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Abstract—Fiber Bragg grating (FBG) sensors written by
femtosecond laser pulses in polyamide-coated low bending
loss optical fibers are successfully embedded in carbon
composite structures, following laminating and light resin
molding processes which optimize the size of each ply to
address esthetic, drapability, and structural requirements of
the final components. The sensors are interrogated by a
tunable laser operating at around 1.55 µm, and their response
to temperature and strain variations is characterized in a
thermally controlled chamber and by bending tests using
suspended calibrated loads and a laser scanning system.
Experimental results are in good agreement with simulations,
confirming that the embedding process effectively over-
comes potential issues related to FBG spectral distortion,
birefringence, and losses. In particular, the effects of the
composite material nonhomogeneity and FBG birefringence
are investigated to evaluate their impact on the monitoring
capabilities. A bimaterial mechanical beam model is pro-
posed to characterize the orthotropic laminates, pointing out
better accuracy in estimating the applied load with respect
to the classical homogeneous beam model. A comparative
analysis, performed on different instrumented carbon com-
posite samples and supported by theory, points out the
repeatability of the FBG sensors’ embedding process and
the effectiveness of the technology for real-time accurate
strain measurement. Based on such measurements, dam-
ages and/or changes in local stiffness can be effectively detected, allowing for structural health monitoring (SHM) of
composite structures for applications in specific industrial fields such as automotive and aerospace.
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I. INTRODUCTION

F IBER optic sensors are attracting a great deal of attention
for measuring many physical and bio-chemical parame-

ters, with a wide range of industrial applications in strategic
fields such as railways, automotive, aerospace, energy, oil
and gas, structural health, and environmental monitoring.
In particular, fiber Bragg grating (FBG) sensors [1], combined
with suitable transducers, provide a reliable and effective
technology for measuring physical parameters such as strain,
temperature, vibration, pressure, load, torque, to mention some
of them. They offer great advantages with respect to standard
electronic sensors, such as small size, immunity to electro-
magnetic interference, robustness to harsh environment, high
multiplexing capabilities providing quasi-distributed sens-
ing, and also possible nondestructive integration in different
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materials, paving the way to the new field of smart struc-
tures [2], [3]. In particular, combined progresses in FBG and
composite material technologies offer engineers the possibility
of integrating a fiber optic smart nervous system in composite
carbon structures for real-time structural health monitoring
(SHM) based on reliable quasi-distributed strain measurements
within the structures [4]. Composite materials find today large
use in the automotive, aerospace, naval, turbo-machines, and
sport sectors. Their low density, high stiffness and strength,
great resistance to wear, corrosion, and temperature make
them particularly attractive. However, in such applications,
the composite structures are often subject to harsh conditions,
characterized by high loads, which can lead to delamination
of the internal layers of the composite not observable by
visual inspection. Unfortunately, other inspection techniques
based on ultrasound tests or radiography are expensive, time-
consuming, and not able to identify damages within the
laminates on the field and in real-time [5]. On the other
hand, embedding FBG sensors in composite materials makes
real-time SHM techniques possible; different approaches can
be implemented based on reliable strain measurement within
the structures. In particular, new internal strain distributions
can be identified in a composite structure as a consequence
of damage, or damages can be detected by strain mapping,
looking at changes in the local stiffness [4]. Note that due to
the small size and lightness of the sensors, they do not alter the
mechanical properties of the structures and can effectively pre-
vent catastrophic events by monitoring the structural integrity
of several key components in critical structures, as for example
in aircrafts.

In this article, we integrate FBG sensors, written by fem-
tosecond laser pulses in polyamide-coated low bending loss
optical fibers, in carbon composite structures which are then
mechanically and thermally characterized. The proposed tech-
nique is optimized to overcome the main issues related to
the embedding process such as FBG spectral distortion, bire-
fringence, and induced losses [6]. SHM requires an optimal
characterization of both the material and the statics/dynamics
of the structures to correctly estimate loads and deforma-
tions by relying on reliable local strain measurements. Thus,
mechanical characterization of carbon fiber samples has been
performed by loading with calibrated weights a cantilever at
its tip. The experimental conditions of negligible dynamics
together with a well-known static problem allow to charac-
terize both the adopted material and the integration process
parameters such as the strain transfer coefficient between FBG
and composite matrix. It is known from the scientific literature
that composite materials such as glass fiber and carbon fiber
show different Young modulus when pulled or compressed [7],
[8]; for this reason, a novel bimaterial mechanical model
is proposed to characterize the orthotropic laminates in the
loaded cantilever problem where both compression and trac-
tion occur at the same time in the material. The bimaterial
models have been already studied in literature, but they are
usually related to composites physically obtained by mating
different materials [9], [10]. In the proposed study, since
the mechanical properties of the material are related to its
stress direction, the interface between the materials in the

model is unknown and related to both the statics and the
dynamics of the problem. Moreover, accuracy in estimating the
applied load obtained by adopting different material models
has been compared showing that the proposed bimaterial
beam model better performs with respect to the classical
homogeneous beam model. Finally, the experimental results
demonstrate the repeatability of the FBG sensors’ embedding
process and the effectiveness of the technique for accurate
strain measurement to be used for real-time SHM. The strain
transfer coefficients are calculated for several carbon com-
posite samples considering their nonhomogeneity and FBG
birefringence.

II. FBG SENSORS’ INTEGRATION IN CARBON
COMPOSITES

A. FBG Sensors
In its simplest form, an FBG sensor is obtained by a periodic

refractive index modulation inscribed in the optical fiber
core through photosensitivity or by femtosecond direct laser
writing. The FBG-based sensors exploit the resonant condition
induced by such periodicity, which reflects the incident light
in a narrow bandwidth, with peak reflectivity at the so-called
Bragg wavelength λB , defined as λB = 2 neff3, where neff is
the effective refractive index of the fundamental optical fiber
mode, and 3 is the grating pitch.

The changes in both neff and 3, induced by strain and
temperature variations, will change λB according to

1λB

λB
= kϵ + αT 1T (1)

where 1λB is the change in the Bragg wavelength λB , k is
the gauge factor, and αT is the thermo-optic coefficient; the
Bragg wavelength shift depends linearly on the longitudinal
strain ϵ and temperature change 1T , with sensitivity values
of approximately 1.2 pm/µϵ and 11 pm/◦C for silica fibers
at around 1550 nm. The cross-sensitivity between strain and
temperature can be an issue for static strain measurements
while it can be ignored for dynamic strain measurement at
frequency greater than a few Hz. Also, the coating of the fiber
affects the strain transfer in materials. In this article, short FBG
sensors are directly written by femtosecond laser pulses [11]
in polyamide-coated low bending loss optical fiber, to ensure
efficient strain transduction and high-temperature operation
(up to 300 ◦C) when embedded in the composite, also avoiding
spectral distortion of the FBG spectrum.

Note that FBGs are fabricated by point-by-point direct
writing by carefully optimizing the setup parameters to have
first-order gratings with length 3 mm and pitch 3 of the order
of 500 nm (a Bragg wavelength of 1551.05 nm has been
achieved with 3 = 536 nm).

Although the strain error induced by temperature variations
can be effectively compensated using a strain-free reference
FBG, in the following experiments we perform static strain
characterizations in laboratories at room constant temperature.
The sensors are interrogated using the Hyperion reading unit
from Luna Technologies, USA, based on a depolarized tunable
laser [12].
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B. Embedding FBG Sensors in Carbon Composites
Embedding FBG sensors in carbon composite structures

allows for accurate strain measurement and then for real-
time monitoring of their structural integrity as reported in [4].
Also, the manufacturing process can be monitored during
different fabrication steps. Several studies have demonstrated
that embedding optical fibers in carbon composite materials,
along suitable directions with respect to the carbon fibers, does
not alter their mechanical properties, keeping unchanged their
strength and stiffness characteristics [13], [14]. The integration
process requires a first definition of composite characteristics
in terms of the number of plies, their thickness, and the relative
carbon fiber orientation. Once defined the plybook, we select
the plies among which the optical fiber including FBG sensors
will be inserted, taking into account that to maximize the strain
response of the sensors will require inserting the fiber as far
away as possible from the plane of symmetry of the laminate.
The right positioning of the sensors is controlled using a red
laser light which is coupled to the optical fiber and diffused by
the FBG sensors. When all the plies have been properly laid
down, respecting the defined orientation of the carbon fibers,
a vacuum packing is inserted in the autoclave for the curing
process at suitable temperatures and pressures values for
polymerization of the thermosetting epoxy matrix. Note that
we have controlled the orientation of the grating with respect
to the plies planes as reported in Tables I, IV, and V. The fiber
has been kept in a fixed direction while the plies’ orientation
has been changed to achieve different configurations reported
in the tables. As an example, Table I reports the plybook
description of a carbon composite structure in which an FBG
sensor is inserted between the third and fourth plies along the
neutral axis. The table also reports the used material codes
and the angles among different layers. To check the successful
embedding process and the compatibility of the optical fiber
with the fabrication process, we have cut the sample and took
digital microscope picture of the cross section including the
optical fiber. Fig. 1 shows the position of the fiber within
the composite; the fiber diameter has been measured to be
140 µm, which well compares with the 155-µm specification
before the integration. We can clearly observe a compression
of the fiber due to the integration process without, however,
noting any air bubble or discontinuity of the matrix around
the optical fiber section.

To verify the effectiveness of the integration process,
we have reported in Fig. 2 the FBG spectra, measured on the
optical spectrum analyzer, before and after integration. Also,
Table II reports the FBG characteristics before and after the
integration process in terms of Bragg wavelength and FWHM
bandwidth. We can clearly see that the fiber compression
induced by the integration process leads to a Bragg wavelength
shift of 0.55 nm to longer wavelength, also associated with a
limited deformation of the FBG spectrum, with a small change
in the FWHM of approximately 0.04 nm. The results reported
in Fig. 2 and Table II confirm that the FBG reflection peak
remains clearly defined and measurable, demonstrating a suc-
cessful integration process. Note that the observed wavelength
shift depends on the specific used material and integration
process; however, it is repeatable and can be considered in the

TABLE I
COMPOSITION PHASES OF THE ±45◦ SAMPLES WITH FBG SENSOR

BETWEEN THIRD AND FOURTH PLIES

Fig. 1. Section of the carbon composite with optical fiber embedded
between third and fourth plies along the neutral axis.

TABLE II
FBG CHARACTERISTICS BEFORE AND AFTER THE INTEGRATION

PROCESS IN THE CARBON COMPOSITE STRUCTURE

DESCRIBED IN TABLE I

sensor system design. Also note that short FBG sensors have
been fabricated (less than 3 mm) to avoid significant spectral
distortion and multipeaks’ formation, as reported in [6]. The
FBG reflectivity is reduced from 66.4% to 41.9% due to the
integration process.

C. Characterization of the FBG Sensor Birefringence
and its Impact on Sensing Performance

It is well-known that FBG sensors written by femtosecond
laser pulsed are characterized by much stronger resistance to
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Fig. 2. Spectra of the FBG sensor integrated in the carbon composite
structure described in Table I, before and after the integration process.

Fig. 3. Experimental setup for FBG birefringence characterization.

harsh environmental conditions with respect to FBG sensors
written by exploiting photosensitivity to UV light, in particular
in terms of high-temperature values and radiation doses [15],
[16]. However, femtosecond direct laser writing may induce
higher birefringence in the FBG response which can negatively
affect the sensor accuracy [6]. Although birefringent FBG
sensors, characterized by two separate peaks in the reflection
bandwidth along the slow and fast axis, can be used to
eliminate their temperature-strain cross-sensitivity [17] and
also to measure shear stress in specific applications [18], the
spurious birefringence induced by the fabrication process can
be a detrimental effect, in particular when polarized light
is used for their interrogation. For these reasons, we have
characterized the birefringence of the fabricated FBG sen-
sors before and after the integration process in the carbon
composite structures. The experimental setup used for this
characterization is described in [19] and schematically shown
in Fig. 3.

Two channels of the FBG interrogator Hyperion si155-EV-
04-1460-1620-0010-DP, from Luna Technologies, were used
for polarization-resolved measurements. The light emitted by
the tunable laser and coupled to the two channels (from left to
right in Fig. 3) is characterized by a low degree of polarization
(DOP). On one of the channels a 150-m-long fiber delay line
was added, longer than the coherence length of the tunable
laser, to provide two independent linearly polarized tunable
lights at the common port of the polarization beam splitter
(PBS) used to combine the two channels. Note that the light

source spectral width 1 f is 1.5 MHz, and the source coher-
ence length is approximately 130 m. The PBS shown in Fig. 3
is a micro prism device which is coupled to two polarization
maintaining fibers (PMFs) and to a standard single-mode fiber
(SMF) in the common port. The combined light coupled
to the SMF is made of two components propagating from
left to right in Fig. 3, of which one is s-linearly polarized
(perpendicular to the plane of reflection of the PBS) while
the second one is p-linearly polarized (parallel to the plane
of reflection of the PBS). The combined beam is used to
interrogate an FBG sensor written by femtosecond laser pulses
(FBG length: 3 mm, pitch 3 = 536 nm, reflectivity: 66.7%).
The light reflected by the FBG is split again by the PBS
allowing simultaneous interrogation of the fast and slow axes
of the FBG independently. Channel 1 represents the slow
axis response while channel 2 the fast axis response. The
light spectra reflected by the FBG enter the PBS from right
to left in Fig. 3 and are then separated into fast and slow
components. The two measured spectra are analyzed on the
polarization controller (PC) to provide the slow and fast axis
Bragg wavelengths (λB,slow and λB,fast), determined by fitting
both the reflection spectra. Note that a manual PC, shown
in Fig. 3, was placed in front of the FBG to control the
polarization state of the light to separate the fast and slow
modes as much as possible. This allows us to measure the
maximum FBG birefringence.

The birefringence parameter for standard SM fiber can be
defined as B = neff,slow − neff,fast = λ/L B , where neff,slow
and neff,fast are the effective indices on the slow and fast axes,
λ is the light wavelength, and L B is the beat length. The
Bragg wavelengths for the slow and fast axes of birefringent
FBG sensors can be defined as λB,slow = 2neff,slow3 and
λB,fast = 2neff,fast3, where 3 is the grating periodicity. For an
FBG sensor, the Bragg reflection peaks’ separation between
slow and fast optical axes can be expressed as 1λ f,s =

λB,slow − λB,fast = 2B3, providing a good description of the
FBG birefringence. The birefringence of the FBG inscribed
in a standard single mode (SM) optical fiber by point-by-
point femtosecond laser writing can then be easily observed
by plotting the two spectra corresponding to the fast and slow
modes, as reported in Fig. 4. Note that the measured Bragg
wavelength difference 1λ f,s of 0.16 nm is higher than in
FBG sensors written by UV light exposure (typically less than
0.1 nm). This is likely due to the highly localized and elliptical
refractive index modulation induced in the fiber core by the
point-by-point direct femtosecond laser writing.

Fig. 5 shows a comparison of the FBG spectra along the
slow and fast axes, before and after the embedding process
in a carbon composite structure. We can clearly see that the
embedding process shifts both the Bragg wavelength peaks
on the slow and fast axes to higher values, also increasing the
FBG birefringence from 0.16 to 0.26. The increased birefrin-
gence observed after the integration process can be explained
considering that the induced fiber compression increases the
ellipticity of the refractive index modulation spots along the
fiber core.

Table III shows a comparison among the Bragg wavelength
peaks along fast and slow axes and their separation before and
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Fig. 4. FBG spectra along the fast and slow axes (the Bragg wavelength
separation is 0.16 nm).

Fig. 5. FBG spectra along the fast and slow axes before and after
integration in a carbon composite structure.

TABLE III
COMPARISON AMONG THE BRAGG WAVELENGTH PEAKS ALONG FAST

AND SLOW AXES AND THEIR SEPARATION BEFORE AND AFTER THE

INTEGRATION PROCESS

after the integration process. Several FBG sensors, written by
femtosecond laser pulses and embedded in carbon composite
structures, have been characterized confirming the observed
behavior in terms of birefringence. We can then conclude
that the higher birefringence of FBG sensors written by
femtosecond laser pulses and the additional birefringence due
to the integration process in composite structures require atten-
tion. The use of suitable reading unit using depolarized light
sources, like the Hyperion product si155-EV-04-1460-1620-
0010-DP, which provides a low DOP option, will overcome

Fig. 6. Structures of carbon composite samples with FBG sensor
embedded close to the surface of the laminate (left) and along its neutral
axis (right).

TABLE IV
COMPOSITION PHASES OF THE ±45◦ SAMPLES WITH FBG SENSOR

BETWEEN FIRST AND SECOND PLIES

the issue related to FBG birefringence, providing acceptable
wavelength resolutions (10 pm for the used interrogator).

III. PRELIMINARY VALIDATION OF THE SENSING
SYSTEM INTEGRATION

In this section, we report both the mechanical and thermal
responses of FBG sensors embedded in a composite sample
when applying mechanical loads and temperature variations.
The tests aim to assess the quality of the integration procedure
by checking the expected linearity between applied load and
measured data in the following two cases: strain versus applied
mechanical load and Bragg wavelength versus applied thermal
load.

A. Smart Samples’ Description
For the mechanical tests, we have considered two samples,

whose structures are reported in Fig. 6, with FBG sensors
embedded in the first case as far away as possible from
the plane of symmetry of the laminate, while in the second
one as close as possible to its neural axis. The fiber coating
is polyamide to maximize the strain transfer and to allow
sensor operation at higher temperature with respect to acrylate
coating. The plybook sequences of the adopted samples are
described in Tables I and IV. Thermal tests have been con-
ducted only on the laminate shown in Fig. 6 left, with FBG
sensor embedded far away from its plane of symmetry.
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Fig. 7. Experimental set-p for mechanical characterization using
calibrated loads.

B. FBG Response to Mechanical Loads
We performed cantilever-like tests with suspended cal-

ibrated loads according to gravity, as shown in Fig. 7.
Fig. 8(a) and (b) reports the measured and calculated strain
values versus applied loads for the two samples. We have
estimated a strain sensitivity variation of ±6% to sample
thickness uncertainty of ±0.1 mm and of ±4% to uncertainty
of ±0.05 mm in the distance from the neutral axis. From the
comparison between theory and experiment, we can estimate a
strain transfer coefficient in Fig. 8(a) of approximately 80%.
Fig. 8(b) confirms that the measured strain versus applied
loads is compatible with an error of ∼0.06 mm in positioning
the FBG on the neutral axis. Note that the theoretical results
reported in Fig. 8(a) and (b) are based on the classical
homogenous Euler–Bernoulli beam theory.

C. FBG Response to Thermal Loads
We have also characterized the thermal response of the

sample described in Fig. 6 left by changing its temperature
from −20 ◦C and +70 ◦C. Fig. 9 reports the Bragg wavelength
shift induced by temperature changes, pointing out a sensitivity
of 11.5 pm/◦C. The thermal response of the FBG has also been
characterized before integration keeping the fabricated grating
loose, providing a temperature sensitivity of 10.5 pm/◦C.
Note that different thermal expansion coefficients of different
materials can largely affect the temperature sensitivity of
the embedded FBG sensors. This is not the case of carbon
composite structures as the high stiffness of the material leads
to low thermal expansion. We have, however, observed that
in other materials, like in glass fiber structures, the FBG tem-
perature sensitivity can significantly change after integration.
Accurate static strain measurements in real applications would
anyway require the use of a strain-free reference FBG to

Fig. 8. Experimental and theoretical strain values versus applied loads
for the samples left (top) and right (bottom) described in Fig. 6.

Fig. 9. FBG Bragg wavelength versus temperature.

eliminate the strain and temperature cross-sensitivity. The FBG
sensor embedded along the neutral axis, described in Fig. 6
right, shows the same temperature sensitivity.

IV. MECHANICAL MODEL

Composite laminates having both a plybook symmetric with
respect to the middle height plane and reinforcement fibers
placed with θ/ − θ angles’ orientation usually behave like
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Fig. 10. Loaded cantilever experimental scheme. The beam is divided
along the neutral axis; moreover, embedded glass fiber and beam
middle height axis are shown. According to the bimaterial beam model,
in the FBG beam section, distributions of stress σ and strain ϵ are
represented.

orthotropic plates. This kind of laminates shows decoupled
curvature–strain deformation effects in the middle height
plane. Since carbon fiber composite material shows different
stiffness when pulled or compressed, in bending tests, carbon
fiber laminates show coupled curvature–strain deformation
effects also when the laminates have a symmetric plybook.
Such a deformation coupling is due to a shift of the neutral
plane. For this reason, in this work we propose a bimaterial
beam model to properly describe the carbon fiber sample
behavior in a loaded cantilever test. Data acquired during
the bending tests have been used to tune and validate the
bimaterial beam model. Separation between the two materials
is supposed coincident with the neutral axis of the samples.
Fig. 10 schematically shows the statics of the performed
test considering the sample as a bimaterial beam of section
b × h, loaded by a force F at the tip. h1 and h2 repre-
sent the thickness of the pulled and compressed material of
the beam, respectively, and L is the distance between the
applied load and the beam section where the FBG sensor
has been integrated at hs height from the middle height axis.
Pulled and compressed carbon fiber composite material is
featured by different Young moduli, E1 and E2, respectively,
thus considered as two different materials. According to the
Euler–Bernoulli beam theory, deformed sections will keep
planar and perpendicular to the neutral axis. Due to the
difference between E1 and E2, the neutral axis moves from the
middle height axis of the δ distance. By placing a reference
system with z = 0 on the neutral axis, such a deformation
hypothesis leads to a linear distribution of strain ϵ(z) with
ϵ(0) = 0, as shown in Fig. 10 for the FBG section. For
each of the bimaterial beam section, the σ(z) distributions
are obtained by multiplying ϵ(z) by the corresponding Young
modulus. Once defined |σ(h/2)| = σ1, and |σ(−h/2)| = σ2,
the distribution of σ(z) can be written as follows:

σ(z) =


σ1

z
h1

, if z ≥ 0

σ2
z

h2
, if z < 0.

(2)

Generic equilibrium equations of the beam part between the
applied load and the FBG section are reported in the following
equation: 

My = F L = b
∫ h1

−h2

zσ(z)dz

Fx = 0 = b
∫ h1

−h2

σ(z)dz
(3)

where My is the bending moment, F is the applied load along
z, at distance L from the FBG sensors, and b is the width of
the b × h cantilever section.

By substituting and solving (2) and (3), (4) is obtained
σ1h2

1
3

+
σ2h2

2
3

=
F L
b

σ1h1

2
−

σ2h2

2
= 0.

(4)

According to the relation ϵ = σ/E , (4) can be solved to
obtain the relations reported in (5), where ϵ1 = |ϵ(h1)| and
ϵ2 = |ϵ(−h2)|: 

ϵ1 =
3F L

bhh1 E1

ϵ2 =
3F L

bhh2 E2
.

(5)

Because of the known distribution of the strain in the mate-
rial section, δ can be finally derived from ϵ1 and ϵ2 according
to the following equation:

δ =
hϵ2

ϵ1 + ϵ2
−

h
2
. (6)

Equivalent stiffness Eeq of the sample, supposed made of
an homogeneous material having the same Young modulus
when pulled or compressed, can be derived imposing the same
displacement at the tip of the beam when the cantilever is
loaded by the same load. Since the interface between the
compressed and pulled material is by definition on the neutral
axis, no mechanical action is exchanged at the interface. The
beam part where σ > 0 can be considered as a standalone
beam (Beam 1), where each section is rotating around its
edge placed on the neutral axis and loaded with F1 < F .
Analogously, the beam part where σ < 0 (Beam 2) can be
considered as a standalone beam loaded with F2 < F . F1 and
F2 verify the relation F1 + F2 = F . Since Beam 1, Beam 2,
and the equivalent beam should have the same displacement
when loaded with F1, F2, and F respectively, relation 7
represents such deformation hypothesis

F1a3

3E1 I1
=

F2a3

3E2 I2
=

Fa3

3Eeq I
(7)

where I1 = (bh3
1/3), I2 = (bh3

2/3), and I = (bh3/12) are the
second moment area, and a is the distance between the fixed
support of the cantilever and the applied load F on the beam.

Equation (7) can be used together with F1 + F2 = F to
obtain (8), where Eeq is derived as a function of both the
material stiffnesses E1 and E2

Eeq =
4

(
E1h3

1 + E2h3
2
)

h3 . (8)

Previously mentioned equations define the relations between
the applied load and both the strain and stress distributions
in a cantilever, under the hypothesis of a material constitutive
model where the young modulus is different when the material
is pulled or compressed.
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Fig. 11. Scheme of the deformed beam and laser pointer setup. “D”
measure (taken on the left wall) is used to experimentally derive the
equivalent stiffness of the sample.

V. THEORETICAL AND EXPERIMENTAL RESULTS

A. Comparative Analysis on Different Samples
1) Experiment Description: To evaluate the integration pro-

cess repeatability and the effectiveness of the FBG technology
for accurate strain measurement to be used for real-time SHM
of composite structures [4], we have performed a compara-
tive experimental analysis, supported by theory, on different
instrumented composite samples. Six different carbon com-
posite samples made with two different plybooks have been
fabricated embedding femtosecond laser written FBG sensors
on polyamide low bending loss fiber, as close as possible to
the external surface of the laminate to maximize the strain
response. All the six samples have been characterized twice
with the cantilever beam test previously described: first time
placing the FBG on the ceiling side (traction condition) and
second time by turning the sample with respect to the gravity
load and placing the FBG on the floor side (compression
condition). According to Fig. 11, a laser pointer placed on
the tip of the cantilever and positioned to keep tangent to the
cantilever end has been used to derive the loaded cantilever
deformation D. In each trial, seven different loads have
been applied and seven independent load–strain–deformation
measurements have been performed. Such deformation mea-
surements have been used to derive the equivalent stiffness Eeq
of each sample. Equivalent stiffness values are obtained from
the deformation measurements by solving the geometrical rela-
tion described by (9), where (Fa3/3Eeq I ) and (Fa2/2Eeq I )
represent the vertical displacement and the rotation of the
beam section where the load is applied, respectively, while
d is the distance between the vertical wall where the laser
light is projected and the cantilever fixed constraint. Eeq has
been obtained for each of the applied loads. The mean value
between the equivalent stiffness values, associated with each
of the measured laser pointer displacement, has been assumed
as the equivalent stiffness of the sample (Eeq)

D −
Fa3

3Eeq I

tan
(

Fa2

2Eeq I

) − (d − a) = 0. (9)

According to the mechanical model of the loaded bimaterial
cantilever, described in Section IV, both the compression and
traction FBG strain measures have been used to estimate for
each of the seven loads, the neutral axis shift δ by means of
(6) with hs instead of h.

With reference to the measured strain, (5) can be rewritten
both as A function of the derived measure of δ and taking
into account a strain transfer coefficient η that estimates the

TABLE V
COMPOSITION PHASES OF THE 0◦/90◦ SAMPLES WITH FBG SENSOR

BETWEEN FIRST AND SECOND PLIES

Fig. 12. Young modulus estimated for the six samples with FBG in
compression and traction.

performance of the bonding in transferring the strain from the
composite material matrix to the sensing element. This leads
to the following equation:

ϵ1 =
3F L

bh
( h

2 − δ
)

E1

hs − δ

h
2 − δ

η

ϵ2 =
3F L

bh
( h

2 + δ
)

E2

hs + δ

h
2 + δ

η.

(10)

For each load application, (10) together with (8) can then
be solved to derive numerical values of the unknown physical
properties of the model E1, E2, and η.

2) Smart Samples’ Description: Six smart samples have
been used for the tests, three of them (13.21C, 15.21C, and
17.21C) have been realized according to the plybook described
in Table IV and named ±45◦, whereas the other three (14.21C,
16.21C, and 18.21C) have been realized according to the
plybook described in Table V and named 0◦/90◦.
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Fig. 13. RMS of the percentage error performed in estimating the applied load obtained with the three proposed methodologies. Results are
aggregated by tested samples.

B. Data Analysis
To validate the proposed sensing system for monitoring

carbon fiber composite structures, load estimation has been
performed by starting from strain FBG reading. Unknown
constitutive parameters of the model have been assumed by
averaging the values obtained for each load application. The
obtained numerical values are reported in Section V-C.

Three different approaches to load estimation have been
compared to validate the proposed mechanical model with
respect to the classical homogeneous beam theory and deter-
mine the minimum number of embedded FBG necessary to
perform load monitoring.

1) Homogeneous Beam Theory: According to the homoge-
neous beam theory, the relation between strain reading and
load is reported in the following equation:

F =
ϵEeqbh3

12Lhsη
(11)

where ϵ represents the strain reading, and no δ shift of the
neutral axis is considered. In the described condition, only
a preliminary characterization of the constitutive parameters
E90eq (or E45eq) and η is required. Furthermore, the homo-
geneous beam theory only requires one FBG to perform load
estimation. As described in Section V-A1, two measurements
have been performed with the same loads to simulate the
use of two FBGs symmetrically embedded in the laminate
samples; the load F has been estimated in this case using
the strain measurements performed in the two load conditions
(traction/compression) independently.

2) Bimaterial Beam With One FBG: When the bimaterial
beam mechanical model is adopted, it is possible to perform
the load estimation with only one FBG strain sensor by
performing the preliminary characterization of the consti-
tutive parameters E90eq (or E45eq), δ90 (or δ45), and η.
Equation (12) shows the relation obtained for the described
force monitoring condition

F =
ϵEeqbh3

12L(hs − δ)η
, if ϵ ≥ 0

F =
ϵEeqbh3

12L(hs + δ)η
, if ϵ < 0.

(12)

In addition, for the bimaterial beam with only one strain
measure, the load F has been estimated using the strain

measurements performed in the two load conditions (trac-
tion/compression) independently.

3) Bimaterial Beam With Two Symmetrical FBG: By sub-
stituting (6), evaluated considering the FBG sensors height
hs , into (12), (13) is obtained. Such relation shows that
in the proposed load condition, by having two symmetrical
measures of strain in the same sample section, only one
constitutive parameter E90eq (or E45eq) is required to perform
the load estimation in carbon fiber laminates with the proposed
bimaterial mechanical model

F =
ϵEeqbh3(ϵ1 + ϵ2)

24L(hs)η
. (13)

C. Results and Discussion
Fig. 12 shows the mean, minimum, and maximum values

of the Young modulus (E) obtained for each sample in
two different load cases: FBG compressed and FBG pulled.
Excluding sample 16.21C that clearly represents an outlier,
likely connected to the fabrication process, we have obtained
E45eq = 3.8557 · 104 MPa for the odd samples (±45◦) and
E90eq = 4.5475 · 104 MPa for the even samples (0/90◦) as
the mean of the equivalent stiffness values derived by solving
(8) for each load application.

According to the proposed mechanical model or the classi-
cal homogeneous beam theory, by means of the three different
methodologies described in Section V, the load F can be
estimated as a function of the measured strain ϵ1 (traction
condition), ϵ2 (compression condition), the correct equivalent
Young modulus E90eq or E45eq, the neutral axis shift δ, and
the strain transfer coefficient η. Since η is a physical variable
related to the interaction between the composite matrix and the
glass fiber of the sensor, it has been assumed equal for both
types of samples and it has been determined by averaging
the values obtained for each load application performed on
each of the samples, obtaining η = 0.8969. Such a high
value of the strain transfer coefficient with respect to the
reference values reported in the scientific literature [20] is
explainable taking into account that the entire glass fiber is
embedded in the samples’ composite material matrix, whereas
in most of the applications described in the literature FBG
sensors are glued on the surfaces of the samples. Furthermore,
δ45 and δ90 parameters have been assumed different for the
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two plybooks. They have been estimated by averaging the
values obtained for each load application on the odd and even
samples, respectively. Values obtained are δ45 = 0.048 mm
and δ90 = 0.0199 mm.

Fig. 13 shows the rms percentage error obtained by esti-
mating the applied load by means of the three described
methodologies. Note that for each tested sample, the proposed
bimaterial beam theory better describes the deformation of
the beam, thus allowing a better estimation of the load
starting from the strain measures with respect to the classical
homogeneous beam theory. Low difference in load estimation
accuracy appears between the 1 FBG method and the 2 FBG
method. Since in the 2 FBG method the value of δ is supposed
different for each load application trial and freely depends
by the measured strains ϵ1 and ϵ2, less measurement error is
introduced in the load estimation process thus obtaining better
accuracy.

VI. CONCLUSION

In this work, integration of FBG sensors in carbon fiber
composite laminates aiming to SHM has been successfully
performed. Preliminary mechanical and thermal tests have
been executed on a laminate provided with sensors to validate
the integration process. Successively, six samples equally
divided in two groups by plybook (±45◦, 0/90◦) have been
tested with a tip loaded cantilever test to verify the repeata-
bility of the process and validate a novel mechanical model
for the description of the carbon fiber laminates behavior
as a material featured by different stiffness when pulled or
compressed. The model has been validated by measuring the
equivalent stiffness of the laminates via laser pointer in an
independent way. Equivalent stiffness measure together with
performed strain measures have been used to estimate the
applied load on the cantilever by means of the presented
mechanical model. The results show that the presented model
performs better than the classical homogeneous beam theory
both when applied with one FBG and when applied with
two opposite FBG. Although load estimation using only one
FBG is less accurate than the load estimation with two FBGs,
and also requires the accurate characterization of both the
compression and traction stiffness modules, it is still relevant
because of the reduced number of sensors required for its
application.
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