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Abstract: The grating ends bonding fiber Bragg grating (FBG) sensor has been 
widely used in sensor packages such as substrate type and clamp type for health 
monitoring of large structures. However, owing to the shear deformation of the 
adhesive layer of FBG, the strain measured by FBG is often different from the 
strain of actual matrix, which causes strain measurement errors. This 
investigation aims at improving the measurement accuracy of strain for the 
grating ends surface-bonded FBG. To fulfill this objective, a strain transfer 
equation of the grating ends bonding FBG is derived, and a theoretical model of 
the average strain transfer from the matrix to the optical fiber is developed. 
Moreover, parameters that influence the average strain transfer rate from the 
matrix to the optical fiber are analyzed. A selection scheme of bonding 
parameters by numerical simulation is provided, which is significantly 
advantageous over that of the grating bonding FBG. The theoretical equation is 
verified by finite element method (FEM). Compared with the existing model, the 
proposed model has higher measurement accuracy. Experimental tests are 
performed to validate the effectiveness of the proposed model on the equal-
intensity cantilever beam, whose surface is attached to the bare FBG with grating 
ends bonding and strain gauge by using epoxy glue. The results show that there 
is a great agreement between the outcome of the bare FBG and that of the strain 
gauge, and the corrected strain is closer to the true strain. The proposed model 
provides a theoretical basis for the design of the grating ends surface-bonded 
FBG strain sensor for health monitoring of large structures. 

Keywords: Structural health monitoring; grating ends bonding; fiber Bragg 
grating; the average strain transfer; shear-lag theory 

1 Introduction 
It is one of the research hotspots in the field of structural health monitoring that FBG sensors are 

used for performance monitoring of large structures by virtue of their advantages of light weight, small 
dimensions, immunity to electromagnetic interference ability, and high sensitivity. When FBG is applied 
to the stress monitoring of the matrix, there is the strain transfer loss due to the existence of the adhesive 
layer, which makes the strain measured by FBG is different from the strain of matrix [1]. In order to 
improve the measurement accuracy of strain for the grating ends surface-bonded FBG, the influence of 
the adhesive layer should be taken into consideration to modify the strain value measured by FBG. 
Therefore, most researches concentrated on the relationship between the measured strain of FBG and the 
strain of the matrix under the influence of the adhesive layer and made a large number of achievements. 
For example, Many researchers [2-13] adopted certain assumed conditions to obtain the transfer 
characteristics of embedded FBG strain sensors. Other researchers [14-20] deduced the strain transfer 
equation of the surface bonded FBG sensors. However, the above studies mainly focus on the strain 
transfer of grating bonded packaged FBG sensors. The grating bonded packaged sensors is easy to occur 
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multi-peak phenomenon due to the force uncertainty of small-scale adhesive layer in the grating area, 
which result in wrong judgment of signal demodulation. The grating ends packaged sensors only bear 
force at both ends of FBG instead of the grating, which enable all points of the grating under the same 
stress and effectively avoid multi-peak problems of grating bonded packaged sensors. According to the 
principle of equivalent deformation, “Wu et al. [21] deduced the strain transfer function of the grating 
ends packaged structure”, in which only the Young’s modulus of the adhesive layer and the grating length 
were taken into account. “Sun et al. [22] proposed the strain transfer model for a clamped FBG sensor” 
based on symmetry.  

In this paper, the theoretical model is proposed to predict the average strain transfer rate from the 
matrix through the adhesive layer to the optical fiber, which is different from existing surface-bonded 
models. A numerical study is performed to evaluate the sensor parameters that affect the average strain 
transfer rate. The validity of the theoretical equation is verified by finite element method and experiment. 

2 Strain Transfer Mechanism of the Grating Ends Surface-Bonded FBG 
The grating ends surface-bonded FBG consists of the matrix, optical fiber (removing the coating) 

and the adhesive layer, as shown in Fig. 1, optical fiber of removing the coating layer on both ends of 
FBG is attached on the matrix through the adhesive layer after pre-stressing is applied.  

When the matrix is subjected to an external axial force, the deformation of the optical fiber both ends 
of FBG induced by the matrix is transferred through the adhesive layer, which induces a change of FBG 
reflection wavelength. In Fig. 1, FBG serves as a sensing element, whose grating is not directly contact 
with the adhesive layer. Fig. 2 shows the cross section of the grating ends surface-bonded FBG. Fig. 3 is 
the stress distribution of the grating ends surface-bonded FBG according to Fig. 1. 
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Figure 1:  Model of the grating ends surface-bonded FBG 
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Figure 2: Cross section of the grating ends surface-bonded FBG 
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Figure 3: Stress distribution of the grating ends surface-bonded FBG 

Strain transfer characteristics between the matrix and surface-bonded FBG are derived based on the 
following assumptions [5,14,17]: (1) Mechanical behavior of the bare fiber, adhesive layer and matrix are 
linear elastic isotropic materials. (2) Only the matrix is subjected to uniform axial stress, whereas the fiber 
and adhesive layer do not carry external loadings directly. (3) All the interfaces are perfectly bonded so 
that the displacements are consistent along the interfaces. (4) The temperature effects are not considered. 
(5) There is shear stress within a certain range of the matrix because of adhesive layer. 

In this paper, σ, τ, ε and γ are the axial stress, shear stress, axial strain and shear strain, respectively. E, G, 
and μ are Young’s modulus, shear modulus, and Poisson’s ratio, respectively. u and v are the axial 
displacement and radial displacement, respectively. L, D, H and h represent the single bonding length the 
bonding width, the bonding height and the bottom thickness of the adhesive layer at one end, respectively. Lf 
is the gauge length. The subscripts g, a and m represent the parameters associated to the optical fiber, the 
adhesive layer and the matrix, respectively. r denotes the spatial variable along the radial of the optical fiber. 

The equilibrium equation for infinitesimal section dx of optical fiber in Fig. 3 is as follows. 
2 2 ( ) 2 ( , )g g g g g g gr r d r x r dxπ σ π σ σ π τ= + +                                                                                                                     (1) 
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The following equation is used for the analysis of infinitesimal adhesive layer.  
2
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Substitute Eq. (2) into Eq. (3): 
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Similarly, the analysis of infinitesimal matrix affected by adhesive layer is shown as Eq. (4).  
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When r > rm, there is no shear stress outside of the matrix. The boundary conditions are as follows. 
0),( =mrxτ                                                                                                                                                 (7) 

By Eq. (6) and Eq. (7), yields 
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 According to the stress-strain relationship: 
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Supposing that the optical fiber deforms synchronously with as the adhesive layer is approximately 
the same, Eq. (10) can be obtained.  
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By Eq. (4), Eq. (8) and Eq. (10), yields 

( ) 2 2

( , )

( )

g g a g g g g

g a

D H r h r r E d r E d
x r

D dx D dx
r r r

π ε π ε
τ

 − − + − = − −

< <

                                                                     (11) 

( )( )

( )

2 2

( , )
g a g a g g g gm m

m a m a

a m

D H r h r r E d r E dr r r rx r
D r r dx D r r dx

r r r

π ε π ε
τ

− − + −    − −
= − −   − −   

< <

                                       (12)
 

Because the length of the optical fiber is far more than the diameter, the radial displacement could be 
ignored, the following equation is obtained: 

( , ) ( , ) u v dux r G x r G G
r r dr

τ γ ∂ ∂ = = + ≅ ∂ ∂                                                                                                 
    (13) 

Based on the shear lag theory, there is a relative displacement between the matrix, the adhesive layer 
and the optical fiber, then the relative displacements of each layer are determined by its shear strain. 
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Integrating Eq. (14) from (rg, ra) and Eq. (15) from (ra, rm), respectively, then take the derivative with 
respect to x, yields 
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Substitute Eq. (4), Eq. (8) and Eq. (9) into Eq. (16) and Eq. (17), respectively, 
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By Eq. (18) and Eq. (19), yields 
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where k is strain lag parameter which contains the effects of the optical fiber, adhesive layer and matrix. 
Differentiating Eq. (20) with respect to x yields 
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The general solution of Eq. (22) is the following form:  

m
kxkx

g ececx εε ++= −
21)(

                                                                                                                (23) 

where c1 and c2 are determined by boundary conditions.  
Since one end of the fiber has no constraints, the other end of the fiber near the grating is approximately the 

measured strain of FBG which is fε , the boundary conditions can be expressed as: 
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Substitute Eq. (24) into Eq. (23):  
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So the optical fiber strain equation in the bonding area is expressed as: 
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According to Fig. 1, the measured strain of FBG and the strain of the matrix can be expressed as: 
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According to the synchronous deformation of optical fiber, adhesive layer and matrix, Eq. (29) can 
be obtained: 
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By Eq. (27), Eq. (28) and Eq. (29), the equation of the average strain transfer rate from the optical 
fiber to the matrix is following:  
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3 Parametric Analysis and Numerical Validation 
3.1 Parametric Analysis 

The parametric analysis is performed using Eq. (30) to investigate the influences of parameters of 
the optical fiber, adhesive layer and matrix on the average strain transfer rate. Since Parameters of optical 
fiber are considered as known quantities (see Tab. 1) and are not taken into account. So, the effects of 
parameters on the average strain transfer rate is concentrated in the adhesive layer and the matrix. The 
physical parameters of the adhesive layer and the matrix are shown in Tab. 2 and Tab. 3. 

Table 1: Mechanical properties of the optical fiber 

Material Parameter Symbol Value 

Young’s modulus (Pa) gE  7.2 × 1010 

Radius (m) gr  62.5 × 10-9 
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Table 2:  Mechanical properties of the adhesive layer 

Material Parameter Symbol Value 

Poisson’s ratio μ 0.24~0.44 

Young’s modulus (Pa) Ea (0.05~4) ×109 

Bonding length (m) L (0.1~2) × 10-3 

Bonding width (m) D (0.5~4) × 10-3 

Bonding height (m) H (0~2.5) × 10-3 

Bottom thickness (m) h (0.1-2) × 10-3 
 

Table 3: Mechanical properties of the matrix 

Material Parameter Symbol Value 

Shear modulus (Pa) Gm (0.1~77) × 109 

Matrix thickness affected by adhesive layer (m) rm- ra (0.0~3) × 10-3 

In the analysis, it is assumed that a single parameter in the average strain transfer rate changes while 
the other parameters remain unchanged. The initial values of parameters of the adhesive layer and matrix 
are set as follows: Ea = 4 × 109 Pa, μ = 0.34, H = 0.2425 × 10-3 m, h = 0.1 × 10-3 m, D = 4 × 10-3 m, L = 2 × 
10-3 m, Lf  = 20 × 10-3 m, Gm = 77 × 109 Pa, rm- ra = 0.3 × 10-3 m.  

It is concluded that the average strain transfer rate of Refs. [21] and in this paper is obtained using 
Eq. (30) is 94.37% and 99.95%, respectively. The model proposed in this paper takes into account the 
multiple factors of the adhesive layer and the matrix, therefore, which has a high average strain transfer 
rate. In addition, Refs. [22] deduces the strain transfer equation based on the symmetric structure, which 
is different from the asymmetric structure of Refs. [21] and Eq. (30) of this paper. 

0 0.5 1 1.5 2 2.5 3 3.5 4

E
a

 ( 10 9  p
a )

0.8

0.83

0.86

0.89

0.92

0.95

0.98

1.01

A
ve

ra
ge

 st
ra

in
 tr

an
sf

er
 ra

te

mu=0.24
mu=0.34
mu=0.44

     
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

L (mm)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

A
ve

ra
ge

 st
ra

in
 tr

an
sf

er
 ra

te

D=0.5mm
D=1mm
D=4mm

 
        (a)                                                            (b) 



296                                                                                                                         SDHM, 2019, vol.13, no.3 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

h (mm)

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

A
ve

ra
ge

 st
ra

in
 tr

an
sf

er
 ra

te

H=0.2425mm
H=1.025mm
H=2.225mm

    
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

G
a

 ( 10 9  p
a )

0.75

0.78

0.81

0.84

0.87

0.9

0.93

0.96

0.99

1.02

A
ve

ra
ge

 st
ra

in
 tr

an
sf

er
 ra

te

r
m

- r
a

=0.1mm

r
m

- r
a

=0.2mm

r
m

- r
a

=0.3mm

 
 (c)                                                            (d) 

Figure 5: Influence of the parameters of adhesive layer and matrix on average strain transfer rate (a) 
Effect of Young’s modulus and Poisson's ratio of the adhesive layer; (b) Effect of bonding width and 
length of adhesive layer; (c) Effect of the bonding height and bottom thickness of the adhesive layer; (d) 
Effect of shearing modulus of matrix and thickness affected by adhesive layer 

Fig. 5 shows the influence of the parameters of the adhesive layer and the matrix on average strain 
transfer rate both grating ends surface-bonded FBG. Fig. 5(a) shows that the average strain transfer rate 
increases with increasing the Young’s modulus of the adhesive layer, but decreases with increasing the 
Poisson's ratio. Fig. 5(b) shows that the average strain transfer rate increase with increasing both the 
bonding width and the single bonding length of the adhesive layer, respectively. Fig. 5(c) show that the 
average strain transfer rate decreases with increasing both the bonding height and the bottom thickness of 
the adhesive layer, respectively. In Fig. 5(d), the average strain transfer rate increases with the increase of 
shearing modulus of the matrix. When the shear modulus of the matrix is small (< 1 × 109 Pa), the matrix 
thickness affected by the adhesive layer has a significant influence on the average strain transfer rate.  

Base on the above analysis, it is possible to obtain an average strain transfer rate of exceeding 95% 
in the range of Tab. 2 and Tab. 3 for the grating ends surface-bonded FBG when the parameters are 
satisfied as following: L > 1.5 × 10-3 m, D > 1.5 × 10-3 m, h < 0.2 × 10-3 m, H < 0.4 × 10-3 m. It can be 
concluded that the bonding width, single length, height and bottom thickness of the adhesive layer with 
grating ends surface-bonded FBG are all greatly reduced compared with the grating surface-bonded FBG, 
which simplifies the process of packaging sensor and meets the accuracy of FBG used in scientific 
research and engineering application. 

3.2 Numerical Validation 
In order to validate the theoretical prediction Eq. (30), a numerical study by finite element method 

(FEM) using commercial software ANSYS Workbench 17.0 is conducted. The parameters of the adhesive 
layer are set as follows: Ea = 4 × 109Pa, μ = 0.34, H = 0.2425 × 10-3 m, h = 0.1 × 10-3 m, D = 4 × 10-3 m, 
and L = (0.1~2) × 10-3 m. Where the single bonding length, width and height of the matrix are 30 × 10-3 m, 
20 × 10-3 m and 1 × 10-3 m, respectively.  
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Figure 6: Finite element meshes 
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Figure 7: Comparison of the average strain transfer rate with the bonding length by FEM and Eq. (30) 

Fig. 6 shows that the schematic diagram of both grating ends surface-bonded FBG and the finite 
element meshes. Fig. 7 shows the comparison of the average strain transfer rate with the single bonding 
length by FEM and Eq. (30), it can be seen that the theoretical predictions are in agreement with FEM 
results in the trends, and the theoretical prediction is slightly less than the numerical solution. When the 
single bonding length is over 0.6 × 10-3 m, the error between Eq. (30) and FEM is less than 5%.  

The main reasons for the error are as follows:  
(1) In this paper, the corresponding assumptions and simplifications are made when the theoretical 

model is established, so the theoretical predictions are different from FEM.  
(2) With the increase of bonding length, the average strain transfer rate of both results is increasing. 

In numerical calculation, there is a stress singularity at the end of the adhesive layer when the bonding 
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length is smaller, which makes the average strain transfer rate is larger, so that the theoretical solution and 
numerical solution has bigger error. 

4. Experimental Test Results 
4.1. Experimental Method 

The experiment tests were performed to verify the theoretical predictions. One end of the FBG with 
removing the coating is adhered to the surface of the equal-intensity cantilever beam, and the other end is 
bonded by the same way after applying the prestressing. The temperature compensation is made by 
another bare FBG. Fig. 8 show the schematic and the physical map both the grating ends bonded-surface 
FBG and resistance strain gage are bonded on the equal-intensity cantilever beam. 

B

l

 Resistance strain gageFBGAdhesive layer

 
(a) 

FBG  Resistance strain gage

 
(b) 

Figure 8: Grating ends bonded-surface FBG and strain gage in the equal-intensity cantilever beam. (a) the 
schematic; (b) the physical map 

The equal-intensity cantilever beam is made of stainless steel in the experiment. Its size is l × B × h 
= 300 × 10-3 m × 45.9 × 10-3 m × 3.5 ×10-3 m. 
where l is the distance between the load fulcrum and the cantilever beam supporting, B is the width at the 
supporting, and h is the thickness of the cantilever beam.  

The surface strain of the cantilever beam is as follows: 

B
l

h
P

EW
M

EE
××=×== 2

61σε                                                                                                                                (31) 

whereσ is the tensile stress, M is the bending moment at the supporting of the cantilever beam, P is the 
load; W is the shear strength, E = 210 × 109 Pa. The surface strain of the cantilever beam is calculated 
from Eq. (31) is 149.393 × 10-6 per kilogram. 
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MOI-130 demodulator was used for data acquisition in the experiment. The center wavelength of 
FBG is 1532.308 nm, the bonding parameters of the adhesive layer are as follows:  D = 20 × 10-3 m, L = 3 
× 10-3 m, H = 2 × 10-3 m, h = 0.1 × 10-3 m, the average strain transfer rate is 0.9841 using Eq. (30). 

4.2 Experiment Results 
Fig. 9 shows the data which is acquired from the FBG and the resistance strain gage after every 

loading force is 10 kN, 10 kN, 10 kN, 5 kN and 5 kN, respectively. It is shown that FBG are in great 
agreement with strain gage, which proves the validity of the acquired data. It takes the average strain 
value after each loading in Fig. 9 as the strain under this loading. 
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Figure 11: Relation between the central wavelength of FBG and the theoretical strain 

Fig. 10 show the comparison among the original strain of FBG, revised strain of FBG (that is, taking 
into account average strain transfer), the strain of the resistance strain gage and the theoretical strain of 
equal-intensity cantilever beam. In Fig. 10, the linearity of the original strain measured by FBG is 0.99996, 
the fitting equation is y = 14.7963x - 1.7948, and stress sensitivity is 14.7963 / kNµε ; the linearity of the 
revised strain measured by FBG is 0.99996, the fitting equation is y = 15.0354x - 1.8238, and the stress 
sensitivity is 15.0354 / kNµε ; the linearity of the strain measured by the resistance strain gage is 0.99998, 
the fitting equation is y = 14.5605x - 1.1058, and stress sensitivity is 14. 5605 / kNµε ; the fitting equation 
for the theoretical strain of the equal-intensity cantilever beam is y = 14.9393x + 2.5169 × 10-13, and the 
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stress sensitivity is 14.9393 / kNµε . It can be seen that the stress sensitivity after considering average 
strain transfer rate is closer to the theoretical stress sensitivity of the equal-intensity cantilever beam. 

Fig. 11 shows that the correspondence between the wavelength of the grating ends surface-bonded 
FBG considering average strain transfer rate and the theoretical strain of the cantilever beam, the linearity 
of original FBG is 0.99996, the fitting equation is y = 0.0011885x + 1532.3058, and the strain sensitivity 
is 1.1885 µε/pm . The linearity of revised FBG is 0.99996, the fitting equation is y = 0.0012077 x + 
1532.3058, and the strain sensitivity is 1.2077 µε/pm . 

The relation between wavelength relative drift and unit strain is considered only when the center 
wavelength of FBG caused by axial strain [23-25]: 

[ ]
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λ ε ε
λ

 ∆  = − − + ⋅ = ⋅ 
  

                                                                                      (32) 

where Bλ∆  is the wavelength shift, Bλ is the center wavelength. For germanium-doped silica fiber, 11p  = 
0.121, 12p  = 0.270,v = 0.17, effn  = 1.456, then Kε ≈ 0.784, when Bλ  =  1532.308 nm, the wavelength 
shift per microstrain using Eq. (32) is 1.201 pm. 

From the above, it can be concluded that the strain coefficient error is 1.04% when average strain 
transfer is not considered, and the strain coefficient error is 0.56% when average strain transfer is 
considered. Therefore, the strain of the revised FBG is closer to the theoretical value. 

5 Conclusions 
The grating ends bonding FBG sensor has been widely used for health monitoring of large structures. 

Based on the shear lag theory, this paper studied the strain transfer mechanism of the grating ends 
surface-bonded FBG and builds up the average strain transfer model from the matrix to the optical fiber. 
A selection scheme of bonding parameters of the grating ends surface-bonded FBG is given by the 
proposed model. Compared with the existing methods, the measurement accuracy is improved, and the 
packaging process is simplified. The experiment tests were performed to verify the theoretical predictions 
by which the resistance strain gage and FBG are fixed on the equal-intensity cantilever beam, it shows 
that the two methods have good consistency. The proposed model provides a theoretical basis for the 
design and application of the grating ends surface-bonded FBG strain sensor. 
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