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Abstract: Uniform Fiber Bragg Grating sensors based on Polarization-Maintaining fibers
are designed for simultaneous longitudinal strain and temperature measurement of Carbon
Fiber Reinforced Polymer laminates. Panda, Bow tie and Pseudo-rectangle optical fiber
shape sections are investigated employing three different embedding methods, for each
optical fiber. The simulation accurately takes into account that the fibers are embedded in
unidirectional Carbon Fiber Reinforced Polymer and covered between two adhesive poly-
imide films. An exhaustive, accurate and robust investigation of the mechanisms originating
Bragg wavelength shift is developed by considering a complete multiphysical model includ-
ing: the propagation modes and their interaction, the birefringence, the optomechanical and
thermal behaviour of both the optical fiber and the embedding composite material. For the
first time, the use of polyimide films is proposed to obtain an increase of temperature sensor
sensitivity, reducing the stress-transfer, due to thermal expansion, between the composite
laminate and the sensing element. The designed Fiber Bragg Grating sensors are com-
pared and their potential application, for simultaneous strain and temperature measurement
of Carbon Fiber Reinforced Polymer is discussed.

Index Terms: Modeling, fiber gratings, theory and design, sensors.

1. Introduction
Composite materials offer excellent mechanical properties such as high stiffness, high specific
strength and fatigue resistance. In particular, Carbon Fiber Reinforced Polymers (CFRPs) are
applied in aircraft and space structures which require strength-to-weight ratios several times larger
than steel or aluminum. They absorb in an extraordinary way the energy of mechanical impact,
since their matrix structure distributes the energy in the material volume. For this reason, a low
velocity/energy impact does not produce perforation but delamination between CFRP layers with
no visible surface manifestation [1]. This results in high maintenance and inspection costs because
potentially significant damage events could be unnoticed and periodical preventing actions are
needed [2]. In fact, CFRP layers can also have hidden voids that are difficult to be detected and

Vol. 13, No. 2, April 2021 7100315

https://orcid.org/0000-0002-3397-224X
https://orcid.org/0000-0001-8671-5987
https://orcid.org/0000-0001-9347-3218


IEEE Photonics Journal Design of Polarization-Maintaining FBGs

can exhibit failure mechanisms which are generally much more rapid than those occurring in the
traditional alloys.

Fiber Bragg Grating (FBG) based optical sensors are very promising in the field of Structural
Health Monitoring (SHM). When applied in industrial mechanical equipment or aerospace/aircraft
applications they can be essential elements for increasing the safety. Moreover, they can constitute
a suitable route to reduce design constrains, e.g., weight, thus increasing fuel efficiency and so
bring down CO2 emission. FBG sensors are very attractive due to their immunity to electromagnetic
interference, reduced size, resistance to harsh environments and real time in situ monitoring [3]–[6].
They can be embedded in composite materials in any particular layer or on the surface of CFRP,
providing different responses. Generally, optical fibres are not placed on the surface if not jacketed
as they could be easily damaged in-service environments [7].

Polyimide coated optical fibers exhibit very attractive mechanical properties. Polyimide is a
high-performance polymer, which allows to operate safely in temperatures up to more than 600 K,
allowing the optical fibers to survive in high temperature condition, e.g., after thermally cured
embedding processes. A critical point when embedding optical fibers is the adhesion between
the polyimide coating and the resin. From our tests, embedding polyimide coated optical fibers in
composites does not produce critical problems in structural integrity. The adhesion quality depends
upon the polymer considered in the matrix and on the diameter of the fibre, as reported in [8]–[11].
For these reasons, polyimide coated optical fibers are an excellent choice for the construction of
embedded FBG strain and temperature sensors.

The detection of in-plane and through-thickness strains of composite has been realized by using
polarized light in embedded optical fiber sensors and embedded planar optics [8], [12]–[14]. In order
to prevent subsurface delamination between ply-layers, it is useful to take into account through-
thickness strains. In general, the Bragg wavelength is sensible to the changes of the physical
environment around the device, such as strain, stress, temperature, and pressure [15]–[17].

In this paper, a complete model is ad-hoc developed and validated for the design and analysis of
Polarization-Maintaining (PM) FBG sensors embedded in CFRPs. Even if fiber gratings are largely
employed, there are few literature papers which report similar investigations [18]. The proposed
design takes into account the: i) mechanical and thermal behavior of composite material, ii) elec-
tromagnetic modal analysis of optical fibers, iii) spectral response of the grating. The investigation
method is exhaustive and more precise with respect to those reported in most of the literature, in
which nef f or �λB are estimated without carrying out modal analyses [12], [19], [20]. Moreover, in
this paper, for the first time, we propose the use of solid Adhesive Polyimide Films (APFs) with the
aim to improve PM fiber temperature sensitivity and to increase the simultaneous discrimination
of temperature/strain changes. Polyimide coating was suggested to enhance the robustness and
survivability of the embedded optical fibers during composite material manufacturing process
[10], [11]. Anti-sticky polyimide films, were investigated to obtain loosely embedded optical fibers
in composite materials for strain-free temperature sensing, i.e., for a complete cancellation of
stress transfer in all directions, which is the opposite objective with respect that of our paper
[21]. Anyway, to avoid the stress effects, aluminum and copper sheets were preferred as more
feasible solution [21]. Differently from anti-sticky polyimide films, APFs, which are sticky polyimide
films, are commonly used to join together different CFRP laminates [22]. All these applications of
polyimide films are completely different with respect to that of this paper, since we propose APFs
as buffer regions, i.e., stress absorption layers, in order to obtain through a proper design a suitable
reduction of transversal stress-transfer between the laminate and the optical fiber. In this way, the
temperature and strain measurement decoupling is affected by less uncertainty. Three kinds of
PM optical fibers are investigated, their performances are compared and the most suitable solution
for structural monitoring is identified. The simulation proves that the temperature sensitivity of a
polyimide coated Bow tie fiber embedded between two APFs, is larger than the sensitivity of the
uncoated fiber optic (without APFs) with an increase of 8.9% and 11.2% respectively for the fast
and slow axis. The obtained results pave the way to promising applications to prevent cracking in
the composite matrix, carbon fiber collapse and delamination between the layers of the laminate.
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Fig. 1. (a) Schematic representation of CFRP, (b) schematic representation of the unit cell.

The paper is organized as follows: in Section 2, a theoretical introduction about composite
materials, PM fibers and sensor operation is illustrated; in Section 3, the strategy pursued for
sensor simulation and the validation of the model, the composite material and optical fibers
characterization, including the related results of the Finite Element Method (FEM) simulations;
in Section 4, a comparison between the sensitivities to strain and temperature of the three optical
fibers; in Section 5, our findings and their potential applications are outlined.

2. Recall of Theory on CFRP and Optical Fiber
CFRP is composed of carbon fibers and thermosetting resin. Fig. 1 illustrates a schematic repre-
sentation of a CFRP (a) and of its unit cell (b). The carbon fibers (dark grey) and thermosetting
resin (soft grey), i.e., the two primary components of composite materials, are used to perform a
reinforced matrix construction, contributing to CFRP strength. Carbon fibers carry the load, while
resin uniformly distributes the load into the material volume. The unit cell is an elementary cubic
volume of CFRP including one carbon fiber segment.

The identification of the mechanical properties of each carbon fiber in every layer of the laminate
is practically unfeasible. For this reason, it is necessary to estimate the homogenized elasticity
matrix to model the average mechanical behavior of a single layer. This is possible by performing
a micromechanical analysis on a representative unit cell (Fig. 1).

The elasticity matrix [C]mis evaluated via COMSOL Multiphysics using an inner mathematical
model based on solid mechanics theory. In order to introduce the physical quantities relevant for
laminate characterization, the Hooke’s law, that relates stress and strain is recalled:

[e ]m = [ C]m[σ ]m (1)

where [e]m is the strain matrix, [C]m is the elasticity matrix and [σ ]m is the stress matrix. Since
the CFRP laminates are constituted by orthotropic material, the elasticity matrix [C]m has all terms
nonzero depending on the chosen reference system [23].

High birefringence can be induced in the core of the fibers by two Stress Applying Parts (SAPs).
For these fibers a stress-induced birefringence occurs. Other PM fibers exhibit birefringence
intrinsically induced by their peculiar geometrical shape, which could be microstructured or simply
characterized by axial asymmetry in term of refractive index, without exploitation of stress effects
obtained during the fabrication. The SAP consists of a material with a thermal expansion coefficient
α different from that of the optical fiber cladding which gives rise to a stress field in the optical fiber.
The birefringence induced by the elasto-optic effect depends on the constituent material (e.g.,
level of dopant concentration), the shape and the positions of the SAPs. This leads to a strong
difference in the propagation constant of light travelling through the fiber for the two perpendicular
polarizations. In other words, the induced birefringence breaks the circular symmetry of the optical
fiber, creating two principal transmission axes within the fiber, known as the fast and slow axes of
the fiber.
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The coordinate system for optical fiber is the same of that employed for the CFRP illustrated
in Fig. 1: the principal axis 1 is parallel to the slow axis, the principal axis 2 to the fast axis and
principal axis 3 to the direction of propagation. The refractive index tensor of the optical fiber is
diagonal [24]:

n1 = n0 − C1S11 − C2 (S22 + S33) (2)

n2 = n0 − C1S22 − C2 (S33 + S11) (3)

n3 = n0 − C1S33 − C2 (S11 + S22) (4)

Where S is the internal stress tensor; C1 and C2 the stress-optic coefficient and can be evaluated
as expressed in (5, 6) [25]:

C1 = n3

2E
(p11 − 2vp12) (5)

C2 = n3

2E
(p12 − v (p11 + p12)) (6)

p11, p12 are the Pockel’s coefficient, n is the refractive index, v the Poisson’s ratio and E the
Young’s modulus.

The refractive index n changes with external strain e, caused by the tensile stress σ , and
temperature variation �T [26]:

�n1 = − n3
1

2
(p11e1 + p12 (e2 + e3)) +

(
dn
dT

)
�T + n3

1

2
(p11 + 2p12) α�T (7)

�n2 = − n3
2

2
(p11e2 + p12 (e1 + e3)) +

(
dn
dT

)
�T + n3

2

2
(p11 + 2p12) α�T (8)

�n3 = − n3
3

2
(p11e3 + p12 (e1 + e2)) +

(
dn
dT

)
�T + n3

3

2
(p11 + 2p12) α�T (9)

dn/dT is the thermo-optic coefficient, �T the temperature variation, e1, e2 (transverse strains) and
e3 (longitudinal strain) are the strain elements of the diagonal tensor, neglecting shear strain.

The thermal expansion coefficient to be used in relations (7–9) is affected by the presence of the
composite structure and it is generally smaller than that of the standalone optical fiber. Therefore,
there is a great limitation on the term related to thermal expansion, α�T , slightly affecting the
temperature sensitivity. Temperature changes cause radial strains within the composite material
which differ each other. The grating period variation �� of the grating as a function of the
longitudinal strain is described by �� = �e3.

The reflection spectra of the Bragg gratings are obtained through the Transfer Matrix Method
(TMM) [27]. Each axis in case of PM fibers has a different response to strain �e3 and temperature
�T so that it is possible to solve the following, enabling their discrimination:(

�λB1

�λB2

)
=

(
Ke1 KT 1

Ke2 KT 2

) (
�e3

�T

)
(10)

where subscripts 1, 2 indicate the slow and fast axis, respectively; Ke1, Ke2 , KT 1, KT 2 are the
sensitivities to longitudinal strain e3 and temperature variation �T , �λB1 and �λB2 are the Bragg
wavelength shifts.

3. CFRP and Optical Fiber Models
3.1 Simulation Approach

In this paper, a complete model is ad-hoc developed and validated for the design of FBG sensors
embedded in CFRP for SHM applications, via COMSOL Multiphysics. The first part of this approach
involves the implementation of a 3D-FEM model of a CFRP laminate with the embedded optical
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Fig. 2. Flow diagram of the simulation blocks.

fiber under investigation (in the following indicated as SM3D-FEM), to investigate the thermo-
mechanical behaviour when external mechanical and thermal stresses are applied. The proposed
SM3D-FEM is based on an accurate micromechanical model of the unit cell in order to evaluate
the effective elasticity matrix (1). This allows to obtain equivalent homogeneous elasticity matrix
of the composite layer. In the SM3D-FEM the fiber optic is 3D-modelled with its mechanical and
thermal parameters and it can be embedded in the composite, in every position and orientation.
This permits an accurate simulation of the stress-transfer, between the laminate and the optical
fiber. In this way, it is possible to simulate strain distribution inside the optical fiber. The strains
evaluated along the three principal axes (longitudinal strain e3 and the two transverse strains e1, e2)
via thermal and mechanical simulations are used for the successive modal analysis (2D-FEM) of
the optical fiber. The fundamental mode HE11 is well confined and, by simulation, the presence
of the CFRP can be neglected in the 2D-FEM analysis without significant approximation [28].
Considering the small dimensions of an FBG, we can assume that the stress induced by composite
material cooling (after curing process) is constant in the FBG region, resulting in the bias of
Bragg wavelength λB not affecting the sensitivity [29]. Therefore, in our model we neglect this
effect originated by fabrication process according to [29]. In particular, the use of the relations
(7)-(9) allows to describe the refractive index changes n considering the influence of strain and
temperature. The effective refractive indices nef f of the fast and slow propagating modes are found
through the 2D-FEM modal analysis. The effective refractive indices nef f are used as input for
the home-made software implementing the TMM. This method is considered for the simulation
of the reflection spectra of the gratings and the consequent Bragg wavelength shifts �λB, due to
the perturbations applied externally to the system. Fig. 2 illustrates the simulation approach with a
flux diagram of the main calculation blocks.

Lastly, it is important to underline that the proposed method has intrinsic advantages in terms
of accuracy and reliability with respect to other ones reported in literature where nef f or �λB are
estimated without modal analyses [12], [19], [20]. In fact, we model at first the materials and then
perform the electromagnetic simulation without approximations.

3.2 Validation of Composite Laminate and FBG Models

In order to validate the SM3D-FEM design approach, experimental data pertaining the tensile
mechanical properties of bidirectional carbon fiber composites reinforced in epoxy matrix reported
in literature is considered [30]. The considered carbon fiber is Toray T620. The composite lam-
inate, investigated in [30], consists of four layers overlapped, each characterized by a thickness
TL = 0.75 mm, a length LL = 150 mm and a width WL = 20 mm. The elasticity matrix [C]m of a
composite layer is evaluated through the micromechanical analysis of the unit cell by considering
a carbon fiber-resin volume fraction vf = 0.563. The values of Young’s Modulus E , Poisson’s ratio
v, Shear modulus G and density ρ, used for the analysis, are reported in Table 1 [30], [31].

The simulation is in very good agreement with the experiment as shown in Fig. 3, illustrating the
tensile stress σ versus e3 strain simulated via SM3D-FEM (red dash dotted curve); and measured
(blue curve) [30]. A little discrepancy can be noted. It is possible to observe that the experimental
curve has an almost linear trend up to a strain value close to e3 = 1.7%. In the actual behaviour,
after the abovementioned value the rupture point of the material is observed.
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TABLE 1

Mechanical and Thermal Properties of Composite Carbon Fiber and Epoxy Resin

Fig. 3. Tensile stress σ versus e3 strain. Simulation via SM3D-FEM solver (red curve); experiment (blue
curve) reported in [30].

In the simulation of the stress-strain curve only the elastic behaviour is evaluated because in
unidirectional composite laminates there is no plastic deformation and consequently, they have an
almost elastic behaviour [31], [32].

The developed home-made computer code based on TMM has been validated giving optimum
agreement with literature results [3], [17], [27].

3.3 Opto-mechanical Simulation

Three different kinds of PM optical fibers are taken into account, whose geometric and physical
parameters employed for the simulation are taken from literature papers [24], [33]–[35]. We inves-
tigated Panda, Bow tie and Pseudo-rectangle optical fibers considering three different embedding
techniques: i) embedding in CFRP without coating, without APFs, Fig. 4(a); ii) embedding in CFRP
with polyimide coating, without APFs, Fig. 4(b); iii) embedding in CFRP with polyimide coating and
covered between two APFs, Fig. 4(c) and (d). Therefore, a total of nine cases are investigated.

The optomechanical and electromagnetic investigation exactly takes into account the geometries
and physical properties of the abovementioned nine sensors embedded in the CFRP. Fig. 4 refers
only to the case of Panda fiber, to avoid useless repetitions.

The cladding for all the considered optical fibers is made of pure Silica, the core is doped with
GeO2 while the SAPs are doped with B2O3. The physical parameters employed in the simulation are
reported in Table 2 and are taken from literature [26]. In the case of the Pseudo-rectangle fiber,
the inner cladding is fluorine doped [33], and has refractive index nicl = 1.4404, while the thermal
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Fig. 4. Cross-section of Panda fiber: (a) without coating, (b) with polyimide coating, (c) with polyimide
coating and covered between two APFs, (d) with polyimide coating, covered between two APFs and
embedded in the CFRP laminate, Tp = 0.03 mmand Wp = 5 mm.

TABLE 2

Common Parameters of the Simulated Optical Fibers

Fig. 5. Cross-sections of the investigated PM fibers: (a) Panda, (b) Bow tie, (c) Pseudo-rectangle.

expansion coefficient is αicl = 5.0 × 10−71/K . For all the optical fibers, the stress-optical coeffi-
cients are C1 = 0.757 × 10−12 m2/N and C2 = 4.188 × 10−12 m2/N. The thermo-optic coefficient
is dn/dT = 9.15 × 10−6 K−1, the Pockel’s coefficients are p11 = 0.121 and p12 = 0.27 [34].

For all the three fibers the cladding diameter is dcl = 125 μm. For the Panda fiber, the dis-
tance between the centres of the core and of the SAP is lSAP = 26.8 μm, SAP has a diameter
d1 = 35.5 μm (see Fig. 5(a)) [35]. For the Bow tie fiber, the position of the SAP is given by
r1 = 7.5 μm, r2 = 47.5 μm, γ = 90◦ (see Fig. 5(b)) [24]. These two fibers have a circular core
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TABLE 3

Mechanical and Thermal Properties of Carbon Fiber, Epoxy Resin and Polyimide

Fig. 6. Mesh of the CFRP laminate and zoom of the mesh cross-section in correspondence of the PM
optical fiber.

with diameter dco = 6 μm. The Pseudo-rectangle fiber has a square core of side a = 7.5 μm.
b = 1.25 μm, c = 12 μm, d = 10 μm, f = 18 μm, r3 = 5 μm, r4 = 9 μm (see Fig. 5(c)) [33].

The mechanical and thermal properties of the composite material used for the modelling of CFRP
laminates are described in [32], [36], while the specimen sizes agree with those typically used to
perform structural tests.

The carbon fiber-resin volume fraction is vf = 0.6 and the values of Young’s Modulus E , Pois-
son’s ratio v, Shear modulus G and density ρ listed in Table 3 [36], [37]. The layer thermal expan-
sion coefficient in the carbon fiber direction (principal axis 3) α// = 3.7249 · 10−8 and perpendicular
to carbon fiber direction (principal axes 1 and 2) α⊥ = 3.4718 · 10−5 are evaluated considering
the layer Poisson’s ratio v31 = 0.26. The unidirectional composite laminate has eight layers, each
characterized by a thickness TL = 0.3 mm , length LL = 150 mm of and a width WL = 40 mm.

In all cases, the optical fiber sensor is placed on the sixth layer of the CFRP laminate. Apart from
the case of uncoated optical fiber, the polyimide coating has a diameter of dcoat = 145 μm. In the
case iii), the fiber optic is covered between two APFs, see Fig. 4(c) and 4(d). The thickness TP and
the width WP of both the APFs have been optimized as successively described. The same cases
shown in Fig. 4 for Panda fiber are also investigated for the Bow tie and Pseudo-rectangle optical
fibers, i.e., nine different optical sensors are investigated. The mechanical and thermal parameters
of carbon fiber, epoxy resin and polyimide are described in Table 3. The number of mesh elements
is close to NE = 317900 (Fig. 6).

For the stress analysis, a range of tensile stress from σ = 0 MPa to σ = 60 MPa along the
principal axis 3 (Fig. 1) with a step of 10 MPa is considered; for thermal analysis, a range of
temperature from T = 233.15 K to T = 368.15 K with a step of 15 K. Fig. 7(a) refers to the
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Fig. 7. (a) Strain distribution inside the polyimide coated PM optical fibers, covered between two APFs
and embedded in CFRP, versus the laminate length: tensile stress σ = 30 MPa without temperature
variation. (b) Strain distribution inside the polyimide coated PM optical fibers, covered between two
APFs and embedded in CFRP, versus the laminate length: temperature T = 308.15 K is reached
without applying stress.

case of polyimide coated PM fiber, covered between two APFs and embedded in CFRP subjected
to tensile stress σ .

Fig. 7(a) depicts the strain distribution versus the laminate length LP along the principal axes,
evaluated at the center of the optical fiber core for the reference temperature Tref = 293.15 K
when a tensile stress σ = 30 MPa is applied. The longitudinal strain e3 (dashed curve) is related
the transverse strains e1 (dash dotted curve) and e2 (dotted curve) through the Poisson’s ratio.
The strain distributions of Fig. 7(a) can be practically considered identical for Panda, Bow tie
and Pseudo-rectangle fibers since the optical fibers, with same cladding diameter and coating,
influence the response of the CFRP laminate to tensile stress σ in a similar way and very slightly.
In Fig. 7(a), as expected, the laminate ends exhibit strain changes/oscillations because of the
constraint reaction. The mesh shown in Fig. 6 is coarse in the direction of principal axis 3, thus
we cannot conclude with confidence about the strain values at the laminate edges. However, these
values are not of our interest since the FBG sensor has small length and placed where the strains
are constant, far from the edges. Fig. 7(b) shows the strains at temperature T = 308.15 K without
applying stress σ = 0 MPa, for the case of polyimide coated PM fibers, covered between two
APFs and embedded in CFRP. Moreover, Fig. 7(b) illustrates the strain distribution for the three
considered PM fibers. The longitudinal strain e3 (dashed curve) is close to 0 μe, so that the length
of the laminate LL does not change significantly.

In the 2D-FEM optical mode investigation, the variation of the refractive indices n with respect
to the internal stress tensor S is simulated taking into account the thermal expansion coefficient
α, Young’s Modulus E , Poisson’s ratio v according to eq. (2)–(4). The propagating modes are
calculated at the wavelength λ = 1550 nm. The fictive temperature Tf ict = 1273.15 K , at which the
glass begins to behave elastically and the reference temperature Tref = 293.15 K , in unperturbed
condition, both affecting the internal thermal stress, are considered. Birefringence B depends on
the difference between the fictive temperature Tf ict and the operation temperature T , the former
pertaining to the fabrication process the latter to the operation condition [24], [38], [39].

The two different polarizations of the fundamental mode propagate at different velocities. The
effective refractive indices nef f , in absence of external strain fields e and temperature variation �T ,
highlights a higher degree of birefringence B for the Bow tie fiber. Fig. 8 shows the simulated
internal stress distributions S11 in the Panda, Bow tie and Pseudo-rectangle fibers cross-section
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Fig. 8. Simulated internal stress distribution S11 [N/m2] in unperturbed condition: (a) Panda, (b) Bow
tie, (c) Pseudo-rectangle.

Fig. 9. Simulated internal stress distribution S22 [N/m2] in unperturbed condition: (a) Panda, (b) Bow
tie, (c) Pseudo-rectangle.

Fig. 10. n1 − n2 in the optical fiber cross-section in unperturbed condition: (a) Panda, (b) Bow tie,
(c) Pseudo-rectangle.

in unperturbed condition (in absence of temperature variation �T and tensile stress σ ). For all
the three kinds of optical fibers considered in Fig. 8, the SAPs are subjected to a compressive
stress (red colour), this means that these regions are shrinking. This happens since the thermal
expansion coefficient α of the SAPs is higher than the surrounding cladding. With the exception
of the region of the core, that is mainly compressed (red colour), it is also possible to see that
the SAPs pull apart and compress, along the principal axis 1, the immediate cladding area around
them. Along the principal axis 2, towards the SAPs, the neighboring cladding area is expanded
(blue colour). Toward the outer edge of the cladding, the stress intensity tends to S11 = 0 N/m2,
signifying that this region is not strongly compressed or under tension. In Fig. 9, it is possible to
observe that, also in this case, the SAPs region is shrinking but the compression is distributed
along the principal axis 2 near the SAPs. Birefringence B is proportional to the difference in stress
distributions S11 and S22 [24]. Considering Fig. 10, it is evident that Bow tie fiber shows a higher
degree of Birefringence B, since the difference between n1 and n2 is larger. The SAPs of the pseudo
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TABLE 4

Parameters of the Simulated Uniform FBG for Both Panda, Bow Tie and Pseudo-rectangle Fibers

TABLE 5

Sensitivity to Temperature Variation �T of the Simulated FBG Written in PM Fibers, Considering the
Optical Fiber Without Coating and with Polyimide Coating

rectangle are geometrically smaller than the ones of Panda and Bow tie fiber and thus slightly affect
the Poisson’s ratios v along the slow axis. This leads to very close slow and fast strain sensitivities
if compared with the other two investigated PM optical fibers. This evidences how the design of
ad-hoc fiber cross-section, the use of specific dopants and their concentrations allow to hand the
stress birefringence.

Fig. 10 shows the difference between n1 and n2 in unperturbed condition for the considered
PM fibers: the stress anisotropy leads to refractive index anisotropy through the stress-optical
coefficients [40].

4. Performance Comparison of FBGs Embedded in CFRP Laminate
The three PM fibers of Figs. 8–10, Panda, Bow tie, Pseudo-rectangle, are investigated and
compared in the cases of Fig. 4: i) without coating, ii) with polyimide coating, iii) with polyimide
coating and APFs. The nominal parameters of the gratings, i.e., without/before applying external
perturbations and at the reference temperature Tref are reported in Table 4. The amplitude of index
modulation m and the length of the grating L ensure good coupling and high reflectivity.

Table 5 reports the sensitivities simulated in the case of uncoated and polyimide coated for all
the three PM fibers. Moreover, only the temperature sensitivities are reported since the polyimide
does not affect strain sensitivity. It can be noticed that its introduction improves the performance of
the sensor.

The thickness TP and the width WP of the two APFs have been optimized via a parametric
investigation. The width WP has been varied from 1 mm to 9 mm with a step of 2 mm. The temperature
sensitivity remains almost unchanged by changing the width WP . Therefore, WP = 5 mm has been
chosen because it being a feasible value for an easy implementation and for preventing undesirable
crack. Also, the thickness TP has been optimized. The investigation results regarding the Bow tie
fiber are listed in Table 6. It is evident that by increasing thickness TP , the sensitivity becomes
greater. The drawback is that a too large thickness TP , could lead to a decreasing of composite
material mechanical robustness. We selected TP = 0.03 mm, since it is a good trade-off between
sensitivity and probability of failure within the CFRP laminate. The longitudinal strain sensitivity is
not affected by variation in APFs size.
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TABLE 6

Sensitivity to Temperature �T and Thickness T P Variation of the Simulated FBG Written in Polyimide
Coated Bow Tie Fiber, Covered Between Two APFs and Embedded in CFRP (polyimide Width Is

Considered Constant and Equal to W P = 5 mm)

Fig. 11. (a) Bragg wavelength λB versus the temperature T simulated for both slow (blue colour)
and fast (red colour) axes; Panda (continuous line), Bow tie (dashed line), Pseudo-rectangle (dotted
line) coated with polyimide, covered between two APFs and embedded in CFRP. Grating parameter:
� = 0.5365 μm, m = 7 × 10−4, L = 2000 μm. (b) Bragg wavelength λB versus the tensile stress
σ simulated for both slow (blue colour) and fast (red colour) axes; Panda (continuous line), Bow tie
(dashed line), Pseudo-rectangle (dotted line) coated with polyimide, covered between two APFs and
embedded in CFRP. Grating characteristics: � = 0.5365 μm, m = 7 × 10−4, L = 2000 μm.

From this point on, the investigation is focused on the case of the optical fibers coated with
polyimide, covered between two APFs and embedded in CFRP. The two APFs have dimensions
TP = 0.03 mm and WP = 5 mm. The three PM fibers exhibit a linear response of the Bragg wave-
length λB versus the temperature T as evident in Fig. 11(a) for both slow (blue colour) and fast
(red colour) axes of Panda (continuous line), Bow tie (dashed line), Pseudo-rectangle (dotted line)
optical fibers.

In Fig. 11(a) it is possible to observe that Panda (continuous line) and Bow tie (dashed line)
have similar Bragg wavelength in the nominal condition ( Tref = 293.15 K) for the slow axis: the
characteristics are almost coincident. Similar considerations can be made for Fig. 11(b), depicting
the Bragg wavelength shift �λB versus the tensile stress σ simulated for both slow (blue colour)
and fast (red colour) axes. Table 7 shows the calculated sensitivity for each axis of each PM fiber
analysed. The obtained results highlight that the Bow tie optical fiber shows better performances
in terms of decoupling strain and temperature changes, achieving temperature sensitivities of
8.051 pm/K and 9.497 pm/K and strain sensitivities of 1.229 pm/μe and 1.220 pm/μe, for the
slow and the fast axis respectively. The sensitivity matrix determinant is the highest and thus
the system (10) is better-conditioned. Furthermore, by using the relation (10), it is possible to
calculate simultaneously the strain �e3 and temperature �T changes with a single optical fiber.
By comparing uncoated fiber without APFs and polyimide coated fiber with APFs an increase of
temperature sensitivity for the Bow tie optical fiber fast and slow axis roughly of 8.9% and 11.2%
respectively is obtained, as reported in Table 5 and Table 7. According to [41], uncertainties on
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TABLE 7

Sensitivity to Temperature Variation �T and Longitudinal Strain e3 of the Simulated FBG Written in
Polyimide Coated PM Fibers, Covered Between Two APFs and Embedded in CFRP

TABLE 8

Uncertainty to Temperature Variation δT and Longitudinal Strain δe3 of the Simulated FBG Written in
Polyimide Coated PM Fibers, Covered Between Two APFs and Embedded in CFRP for an

Interrogator Resolution of δ λB = 1 pm

strain and temperature can be computed knowing the interrogator wavelength resolution δλB and
sensitivity matrix KS (10). Uncertainty to temperature variation δT and longitudinal strain δe3 of the
simulated FBG written in polyimide coated PM fibers, covered between two APFs and embedded
in CFRP is reported in Table 8 for an interrogator with wavelength resolution of δ λB = 1 pm. It
is evident by analysing the uncertainties values reported in Table 8 that the Bow tie fiber is the
most suitable for the decoupling. The effect of the polyimide coating and APFs lead to similar
percentage increase of temperature sensitivities for all the three simulated optical fibers. Moreover,
APFs make simpler the manufacturing process of the composite material, simplifying the alignment
of fast and slow axis of PM optical fibers in CFRP layers. They can be easily fabricated by placing
liquid polyimide solution onto the fiber and then putting this on a solid polyimide film. Basically,
the fabrication process consists of two phases, a soft-bake process considering a temperature
T ∼= 410 K and a time of curing t ∼= 10’ followed by a hard-bake process (T ∼= 520 K , t ∼= 30’). As
an alternative a spin-coating technique can be employed.

5. Conclusion
In this paper, a comprehensive approach has been developed for the accurate study of three
PM fibers (Panda, Bow tie and Pseudo-rectangle) embedded in CFRP. The design of two APFs,
covering the fiber optic sensors, is proposed. Numerical results suggest that by adding suitable
APFs embedding the polyimide coated optical fibers it is possible to perform a more accurate
strain and temperature measurement with respect to uncoated or conventional polyimide coated
optical fibers (without APFs). In particular, the temperature sensitivity for both slow and fast axis
can be increased of about 10% for all the investigated optical fibers. By comparing the simulation
results obtained for the PM optical fibers polyimide coated and covered between APFs, the Bow
tie optical fiber shows the lowest values of uncertainty to temperature variation δT = 1.32 K and
to longitudinal strain δ e3 = 9.49 μe. We can conclude that, among the other PM fibers, Bow tie
allows the best decoupling of the simultaneous temperature and strain measurement. Moreover,
the introduction of APFs improve the manufacturing process of composite material, simplifying the
alignment of fast and slow axis of PM optical fibers in CFRP layers. The next step will be the
experimental investigation of the simulated results with the construction of the sensor prototypes.
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