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A polarization maintaining optical fiber Bragg grating (PMFBG) sensor with multi-parameter monitoring functions for 
composite structure has been studied theoretically and experimentally. A single embedded PMFBG is used as the sensor 
head for multi-parameter real-time monitoring in glass fiber reinforced polymer (GFRP) laminates. The temperature and 
stress response characteristics of the PMFBG in GFRP have been studied. The two peak wavelengths in the reflection 
spectrum of the PMFBG shift linearly with the temperature and/or stress of the laminates. Furthermore, the temperature 
sensitivity of the peak wavelengths of the PMFBG improve from 10.2m/℃ to 17.8pm/℃（x-axis） and from 9. 6 pm/℃ to           

15.1 pm/℃（y-axis）after embedded in the composite laminates. The axial stress and temperature of the GFRP can be 
interrogated according to the two different wavelength shifts of the two peaks in the reflection spectrum. According to the 
experimental results, a single PMFBG sensor is competent for temperature and stress real-time monitoring simultaneously 
for composite structure.  
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1. Introduction 
 
Composite materials are applied to primary 

load-bearing structures in various industries because of 
their good specific stiffness and strength. Composite has 
been with rapid development and widespread use in recent 
years. However, deformation, cracks and other damages of 
most composite structure will emerge mainly due to 
extreme stress, abnormal temperature during long-term 
service. These damages have some impact on the 
performance of the structures and bring latent hazard. 
Therefore, structure health monitoring (SHM) is very 
important. Traditional detection methods for SHM, such as 
ultrasonic C-scan, optical interference, radiation, are 
difficult to achieve real-time monitoring. Most traditional 
methods are complex, high cost, electromechanical and 
susceptible to electromagnetic interference, which limits 
practical application.  

  Fiber grating sensors have many special advantages, 
such as small size, high sensitivity, electromagnetic 
interference resistance, corrosion resistance. These 
advantages make fiber grating sensor becoming one of the 
most promising sensor [1]. 

A Bragg grating sensors embedded in composites are 
an alternative solution for conventional dielectric sensors 
for composite structure [2]. One parameter, such as strain 
of composites has been monitored with fiber grating 
sensors in the curing process of autoclave molding process 
[3,4]. Strain in the laminates with different laying methods 
has been monitored in the curing course and the effect of 
laying method on the strain has been analyzed [5,6]. 

Temperature, pressure or stress of composite structure has 
been monitored using a common Bragg grating sensor [7]. 
Furthermore, fiber grating sensors have been used for 
damage detection in carbon fiber reinforced polymer 
(CFRP) delimitation [8]. However, it is unavailable to 
measure multi-parameters by one common FBG sensor. 
The system will be complex and high-cost if the 
multi-parameters of composite structure are measured with 
several FBGs or several other optic fiber components [9].  

In this paper, a multi-parameter sensor based on an 
embedded PMFBG has been studied theoretically and 
experimentally. PMFBG is embedded in GFRP laminates 
through vacuum-assisted resin transfer molding (VARTM) 
process. Experiment results indicate that a single PMFBG 
is competent for monitoring temperature and strain 
simultaneously. 

 
 
2. Principle 
 
When the temperature and/or axial strain of a 

common FBG changes, the shift of its peak wavelength 
can be expressed as [9]: 

0 0[( ) (1 ) ]B B T Pελ λ α β ε⋅∆ = + ⋅ ∆ + − ⋅∆       (1) 

where Bλ and Bλ∆  are the original peak wavelength 
and its shift respectively. 0α and 0β  are 
thermal-expansion coefficient and thermo-optic coefficient 
of the optical fiber. eP  is effective elastic-optic 
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coefficient, T∆  and ε∆  are temperature variation and 
axial strain variation. For common silica fiber, 0α , 0β  
and eP  are constants. Bλ∆  has a good linear 
relationship with the temperature and/or axial strain of the 
FBG. 

Ignoring the coupling of the two polarization models, 
when a FBG is written into polarization maintaining 
optical fiber, a PMFBG will be generated. The reflection 
spectrum of the PMFBG can be considered as the sum of 
two different FBGs and there are two peaks in the 
reflection spectrum of the PMFBG, as shown in Fig. 1. The 
wavelengths of the two peaks are determined by the 
effective refractive indexes of the fast axis (x-axis) and the 
slow axis (y-axis) of the fiber. The peak wavelengths are 
expressed as [10]: 

 
       2x

P

x
effnλ = Λ                 (2) 

 
 2y y

P effnλ = Λ                 (3)  
          

where Λ  is the grating period. x
effn  and y

eff
n  are 

effective refractive indexes of x-axis and y-axis 
respectively. The two refractive indexes are different, so 
the two peak wavelength are separated and the sensitivities 
of them to temperature and strain are different. Therefore, 
the temperature and the axial stress can be monitored 
simultaneously by a single PMFBG. 
 
 

 
 

Fig.1 The reflection spectrum of the PMFBG. 
 

3. Experiment and results  
 
3.1 The preparation of specimens 
 
Glass fiber fabric is used as reinforced fiber in the 

specimens. Epoxy resin is used as the matrix. The epoxy 
resin is mixed with polyamide curing agent at a weight 
ratio of 100:75. The curing cycle is constituted by a 
heating ramp of 5ο/min and a thermostatic duration of 2 

hours at 80ο, followed by another 2 hours at 120o, finally 
natural cooling. 

 
The GFRP lamination specimens are fabricated 

through VARTM process, with dimensions of 
200×44×2.5mm3. If the fiber grating is embedded in 90º 
direction, the cross-points which are resulted from the 
optical fiber and the reinforcing fibers can lead to stress 
concentration and the resin-rich region. When embedded 
in 0º direction, the influence is reduced to a minimum. 
Therefore, The specimens are designed to 
[0º/90º/0º(FBG)0º/90º/0º] and [0º/90º/0º(FPM)0º/90º/0º], a 
total of 6 layers. The PMFBG was embedded in the GFRP 
laminates, as shown in Fig. 2. 

 

 
 

Fig. 2 The schematic diagram of the specimen. 
 
Micron Optics SM125 optical sensing interrogator 

was used for the wavelength interrogation. The 
WDW3020 micro-controlled electronic universal testing 
machine was used for stress test. The setups of the 
experiment are shown in Fig. 3. 

 
 

 
Fig. 3 Schematic diagram of the experiment setup. 

 
 
3.2. Experiment results 
 
3.2.1 The results of temperature experiment  
 
The temperature-wavelength coefficients of the 

PMFBG are measured before and after embedded into the 
GFRP. The experiment data and the fitting curves are 
shown in Figs. 4 and 5.  
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Fig.4 The peak wavelengths of PMFBG in x-axis shift 

with temperature. 
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Fig. 5 The peak wavelengths of PMFBG in y-axis shift 
with temperature. 

   
Figs. 4 and 5 show that the two peak wavelengths of 

the PMFBG (x-axis, y-axis) all shift linearly with the 
temperature, whether before or after embedded in GFRP. 
The linear fitting equations with respect to the peak 
wavelength in x-axis are 

(0) 0.0102 1549.3510x Tλ = +  before 
embedded in GFRP and 

(1) 0.0178 1549.2001x Tλ = +  after 
embedded in GFRP. The fitting degrees are 0.9971 and 
0.9967 respectively.  The linear fitting equations with 
respect to the peak wavelength in y-axis are 

(0) 0.0096 1549.9824y Tλ = +  before embedded in GFRP and 

(1) 0.0151 1549.7710y Tλ = +  after embedded in GFRP. The 
fitting degrees are 0.9962 and 0.9960 respectively. 

There are large improvements of temperature 
sensitivities of both peak wavelengths in x-axis and in 
y-axis after embedded into GFRP.  The temperature 
sensitivities of PMFBG improve from 10.2m/℃ to 

17.8pm/℃ in x-axis and form 9.6 pm/℃ to 15.1 pm/℃ in 
y-axis respectively. The experimental results are 
repeatable.  

 

The temperature-wavelength sensitivities of the two 
peaks in x-axis and y-axis of the PMFBG are not identical 
with each other, which is benefit to multi-parameter 
measurement and to distinguish the cross-sensitivity 
between the parameters.   

 
3.2.2 The results of stress experiment 
 
The stress of the PMFBG is implemented by 

stretching the GFRP using WDW3020 micro-controlled 
electronic universal testing machine with a step speed of 
2.5mm/min. The peak wavelengths of the PMFBG are 
recorded by SM125 optical sensing interrogator. The 
temperature remains 3℃ during experiments. The 
experiment data and the fitting curves are shown as below. 

 
    

 
  Fig. 6. The load added to the GFRP during experiment. 
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Fig. 7. The two peak wavelengths shifting process of 

PMFBG during experiment. 
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Fig. 8. The peak wavelength of the PMFBG shifting with 

the tensile load. 
 

 
 
According to Figs. 6, 7 and 8, the two peak 

wavelengths of the PMFBG all shift linearly with the 
tensile load. The linear fitting equations for the two 
wavelengths in x-axis and y-axis are 

4
( ) 2.61 10 1549.21x F Fλ −= × +  and 4

( ) 2.64 10 1549.83y F Fλ −= × + , 
respectively. The fitting degrees are 0.9980 and 0.9980 
respectively. 

According to the tensile load and the dimensions of 
the specimen, the stress of the GFRP and also the axial 
stress of the PMFBG can be calculated. In experiments, 
the stress of the GFRP specimen was in its elastic 
deformation stage, and its stress is regarded being 
proportional to the tensile load. According to the 
experiment data, the two peak wavelengths of the PMFBG 
all shift linearly with its stress. Therefore the stress of the 
GFRP can be real-time monitored by the PMFBG sensor. 
The two peak wavelengths of the PMFBG show different 
stress-wavelength sensitivities. 

 
 
4. Discussions  
 
The relationship between the stress of the composites 

and its strain within elastic deformation scope is expressed 
as Eq.4: 

 
LE E

L
σ ε∆
= =                (4) 

 
The variation of Pλ  of the PMFBG resulted from 

the axial strain is determined as:  
 

2

12 11 121 [ ( )] [1 ]
2P P P e
n Pλ λ ρ ν ρ ρ ε λ ε

⎧ ⎫
∆ = − − − ⋅ = ⋅ − ⋅⎨ ⎬

⎩ ⎭
 (5) 

 

11ρ  and 12ρ are stress tensor components of the optical 
fiber, ν  is Poisson’s ratio. For common quartz fiber, 

0.222eP ≈ . According to the experiment data, for 

example, y

Pλ  is 1549.83nm with 4.6N load to the GFRP 
and is 1549.97nm with 546.7N load to the GFRP, all at the 
temperature of 3Cْ. The Young modulus of composite 
structure is estimated as follow: 
 

(1 )
P

P e

F E
S P

λ
λ

∆
= ⋅

−
              (6) 

 
        2 1
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⋅ −
     (7) 

 
The theoretical Young modulus’s range of the GFRP is 

40GPa. The measured value of the Young modulus GFRP 
is 41GPa. Therefore, the experiment results agree with the 
practical performance of the GFRP.  

According to Eq.2 and Eq.3, the shift of the two peak 
wavelengths in x-axis and y-axis are expressed as:  

 
, ,x x x Tk k Tελ ε∆ = ⋅∆ + ⋅ ∆             (8) 

 
, ,y y y Tk k Tελ ε∆ = ⋅∆ + ⋅∆            (9) 

 
where ,xk ε  and ,x Tk  are coefficients for 
strain-wavelength sensitivity and temperature-wavelength 
sensitivity of the x-axis peak of the PMFBG. ,yk ε  and 

,y Tk  are coefficients for strain-wavelength sensitivity and 
temperature-wavelength sensitivity of the y-axis peak of 
the PMFBG. According to experiment results, ,xk ε  is 

approximately equal to ,yk ε , and ,x Tk  is not equal 

to ,y Tk  with a major difference. Therefore, by solving 
equations of Eq.8 and Eq.9, stress and temperature of the 
GFRP can be monitored with a single PMFBG. On the 
other hand, with the temperature increasing, the two peak 
wavelengths in the reflection spectrum of the PMFBG all 
increase but the separation between the two peaks 
decreases. From the results of stress experiment, with the 
stress increasing, the two peak wavelengths in the 
reflection spectrum all increase but the separation between 
the two peaks almost not change. 

 
 
5. Conclusions 
 
A multi-parameter composite sensor based on an 

embedded polarization maintaining optical fiber Bragg 
grating (PMFBG) for composite structure has been 
theoretically analyzed and experimentally confirmed. The 
experimental results show that the temperature sensitivities 
of the PMFBG have been improved significantly after 
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embedded into GFRP. The wavelength of the PMFBG 
embedded into GFRP has a linear relationship with the 
stress. The two peaks in the reflection spectrum of the 
PMFBG are different in the temperature response and the 
stress response. Two parameters (such as temperature and 
strain) of the composite structure can be monitored 
simultaneously by demodulating the two peak wavelengths 
of the PMFBG with a single PMFBG.  
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