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Abstract: The influence of the lamination process on 
stress sensitivities of the composite structure incorporating 
optical fiber sensors with fiber Bragg gratings (FBGs) and 
polarimetric highly birefringent (HB) fibers has been 
investigated. Coating layers of the HB fibers are found to be 
responsible for performance of the embedded polarimetric 
sensors while the angular orientation of embedded FBGs 
written in HB fibers is responsible for the observed optical 
wavelengths shifts. 
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1. BACKGROUND 

Composite material structures are widely used in many 
fields of science and technology such as aerospace, marine, 
aviation and civil engineering industry. 

The main advantage of such structures is their high 
strength, high creep and tensile resistance, as well as 
stiffness with less weight, even four times lowers than for 
steel. Due to their wide use, structural health monitoring 
technologies for composite structures have been studied 
extensively in order to assess the safety and the durability of 
the structures. 

Composite structures are frequently subjected to external 
excitations over a variety of vibration frequency ranges. 
Such dynamic interference may cause the structures to suffer 
from fatigue damage and/or catastrophic failures if the 
excitation frequency approaches to the natural frequency of 
the structures. A typical composite fails in a sequence of 
transverse micro-cracking, delamination and fiber failure. 
Polymer matrix composites accumulate damage in a general 
rather than a localized fashion and failure does not always 
occur by the propagation of a single macroscopic crack. 

The micro-structural mechanisms of damage 
accumulation including fiber breakage and matrix cracking, 
debonding, transverse cracking and delamination, occur 
sometimes independently and sometimes interactively, and 
the predominance of one or the other may be strongly 
affected by both materials variables and testing conditions 
[1-4]. 

 

Non-destructive evaluation (NDE) techniques have been 
developed to detect internal or invisible damage. To the 
traditional NDE techniques belong: ultrasonic scan, an eddy 
current method, X radiography, an acoustic emission 
method, and passive thermography. The NDE techniques are 
effective in detecting damages in materials and structures, 
but it is difficult to use them in operation due to the size and 
weight of the devices. Therefore, there is a strong interest in 
development of smart composite structures with integrated 
optical fiber sensors which would allow in-situ monitoring 
of both the manufacturing process and the service life. 

Compared to the traditional NDE techniques, fiber-optic 
sensors offer unique capabilities as: monitoring the 
manufacturing process of composite parts, performing non-
destructive testing once fabrication is complete, and 
enabling health monitoring and structural control. Due to 
their minimal weight, small size, high bandwidth, high 
sensitivity, immunity to electromagnetic interference, 
possibility to operate in a hazardous environment and in the 
presence of electric currents fiber-optic sensors offer 
significant performance advantages over traditional sensors. 
Furthermore, optical fibers are steadily becoming more cost-
effective due to advances in the telecommunication and 
optoelectronic industries. There are three major types of 
optical fibers in current use: multimode stepped index or 
graded index, single-mode stepped or graded index fibers, 
and highly birefringent (HB) single-mode or few-mode 
polarization-maintaining (PM) fibers [5,6]. 

Composite structures are made of two or more 
components with significantly different physical or chemical 
properties and they remain separate and distinct in a 
macroscopic level within the finished structure. This feature 
allows for introducing optical fiber sensors into the 
composite material. 

2. THEORY 

In HB PM optical fibers, any symmetric deformation 
effect (X) influences the propagation constant β in every 
fiber optic mode due to changes in fiber length L and both 
refractive indices of the fiber core and the fiber cladding. In 
a single-mode regime, this leads to changes in the phase 
difference L⋅Δ=ΔΦ β  between both polarizations of the 
fundamental LP01 mode along the fiber [6]: 
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where X stands for temperature (T), pressure (p) or 
longitudinal strain (ε) defined as: LL /Δ=ε . 

The effect of longitudinal strain on mode coupling is to 
modulate the relative phase retardation between the two 
orthogonal polarizations in the LP01 mode. The general 
formula describing the birefringence sensitivity to strain can 
be expressed in terms of an experimental parameter Tε 
describing the amount of strain ε required to induce a 2π 
phase shift of a polarized light observed at the output as 
[6,7]: 
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(polarization) birefringence of a fiber and the function   has 
two values: + 1 or -1 depending on the sign of the changes 
in the relative polarization birefringence with strain and L is 
the total optical path of the fiber.  

Under influence of the longitudinal strain the first term 
on the right-hand side of expression (1) is negligible with 
respect to the first, so it leads to: 
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Hence the phase changes of the polarimetric responses 
are proportional to the absolute elongation δL and are 
independent of the length L of the sensing region. Under the 
influence of a longitudinal axial strain, the equation (3) can 
be approximated with the use of formulae (2) in terms of the 
only experimental parameter Tε 
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For the HB fibers in which birefringence is caused by 
stress applying parts introduced in cladding close to the 
region of the fiber (i.e. bow-tie fiber) Δβ  is nearly 
wavelength independent and chromatic dispersion of the 
modal birefringence is negligible. For any other types of the 
HB fibers (i.e. photonic crystal fibers) Δβ strongly depends 
on the wavelength and chromatic dispersion component 
should be added to the expression on the polarization mode 
dispersion. On the other hand, chromatic dispersion is 
longitudinal strain independent and polarization mode 
dispersion depends only on changes in birefringence. The 
PMD dependence on the longitudinal strain can be described 
according to the following equation [5]: 
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where c is the light velocity in the vacuum, ω = 2πc /λ is the 
angular frequency of light.  

This explains that PMD depends on the phase 
birefringence as well as on chromatic dispersion. From the 
formula (5) it is evident that changes in linear birefringence 
influence DGD in the HB fibers. In consequence, DGD 
increases linearly with longitudinal strain. 

Among the optical fiber sensors, fiber Bragg grating 
(FBG) sensors are the one widely used and considered as the 
most popular technology for implementing in health 
monitoring systems. Main advantages of FBGs over other 
optic sensor schemes are its low cost, good linearity, 
wavelength multiplexing capacity, resistance in harsh 
environments and transduction mechanism which eliminates 
the need for referencing as in interferometric sensors [5-9]. 
FBG sensor technology is now on the verge of maturity after 
almost three decades of active research and development in 
this field. Efforts are now concentrating on delivering 
complete FBG sensor systems including front-end 
electronics. 

The grating typically has a sinusoidal refractive index 
variation over a defined length [10]. The reflected 
wavelength (λB), called the Bragg wavelength, is defined by 
the relationship: 

Λ= nB 2λ          (6) 

where n is the effective refractive index of the grating in the 
fiber core and Λ is the grating period.  

Fiber Bragg gratings can be used as sensing elements in 
optical fiber sensors. In a FBG sensor, the measurand causes 
a shift in the Bragg wavelength, ΔλB. The relative shift in 
the Bragg wavelength, ΔλB/λB, due to an applied strain (ε) is 
approximately given by: 
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where CS is the coefficient of strain.  

The stress-induced (ε) elongation of the sample in the 
function of the deflection is given by following formulae: 
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where: s – deflection, d – distance between fiber layers,  
L – length of the sample. 

In recent years, many experiments and research have 
been carried out on laminated composites to obtain optimal 
mechanical properties [11-18]. Composite properties are 
highest in the orientation direction of fibers. In practical 
application, most of the structures are not loaded in a single 
direction, it is necessary to orient fibers in multiple 
directions. This demands evaluation of mechanical 
properties for different fiber orientations. The fiber weight 
fraction is an important parameter influencing the 
mechanical properties of composites. 

An alternative technology is based on highly birefringent 
polarization-maintaining fiber-based fiber-optic sensors. HB 
PM sensors known as polarimetric fiber sensors utilize 
polarization (phase) modulation within fibers to sense 
external perturbations and have attracted great interest over 



the last decade [6]. In HB fibers, the difference between the 
phase velocities for the two orthogonally polarized modes is 
high enough to avoid coupling between these two modes. 
Fibers of this type have a built-in, well-defined, high 
internal birefringence obtained by designing the core and/or 
cladding with a noncircular geometry, or by using 
anisotropic stress induced by stress elements running along 
the length of the fiber. 

We have already proposed [19-21] a novel hybrid optical 
sensing approach based on two different types of embedded 
optical fiber sensors working in a complementary fashion: 
HB fiber polarimetric sensors and FBG sensors, so as to 
provide in-situ measurements of strain, temperature or 
vibration frequency. This novel hybrid approach to sensing 
has not been utilized before and has the advantage that the 
two different sensor types are used in a complementary 
manner so as to overcome the limitations of the individual 
sensors. The objective is to develop effective methods for 
the monitoring of composite structures based on this hybrid 
optical sensing technique.  

In this paper we present initial experimental results of 
the influence of the lamination process on performance 
(stress sensitivities) of the composite structure incorporating 
a hybrid system of optical fiber sensors with FBGs written 
within the HB fibers and also two types of polarimetric HB 
fiber sensors. 

3. EXPERIMENTAL 

In recent years, many experiments and researches have 
been carried out on laminated composites to obtain optimal 
mechanical properties [22-24], but the influence of the 
lamination process on the strain sensitivity of HB fibers 
embedded in composite material has remained 
underexplored. 

    
A                                       B 

Fig. 1.  Comparison between strain sensitivities in two laminated HB 
sensors: (A) 2 side-hole, (B) 5 bow-tie fibers 

In our experiment, the composite material sample was 
250 mm long, 35 mm wide and 2.5 mm thick. To measure 
the influence of the lamination process on the fiber sensor 
three HB fibers with written FBGs (Nos. 4, 5, 7) and placed 
in different layers of the composite material have been used. 
Additionally, two types of the HB fibers have been 
embedded in the same layer of the composite material, i.e. 
side-hole and bow-tie fibers (see Fig.2). 

 
Fig. 2. Cross-section of the composite material sample with optical 
fibers embedded inside. 

Measurements performed for the HB side-hole fiber 
sensors show that strain sensitivities are different in the HB 
sensors after the lamination process in comparison to the 
original values (Fig. 1A). Our previous results [21] made for 
a sample with 5 HB bow-tie fiber sensors placed in one 
composite layer indicate that all results were similar (Fig. 
1B). 

After lamination process influence of the transversal 
pressure on the side-hole fiber has been observed. These two 
experiments suggest that a type of the fiber coating layer can 
be responsible for behavior of the fiber inside the composite 
material. The HB side-hole fiber is coated by only one hard-
coating layer and transversal pressure can be easily 
transmitted to the sensing fiber to modify its internal 
birefringence. However, the HB bow-tie fiber has two 
coating layers (hard and soft), so this second layer can be 
easily influenced by any lateral force and in consequence 
birefringence of the bow-tie fiber does not change (see Fig. 
3.). 

 
Fig. 3.  Comparison of birefringence change in side-hole and bow-tie 

fibers in composite material under transversal pressure 

 

In the further research we have investigated the 
dependence of axial orientation of the fiber optic sensor 
sensitivity as a function of axial stress induced by the load.  
It gives us possibility to optimize the orientation of the 
optical fibers to obtain the best sensitivity. The key issue in 
these smart structures in a type of the coating layer 
surrounding the optical fiber. We claim that stiffness of the 
coating layer surrounding the optical fiber as well as 
composite layers have a contribution to the sensitivity of the 
fiber optic sensors embedded inside the investigated 
composite element. In this part of the research two types of 
optical fibers have been used. The first type of the optical 
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fiber was commercially available bow-tie HB1500 
surrounded by two coating layers with different stiffness. 
The second optical fiber were three experimental side-hole 
HB  optical fibers with single-coating layers with different 
stiffness. The measurements were made for optical fibers 
with and without coating layers.  

The experimental setup consisted of two rotating tables 
in which an investigated optical fiber was placed (see Fig. 
4.).  

 
Fig. 4. Experimental setup for sensitivity measurements as a 

function of axial orientation of the birefringence axis under the 
influence of induced strain. 

The investigated optical fiber was laying on the surface 
with very small elasticity. The axial stress was induced by 
the weight 625 grams. 

The optical fiber was rotated in the setup every 10 
degrees and axial stress was induced on it. Using the data 
acquisition program the Stokes parameters were registered 
and analyzed.  

The results are presented in Fig. 5 and 6.  

 

 
Fig. 5. Birefringence change in the bow-tie optical fiber as a 

function of birefringence axis orientation under the axial stress. 

 

Fig. 6. Birefringence change in the side-hole optical fiber as a 
function of birefringence axis orientation under the axial stress. 

From our measurements we can conclude that sign of the 
birefringence depends on axial orientation of the 
birefringence axis. Also the sensitivity of the optical fiber 
without coating layer is much better than for the same 
optical fiber surrounded by the coating layer. We have also 
noticed that side-hole optical fiber is much sensitive than 
bow-tie optical fiber sensor.   

Since FBG sensors had no coatings so the stress induced 
by the lamination process could be clearly observed in our 
experiment. As is shown in Table 1 and also in Fig. 3, the 
Bragg wavelength shift strongly depends on the position of 
the fiber sensor in the composite material (the shift is bigger 
for the FBG sensors placed close to the centre of the 
sample). Additionally, results are different for both: slow 
and fast birefringent axes. This suggests that orientation of 
the polarization axes of the HB fibers embedded in the 
composite material should be taken into account. 

 

Tab. 1. Optical wavelength shifts for three FBGs after lamination 
process of the composite material 

 

 
Fig. 3.  Influence of the lamination process on the FBG wavelength 
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4.  CONCLUSIONS 

Influence of the lamination process on stress sensitivities 
of the composite structure incorporating optical fiber sensors 
with FBGs written within the HB fibers and polarimetric HB 
fiber sensors has been investigated. 

To conclude coating (buffer) layers of the HB fibers are 
responsible for performance of the embedded polarimetric 
sensors and the angular orientation of embedded FBG 
sensors written in HB (uncoated) fibers is responsible for 
observed optical wavelengths shifts. 

The proposed hybrid configuration can be effectively used 
for more reliable strain and temperature measurements and 
can be implemented in a wide range of sensing applications. 
Additionally we have investigated the influence of axis 
angular orientation of the HB optical fibers embedded into 
composite material sample under external axial stress and 
also investigated the influence of coating layer on sensitivity 
of the optical fiber sensors. 
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