′ x, y, z( )
∣∣∣∣

∣∣∣∣ (2)

The strain position function f (ε) can be expressed as

f ε( ) � ΔA x, y, z( )/A x, y, z( ) (3)
The test group data can be obtained through the experiment to

complete the fitting of the f (ε) function, and then use this function to
compensate for the unknown position offset.

A sufficient number of FBG sensors are pasted on the entire tool
according to the sensitive locations that may change significantly.
The stress field distribution of the entire tool can be obtained at one
time. Then, through the difference of stress field distribution, the
analysis of the assembly deviation was completed, and the assembly
trajectory was corrected according to the difference. According to
Hooke’s law, the stress value at any position on the workpiece has

F � 2xEI
l − x

ΔλB − λC( ) λB · 1 − Pε( )[ ]−1 (4)

Among them, x is the corresponding position, l is the size of the
building element, I is themoment of inertia, E is the elastic modulus, ε is
the strain value, and λC is the wavelength offset compensation
coefficient obtained by temperature calibration. Since l、E and I are
all constants, and x is the position corresponding to the test, it can be
used as an input. The wavelength change of all FBGs corresponding to
the x position becomes the only variable for the calculation of the stress
value, that is, the stress field distributionmatrix can be obtained through
the wavelength matrix. Since the theoretical trajectory position can be
obtained by multiplying the matrix of the test position P by the
trajectory compensation matrix, the trajectory compensation matrix
Cxy affected by the stress field can be expressed as the test position
matrix P and the wavelength offset is all the test values and the
wavelength offset ΔλB, there is

Cxy � Pxy · ΔλB
∣∣∣∣xy (5)

Among them, z is a constant; x and y respectively represent the
two-dimensional coordinates of the workpiece marking point. By
calculating the parameters of the trajectory compensation matrix
corresponding to the two-dimensional coordinates at any time, it
can complete the real-time correction of the assembly.

3 Assembling the calibration system

The traditional multi-sensor measurement method requires
multiple types of sensors to monitor the stress of the product
installation location, vibration parameter measurement,
temperature compensation test and so on. There are many
factors that need to be considered to complete the layout of
various sensors and the placement of processing circuits on the
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entire robotic arm. Otherwise, interference problems, electronic
interference problems, and signal crosstalk problems during the
movement process may be affected. Test results and lead to feedback
errors affecting the installation effect. The system consists of a
frequency-modulated laser, a coupler, a demodulation module, a
fiber grating (FBG, Fiber Bragg Grating) and a laser scanning
module. The overall structure is shown in Figure 1. The optical
fiber sensor network itself is a passive sensor and is not affected by
electromagnetic radiation; the front section has only optical fiber,
the processing module can be completely separated from the sensing
part, and the optical fiber sensing part is small in size, and can
simultaneously obtain the stress through combined measurement.
The laser scanning module can obtain three-dimensional point
cloud data of the assembly structure. After converting the
geometric deformation relationships sensed by optical fibers into
offset parameters, the 3D point cloud of the assembly structure is
imported to achieve correction of the assembly trajectory.

4 Simulation analysis

In the intelligent detection and correction system, the
transmission of the test physical quantity is from stress to
wavelength change value, wavelength change value to position
offset, and position offset to detection correction value. Among
them, the wavelength change value to the position offset is realized
by fitting the experimental data. The position offset to the detection
correction value is realized by the control structure, and the stress to
the wavelength change is obtained through the test data. It can affect
the original data directly and the calibration accuracy, so the
simulation analysis of its parameters is very necessary. The FBG
distribution position and FBG axial direction are guided by the
simulation results, which provide theoretical support for accurately
obtaining stress distribution data. Taking the common jack-type
installation structure in Figure 1 as an example, the simulation
analysis is carried out for the two main error forms of position
deviation and angle deviation, and the results are shown in Figure 2.

Two different abnormal position states common in the product
installation process are simulated and analyzed. It shows the stress
distribution caused by the deviation of the installation position in
Figure 2A. The assembly depth is too large, so that there is a stress
effect of extrusion between the insertion end and the installation
hole, the stress field distribution is shown in Figure 2A, and its stress
is mainly concentrated on the insertion end. When the residual
stress is 10N, the maximum position offset is about 2.6 μm. It shows
the stress distribution caused by the deviation of the installation
angle in Figure 2B. There is an angular deviation between the axis of
the insert and the axis of the installation hole during assembly. The
stress field distribution is shown in Figure 2B, and the stress is
mainly concentrated at the end of the installation hole. When the
residual stress is 30N, the maximum position offset is about 1.82 μm.
The size of the components and the force applied by the assembly
robot are corresponding to the weight of the workpiece and the
clamping requirements, so the stress range changes greatly.

5 Experiments

5.1 Calibration test

The stress test of the FBG array was calibrated before completing the
stress acquisition at the assembly location. The test mainly completes the
test of the temperature compensation data and the test of the variation
law of stress and wavelength. The stress test adopts the classic cantilever
beam structure. The effective distance is 5.0 cm. The FBG length is
2.5 mm. The material is steel. The elastic modulus is 6.54 × 1010 Pa, and
the expansion coefficient is 21.6 μm/mk. The external force value was
increased from 0 to 400 N, and the test data was recorded every 100 N.
The functions of wavelength with respect to stress are

λ � 0.00043F + 1550.32 (6)
The target location uses a stress sensitive FBG, and the stress test

results are shown in Figure 3. At the same time, temperature FBG is
used to compensate for the temperature drift of the stress FBG. The

FIGURE 1
Based on laser scanning and optical fiber detection and correction system.
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relationship between stress and wavelength shift is linear. The
average slope is 0.43 p.m./N. In order to improve the test range
of the system application, the strain value of the test point can be
calibrated by calibrating the database, so that it is suitable for a larger
stress response range that conforms to elastic deformation.

5.2 Assembly structure test experiment

The stress distribution position has the regularity of gradient
diffusion. The structure distribution design of the FBG in the insert
and the mounting hole is completed, and the FBG is numbered.

In the insert clamping structure, comparing the test results of
No. 1 to 12 FBGs, it can be seen that the relationship between the
axial position and the direction of stress is very important. The effect
of FBG’s response effect is very obvious. According to the positive
and negative values of the test, it can also be concluded that when the
stress distribution position is in the compression transition state, its
value is negative, and when it is in the tensile state, its value is
positive. By comparing No. 1, 5, 9 and No. 4, 8, and 12 FBGs, it can

be seen that the stress distribution of the insert is affected by the
depth of the insertion position. The more inward the stress value is,
the greater the position deviation is. It can be seen from FBG No. 14,
16, 18, and 20 that there is an obvious stress gradient in the area of
the mounting hole, which is basically consistent with the simulation
results. It can be seen from the test results that the system has an
obvious response law to the position deviation caused by the stress
change, and the inversion accuracy is also compared with the visual
inspection system. The relative error is concentrated between 4.0%
and 9.0%, which has good stability. The experiment is expressed by
the comparison relationship between stress and wavelength offset
value and position offset value in the range of 0–400 N. Four groups
of FBGs were selected for the comparison detection position, and
there were No. 1 and No. 2, No. 11 and No. 12, No. 13 and No. 15,
No. 14 and No. 16. The test changes are shown in Figure 3.

The corresponding relationship between the wavelength
offset and the position offset is shown in Figure 3A. The two
groups of orthogonally distributed FBGs are No. 1 and No. 2, No.
11 and No. 12, respectively. The distribution of stress on the
insert had obvious directionality, and the sensitive direction of

FIGURE 2
Simulation of stress under different states.

FIGURE 3
Wavelength offset values at different positions.
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FBG No. 1 and No. 12 is consistent with the axial direction of
FBG, so they had a good response. No. 2 and No. 11 were basically
unchanged. It can be seen that when the force is applied
perpendicular to the current force direction, the test result is
just the opposite. For the mounting holes, the corresponding
relationship between the wavelength offset and the position offset
is shown in Figure 3B. The two groups of orthogonally distributed
FBGs were No. 13 and No. 15, No. 14, and No. 16 respectively, the
distribution of stress on the mounting hole also had obvious
directionality, FBGs No. 14 and No. 16 are sensitive test points,
and FBG No. 13 and No. 15 were insensitive points. For FBGs No.
1, No. 12, No. 14, No. 16, the fitting curve was basically close to
linear, so the wavelength offset and position offset of the system
in this stress test interval are linear functions. The center
wavelength of the wave can effectively compensate the
deviation of the assembly position, which verifies the
feasibility of the system.

5.3 Comparative experiment analysis

In order to verify that the optical fiber sensing system can
provide trajectory correction data for the assembly control
module, the test data of R1X 3D laser scanner is used as the
standard test data, with a sight distance of 50.0 cm and an
accuracy of 120 μm, which can accurately reflect the assembly the
position trajectory of the structure. The comparison experiment is
shown in Figure 4.

A three-dimensional strain field monitoring system based on
FBG sensors is established, and the physical diagram of the
experimental device is shown in Figure 4. The type of FBG
strain sensor used in the experiment; the bandwidth of the six
sensors is 0.213 nm; the edge-to-mode rejection ratio is 16.21 dB;
the length of the grid region is 20mm; , 1,536.124, 1,540.347,
1,542.428, 1,546.758, and 1,549.224 nm. The target points for
comparing the position information are pasted on the assembly

FIGURE 4
Comparative experimental system.

TABLE 1 Position test data.

Force/N Deformation degree
by FBG/mm

Position deviation/mm Force/
N

Deformation degree
by FBG/mm

Position deviation/mm

Before
correction

After
correction

Before
correction

After
correction

0 0 0.024 0.025 160 2.154 3.658 0.096

20 0.851 0.198 0.029 180 2.684 4.035 0.115

40 1.254 0.266 0.035 200 3.148 4.426 0.129

60 1.634 0.651 0.042 220 3.587 4.869 0.135

80 2.012 0.955 0.049 240 4.068 5.261 0.139

100 2.451 1.369 0.057 260 4.517 5.635 0.152

120 2.866 1.533 0.069 280 4.928 6.025 0.168

140 3.171 1.952 0.081 300 5.248 6.415 0.197
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structure, so as to analyze the position trajectory test accuracy of
the method. The thickness of the structural parts used in the test
is 20.0 mm, and the diameter of the axle is 40.0 mm, which is
smaller than the simulation body. Therefore, considering
its structural bearing capacity and avoiding plastic
deformation, the force strength used in the test is from 10 to
200 N, and the test results are deviated. The degree is shown in
Table 1.

In Table 1, when the external force gradually increases, the
maximum position offset of the test position also increases, which
can be known by linear fitting. It can be seen that in the range of
0–300.0 N, the relationship between the deformation offset and
the applied force satisfies the change relationship of 0.0214 mm/
N. The mean absolute value of the test error using this system is
0.124 mm, the maximum relative error is 1.92%, and the mean
value is −0.96%. And from the distribution of test data, it can be
seen that with the increase of the force, the test error decreases
significantly. The analysis believes that this is because the increase
of the test stress increases the signal energy. Compared with the
basic white noise, the overall signal-to-noise ratio is improved.
The average relative error is about −0.96%, and it meets the design
requirements. Before and after correction, the distance deviation
between the assembly position and the digital analog position has
been significantly improved. With the increase of external stress,
the effect of correction becomes more and more obvious. When
the stress is 300 N, the average position deviation before
correction is 6.415 mm, while after correction, it is only 0.197.
The position deviation between the test point and the digital
analog has been reduced from 2.953 to 0.095 mm. Correction can
significantly suppress positional deviation over the entire stress
application range.

5 Conclusion

The optical fiber sensor network is applied in the field of
trajectory correction of assembly by taking advantage of the
characteristics of small size, high sensitivity and anti-
electromagnetic interference. The sensor array corresponding to
the assembly structure is designed, and the stress distribution
under different assembly abnormal conditions is simulated and
analyzed. The experiment applies optical fiber sensing data to
three-dimensional point cloud reconstruction from laser scanning,
and obtains a target surface reconstruction model with higher

positional accuracy. The experimental results show that the
position deviation accuracy of the system is close to the average
relative error of standard test data, which meets the design
requirements. The system has certain application prospects in
the trajectory correction of assembly.
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