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Abstract. In order to obtain the strain distribution of the free-form surface to be tested 
and reduce the difficulty of assembling large-scale curved structures, a free-form 
surface strain distribution detection method based on FBG array was designed. The 
system consists of a laser, a coupler, a demodulator, and an FBG array. The strain 
distribution and displacement offset of the test specimen under five different force 
conditions are simulated and analyzed. The simulation results show that the strain 
distribution is related to the position, size and surface structure of the applied force. 
The experiment was tested on a 3 mm aluminum plate and compared to the simulation 
data. l. The experimental results show that the maximum strain is 24.7µε and the 
minimum strain is 2.8µε. The difference in strain at the same curvature position is 
significant. It verifies the feasibility of solving the displacement field distribution by 
the strain field distribution.  

1.  Introduction 
In recent years, optical fiber sensing networks have been widely used in various industries. FBG 

(Fiber Bragg grating) [1-3] is a sensor that can form an FBG array detection structure for measurement 
of bending, displacement, strain, temperature, and so on. It is widely used in aircraft, motor trains, 
high-end cars and other targets [4-6]. For the detection of free-form surfaces, in order to effectively 
analyze the strain distribution and solve the displacement deviation by the strain distribution, the 
effective assembly of the free-form surface structure can be realized. 

The strain measurement methods for free-form surfaces are direct measurement [7,8] and visual 
measurement [9,10]. Direct measurement is to directly measure the data by attaching strain gauges or 
FBG to the object to be tested [11]. The advantage of this method is that the direct measurement 
accuracy is high, and the position and quantity of the measurement points can be arranged according 
to requirements. Strain gauges are not suitable when there is increased electromagnetic interference in 
the test environment. Visual measurement is mainly divided into laser scanning and photographing. 
Laser scanning enables non-contact measurement with high measurement accuracy, but has certain 
requirements for test space [12]. The photographing method is fast, mainly realized by digital image 
processing, but the test environment is high and the test position is unobstructed. In contrast, in the 
detection process of large-sized free-form surface structures, FBG arrays can lay out test points in a 
wide range. It is immune to electromagnetic interference and has few special requirements for the test 
environment due to its small size. 
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This paper studies the free-form surface strain distribution detection system based on FBG array, 
quantitative calculation of the reference position and deformation degree of the free-form surface, in 
order to provide better data support for digital assembly.   

2.  System structure  

 
The system structure is shown in Figure 1. The laser enters the coupler through the fiber and is then 

transmitted to the FBG array. The FBG array on the free-form surface acquires the wavelength offset 
data at the corresponding position, respectively. The FBG sensing array is placed from top to bottom 
and then placed on the device to be tested from bottom to top. The echo enters the demodulator 
through the coupler to complete the solution, and the distribution data of the strain field is obtained for 
correcting the assembly parameters. 

Let the temperature of the test environment not change, the echo wavelength is λB, the echo 
wavelength offset value is ∆λB, the elastic light coefficient is Pe, the test specimen thickness is h, the 
test position size is L, and the deformation amount is ∆L. The wavelength offset data for each FBG 
detector is only related to its dependent variable and has: 

( )1B
e

B

LP
L

λ
λ
∆ ∆

= −                                                       (1) 

It can be seen from the above equation that when the initial center wavelength is known and the test 
echo value is measurable, the amount of deformation at that position can be calculated. Correction of 
the position information of the digital assembly can be achieved by calculating the amount of 
deformation. The set of measured points can be expressed as 

( ) ( ) ( ), , = 1- , ,U x y z f U x y zε′ ⋅                        
                  (2) 

Where U(x,y,z) is a set of digital modulus points, and ∆U(x,y,z) is a deviation correction value. When 
the strain model is obtained through testing, the set of measured points can be calculated to realize the 
auxiliary assembly. 

3.   Simulation analysis 
Solidworks software is used to simulate the strain field of the complex curved test specimen and the 

displacement field after deformation of the test specimen for the analysis of the strain field of the test 
specimen. The system mainly analyzes the strain distribution caused by the dead weight and the 
station fixture. It is distributed and analyzed at different positions of the test specimen. The simulation 
results are shown in Figure 2. 

Laser  Coupler 

Demodulator FPGA 

Display 

Fiber 
FBG Workpiece 

Fig.1 FBG array test system 
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 (a) Strain at top surface                           (b) Displacement at top surface  

  
 (c) Strain at right central surface            (d) Displacement at right central surface 

 
 

(c) Strain at left central surface                 (d) Displacement at left central surface 

  
 (e) Strain at bottom surface                 (f) Displacement at bottom surface 

Fig.2 Simulation of strain and displacement in different situations 
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The material for simulating the test piece is aluminum, the size is 20mm×10mm×3mm (l×d×h), and 
the external force is F=50N. It can be seen from Fig. 2 (a) and (b) that the maximum micro-
displacement deformation is 0.5067 mm when the top is subjected to force, and the deformation zone 
is mainly concentrated on the lower curved section. It can be seen from Fig. 2 (c) and (d) that the 
maximum micro-displacement deformation is 0.8102 mm when the right middle portion is stressed, 
and the deformation region is mainly concentrated on the lower curved surface segment. It can be seen 
from Fig. 2(e) and (f) that the maximum micro-displacement deformation is 0.3725 mm when the left 
middle part is stressed, and the deformation zone is mainly concentrated in the attachment point of the 
force application point. It can be seen from Fig. 2(g) and (h) that the maximum micro-displacement 
deformation amount is 0.9042 mm when the bottom is subjected to force, and the deformation zone is 
mainly concentrated on the side of the force application point near the arch surface. It is worth noting 
that the first three sets of test data will cause the displacement deviation of the entire segment of the 
lower surface segment, while the displacement deviation generated by the last set of data is mainly 
concentrated on the applied point. It can be seen that the distribution of micro-displacements caused 
by different stress application points is not completely determined by the point of application. In the 
FBG array distribution design, it is necessary to consider the shape of the device to be tested. 
According to the simulation analysis results, the FBG array has three sets of distributions from the 
arch surface to the bottom surface for better obtaining strain data. 

4.  Experiment 
DFB broadband light source, fiber grating demodulator and FBG sensing array were used in the 

experimental system. The FBG probe array is arranged on the object to be tested according to the 
distribution pattern of FIG. 1, and the object to be tested is an aluminum plate of 20mm×10mm×3mm. 
With a force of 50 N applied to the top, the FBG array is distributed as shown in Fig. 1. The test data 
of the same position is collected five times each time, and the bottom force is taken as an example. 
The strain test values of the FBG array are shown in Table 1. 

Table 1. test data of the strain  

No. Coordinate 
position(x,y) /mm 

Simulation value 
/µε 

measured value 
/µε 

Error 
/µε 

1 (6.7, 3.2) 26.4 24.7 1.7 
2 (11.4, 6.5) 20.3 18.6 1.7 
3 (15.6,8.7 ) 10.1 8.7 1.4 
4 (17.3, 8.7) 4.3 6.1 1.8 
5 (17.3, 6.5) 3.6 4.3 0.7 
6 (17.3, 3.2 ) 2.7 3.7 1.0 
7 (15.6, 2.5) 3.9 2.8 1.1 
8 (11.4, 2.5) 12.6 11.4 1.2 
9 (6.7,2.5 ) 21.2 19.8 1.4 

As shown in Table 1, there are large differences in the micro-variables of the applied force points at 
different positions of the workpiece. In the first group of FBGs, measured value of the No. 1 FBG  is 
the largest (26.4µε), the No. 2 FBG is similar to the No. 9 FBG change; in the second group FBG, the 
overall test data is similar. It can be seen from the system test data that the closer the test point shape 
variable is to the point of stress application. The dependent variable also receives the effect of the 
structural shape. The overall average error of the test data is 1.52. According to different coordinate 
positions, the system test shows the distribution trend of strain. Only one set of test data is given in 
Table 1. The other test data is more and not all written. All strain distributions are redrawn by means 
of data reconstruction to obtain a positional offset curve calculated from the strain field distribution, as 
shown in Figure 3. 
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Fig.3 Error from FBG array 

According to the experimental reconstruction data, there is a significant correlation between strain 
and displacement offset. At different test locations, the stress changes at the same point will have 
significantly different differences, and it can be seen that such a strain distribution can affect the 
displacement offset. This is also the main basis for solving the displacement field distribution by the 
strain field distribution. Finally, experimental and simulation calculations can effectively reflect the 
feasibility of the system. 

5.   Conclusion  
The strain field and displacement offset of free-form surface test specimen are tested by FBG 

sensing array. The strain distribution and displacement offset of the workpiece under different force 
conditions are calculated by simulation. The main parameters affecting the displacement offset are 
verified by experiments and the error distribution curve is given. The system has a stable test effect on 
the strain field and the displacement offset of the free-form surface workpiece. 
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