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ABSTRACT
This study aims to develop a reliable technique that enables fiber optic sensors to decouple strain and temperature
effects, making them viable for real-world industrial applications. While current solutions demonstrate promising
results in laboratory settings, they often lack robustness for integration into operational environments. The proposed
approach leverages Fiber Bragg Grating sensors inscribed in polarization-maintaining fibers. The birefringent nature
of these fibers produces two distinct Bragg reflections along orthogonal polarization axes, enabling accurate thermo-
mechanical separation with a single sensing element. A dedicated experimental setup was designed to calibrate and test
the sensors under controlled thermal and mechanical loads. Finite element models were used to study optimal fiber
orientation for integration into composite structures. Tests identified the 45◦ orientation of the optical fiber section
relative to the composite material section as the most balanced configuration, minimizing the need for recalibration
post-embedding. Preliminary experimental results and simulations indicate that this type of sensors can reliably dis-
criminate between thermal and mechanical influences. Future works include further data analysis to improve the
sensing system’s resolution and the development of more detailed models based on the Finite Element Method, sup-
ported by additional experimental validations.

NOTATION

*

Symbols

d Fiber Diameter, mm

E Young’s modulus, GPa

F Force, N

α Coefficient of Thermal Expansion, 1/◦C

µ Friction Coefficient, −

ν Poisson’s Coefficient, −
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ξ Thermo-optic Coefficient, 1/◦C

φ Wrap Angle, rad

KT Temperature Sensitivity Coefficient, pm/◦C

Kε Strain Sensitivity Coefficient, pm/µε

l0 Rest Length, mm

pe Effective Photo-elastic Coefficient, −

∆T Temperature Variation, ◦C

∆l Length Variation, mm

∆ε Strain Variation, µε

δλ Difference between Slow and Fast Peak, nm

λB Bragg’s Wavelenght, nm

*

Acronyms

ASA Acrylonitrile Styrene Acrylate
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CTE Coefficients of Thermal Expansion

DCF Double-Cladding Fiber

DMF Dual-Mode Fiber

EPS Expanded Polystyrene

FBG Fiber Bragg Grating

FEM Finite Element Method

LPG Long-Period Grating

MK2 FBG in AtGrating Panda Fiber

MK3-S1 1st FBG in FBGS Bow-tie Fiber

MK3-S2 2nd FBG in FBGS Bow-tie Fiber

MTS Material Test System

ODB Output DataBase

PDL Polarization-Dependent Loss

PID Proportional-Integral-Derivative

PM Polarization-Maintaining

SAP Stress-Applying Parts

SEM Scanning Electron Microscopy

SHM Structural Health Monitoring

SMF Single-Mode Fiber

SQP Sequential Quadratic Programming

TRL Technology Readiness Level

XPS Extruded Polystyrene

INTRODUCTION

The structural health monitoring (SHM) of aeronautical com-
ponents has emerged as a strategic priority in aerospace en-
gineering, where safety-critical structures are subject to de-
manding operational conditions and require frequent inspec-
tions. Conventional maintenance strategies typically involve
time-consuming and costly disassembly of components to ver-
ify structural integrity. Consequently, the development of on-
board SHM systems capable of providing real-time diagnos-
tics is highly desirable for improving safety, reducing down-
time and optimizing maintenance costs.

Among the most promising technologies for SHM there are
fiber optic sensors, which offer high sensitivity, immunity to
electromagnetic interference, compact size and compatibility
with embedding in composite materials. Their ability to func-
tion under harsh environmental conditions makes them partic-
ularly attractive for aerospace applications (Refs. 1, 2).

In particular, Fiber Bragg Grating (FBG) sensors have been
widely studied due to their multiplexing capabilities and spec-
tral encoding of physical quantities such as strain and tem-
perature. Their high Technology Readiness Level (TRL),
along with their advanced development and proven reliability,
makes them particularly suitable for industrial applications.
These devices exploit the periodic modulation of the refrac-
tive index within the core of an optical fiber, which reflects
specific wavelengths of light in accordance with Bragg’s law.
The reflected wavelength in FBG sensors is inherently sensi-
tive to both strain and temperature variations, making them
well-suited for high-resolution, real-time monitoring in envi-
ronments where minimal invasiveness is critical (Refs. 3, 4).

Despite their advantages, a major limitation of conventional
FBG sensors is their inability to decouple mechanical and
thermal effects from a single measurement. Since both
strain and temperature influence the Bragg wavelength, a sin-
gle FBG sensor cannot distinguish between the two effects
without auxiliary information. This phenomenon, known as
thermo-mechanical coupling, has been extensively investi-
gated, prompting researchers to explore strategies for decou-
pling the two influences.

The most established method is the capillary technique, which
consists of embedding two closely spaced fiber Bragg grat-
ing sensors (FBGs), one directly bonded to the host structure
to measure mechanical strain and the other mechanically iso-
lated, typically via a capillary tube, to respond exclusively to
temperature variations. While this dual-sensor approach en-
ables effective decoupling of strain and temperature effects,
it introduces significant drawbacks. Specifically, it requires
fiber interruption and mechanical discontinuities, which pre-
vent the use of wavelength multiplexing and increase intru-
siveness, particularly critical for composite structures and em-
bedded sensor configurations (Refs. 5, 6).

Other solutions involve more advanced fiber designs. A no-
table solution is proposed by Triollet et al. (Ref. 7), where
a long-period grating (LPG) is superimposed with an FBG
within the same fiber segment. By introducing a dedicated
performance metric, the discrimination efficiency, the authors
quantitatively evaluate the decoupling effectiveness. Their
sensor achieves a discrimination efficiency of 99%, with mea-
surement accuracies of ±0.4 ◦C for temperature and ±5 µε

for strain. The sensor also maintains performance after em-
bedding in a metallic specimen, confirming its robustness.
This metric is adopted in the present work to assess the pro-
posed solution.

In another study, Hu et al. (Ref. 8) report the development of a
hybrid FBG at the splice between a single-mode fiber (SMF)
and a double-cladding fiber (DCF), using excimer laser in-
scription. The resulting device exhibits two distinct resonance
dips with different strain and temperature sensitivities, en-
abling decoupled parameter retrieval via a simple two-variable
matrix. The reported sensitivities are 12.3 and 13.2pm/◦C for
temperature, and 0.69 and 0.76pm/µε for strain, with root
mean square errors of ±1.6 ◦C and ±26.7 µε , respectively.

Kang et al. (Ref. 9) propose a dual-parameter sensing system
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based on a twin-core fiber integrated into an erbium-doped
fiber ring laser cavity. Identical FBGs are written into each
core, generating two laser lines with distinct sensitivities. De-
coupling is achieved by solving a linear system based on the
wavelength shifts of the lasing peaks. Sensitivities are re-
ported as 0.0092nm/◦C and 0.0116nm/µε for one core, and
0.0143nm/◦C and 0.0087nm/µε for the other. This laser-
based configuration offers high resolution and low noise, ben-
efiting from the narrow linewidths of the lasing signals.

Jiang et al. (Ref. 10) present a method involving FBG inscrip-
tion in a dual-mode fiber (DMF) via femtosecond laser writ-
ing. The grating supports two core modes (LP01, LP11) along
with cladding-mode resonances. A sensitivity matrix is con-
structed based on the shifts of the two Bragg peaks, enabling
decoupled strain and temperature measurements. The sen-
sor achieves high resolutions of approximately ±6.3 µε and
±0.8 ◦C, proving effective for compact and multi-parameter
sensing.

Finally, Pereira et al. (Ref. 11) present a method for in situ
strain and temperature measurement by embedding a pair of
FBGs into polymeric tensile specimens via injection mold-
ing. This approach enables strong mechanical coupling with-
out surface bonding and enables independent monitoring of
strain and temperature through angularly misaligned FBGs.
The sensors exhibit identical responses to thermal variations
and distinct responses to mechanical loading, enabling decou-
pling via a two-variable analytical model. Calibration showed
a significant increase in thermal sensitivity upon embedding,
due to the high thermal expansion coefficient of the polymer
matrix. The method demonstrated high accuracy with less
than 1% calibration error and proved suitable for combined
thermal-mechanical loading scenarios in polymeric materials.

Alternative approaches to strain-temperature discrimination
leverage the unique optical properties of specialized fibers,
particularly polarization-maintaining (PM) fibers. In such
fibers, inherent birefringence, originating from structural
asymmetries or stress-induced anisotropy, induces distinct
propagation constants for orthogonal polarization modes.
This birefringence enables the separation of thermal and me-
chanical effects when properly exploited in sensing architec-
tures.

Among the class of birefringent fiber sensors, fiber Bragg
gratings (FBGs) inscribed in PM fibers represent a powerful
tool for dual-parameter sensing. When an FBG is written into
a PM fiber, it produces two distinct reflection peaks corre-
sponding to the fast and slow polarization axes. The differen-
tial behavior of these peaks under strain and temperature vari-
ations allows the formulation of a linear system that enables
the decoupling of these two quantities.

Wang et al. (Ref. 12) demonstrate this approach by imple-
menting a polarization-maintaining few-mode fiber Bragg
grating for simultaneous measurement of temperature and
strain. The sensor utilizes both wavelength shifts and phase
variations from two Bragg peaks associated with the even
LP11 mode. Reported sensitivities include 10 pm/◦C and
−3.2 (10−2) rad/◦C for temperature (wavelength and phase,

respectively), and 0.73 pm/µε and 4 (10−4) rad/µε for strain.
A discrimination efficiency of 98% is achieved, indicating ef-
fective decoupling.

In a separate study, Oh et al. (Ref. 13) introduce a tech-
nique for decoupled sensing using a single FBG under
stress-induced birefringence and polarization-dependent loss
(PDL). Following femtosecond-laser inscription and mechan-
ical loading, the FBG supports two polarization modes with
different sensitivities. By monitoring both the Bragg wave-
length shifts and PDL variations, the authors demonstrate reli-
able decoupling of strain and temperature within a single grat-
ing element.

Several studies have demonstrated the feasibility of PM fiber-
based FBG sensors for multi-parameter sensing. However,
most of these investigations have been limited to ideal labora-
tory conditions. The behavior of such sensors when embed-
ded into composite materials, where residual curing stresses,
mechanical constraints, and anisotropic stiffness can signifi-
cantly alter sensor response, remains largely underexplored.

The present study, building upon previous results (Refs. 14,
15), aims to enhance thermo-mechanical decoupling in PM-
FBG sensors and to evaluate their performance when em-
bedded in composite materials. The approach relies on the
dual-peak response inherent to these gratings, with the fast-
axis Bragg wavelength shift and the inter-peak spacing pro-
viding distinct sensitivities to strain and temperature. This
enables dual-parameter extraction from a single sensing ele-
ment, thereby minimizing invasiveness and reducing the like-
lihood of fiber damage when integrated into host structures.

Thermo-mechanical decoupling was achieved after the cali-
bration process. The developed calibration setup enabled ex-
tended testing under variable thermal and mechanical loads.
The resulting discrimination efficiency of approximately 10%
aligns with comparable studies in the literature, demonstrat-
ing the feasibility of achieving reasonable decoupling perfor-
mance even with only two measurement parameters. While
this level of discrimination may appear modest, it is con-
sidered effective in light of the reduced sensor complexity
and its potential for embedded applications. Under optimal
loading and temperature conditions, the best-performing sen-
sor yielded residuals with a mean and standard deviation of
−0.55± 9.48 ◦C for temperature and −12.68± 97.20 µε for
strain.

Given the relevance of embedded sensing in aeronautical ap-
plications and composite materials, the orientation of the fiber
within the host laminate was identified as a critical factor
influencing sensor behavior. The embedment of PM fiber
may lead to calibration shifts, depending on the fiber’s cross-
section orientation. To address this, a finite element model
based on stress-induced birefringence was developed and val-
idated against experimental results. The model accurately
reproduced the observed sensitivity trends and confirmed
that effective decoupling remains achievable post-embedding,
provided the fiber is oriented at approximately 45◦ with re-
spect to the laminate thickness direction. In contrast, subopti-
mal orientations led to degradation in sensitivity and discrim-
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ination, necessitating a full recalibration. These findings em-
phasize the importance of both precise fiber orientation and
robust modeling to ensure reliable dual-parameter sensing in
real-world composite structures.

The Materials and Methods section details the methodol-
ogy used to extract strain and temperature information from
PM-FBG sensors. It also describes the custom experimental
setup developed specifically for birefringent fiber interroga-
tion. Importantly, the setup maintains compatibility with stan-
dard FBG sensors and other sensors of comparable geometry.
Comprehensive information regarding the fiber types and sen-
sor specifications employed in the study is also provided.

The Calibration and Testing subsection outlines the mechani-
cal and thermal calibration protocols, as well as mixed loading
tests conducted to validate sensor performance. The corre-
sponding experimental data are presented and analyzed in the
Results – Calibration and Testing section.

The Numerical Model subsection introduces finite element
simulations designed to quantify the influence of fiber cross-
sectional orientation once embedded in composite laminates.
The outcomes of these simulations are discussed in the Results
– Numerical Model section.

The Experimental Validation and Testing subsection describes
the embedding campaign in which sensors were integrated at
various angular orientations. The effects of embedding on
sensitivity were assessed, followed by post-embedding recal-
ibration. Fiber orientation within the host matrix was verified
using scanning electron microscopy (SEM). The findings are
reported in the Results – Experimental Validation and Testing
section.

A critical analysis of the overall results is presented in the
Discussion section, which also identifies limitations and fu-
ture development opportunities. Finally, the Conclusions sec-
tion summarizes the key findings and contributions of the
study. Taken together, the results offer meaningful insight into
the practical use of PM-FBG sensors and their integration in
aerospace-grade composite structures.

MATERIALS AND METHODS

FBGs Measurement System

In the case of a single standard FBG sensor, both mechanical
strain and temperature contribute to the shift in Bragg wave-
length. A common analytical approach involves expressing
the wavelength shift as a linear combination of these two ef-
fects (Ref. 16):

∆λB = λB[(1− pe) ∆ε +(α +ξ )∆T ] , (1)

where λB is the initial Bragg wavelength, ∆ε is the applied
axial strain, ∆T is the temperature change, pe is the effective
photo-elastic coefficient, α is the thermal expansion coeffi-
cient of the fiber and ξ is the thermo-optic coefficient of the
core material. This linearized expression is derived from the

combined effects of the elasto-optic, thermo-optic and ther-
mal expansion phenomena inherent to the optical fiber. While
it provides a good first-order approximation, in practical ap-
plications the inability to decouple ∆ε and ∆T from a sin-
gle measurement limits the accuracy of multi-physics sensing
with a single FBG sensor.

A common analytical approach involves the use of two closely
spaced FBG sensors, under the assumption that both are sub-
jected to the same temperature and strain conditions. This en-
ables the formulation of a system of two equations with two
unknowns, from which the strain and temperature can be in-
dependently determined. However, this method requires spe-
cific design strategies to ensure that the two sensors exhibit
sufficiently different sensitivities, thereby enabling effective
thermo-mechanical decoupling.

The strategy involving the use of a single FBG sensor in-
scribed in a birefringent fiber enables the formulation of two
equations similar to Eq. 1, but with distinct sensitivity coef-
ficients. Birefringent optical fibers operate by introducing a
controlled difference in the refractive indices along two or-
thogonal axes of the fiber core. As a result, light polarized
along these axes propagates at different phase velocities, giv-
ing rise to a well-defined birefringence. When FBGs are
inscribed into these fibers, this birefringence manifests as a
spectral splitting of the Bragg peak into two distinct compo-
nents, corresponding to the fast and slow polarization axes.
The behavior of these peaks under varying temperature or
strain conditions enables the decoupling of thermal and me-
chanical effects, as the two polarization modes (associated
with the fast and slow peaks) exhibit different sensitivities to
external perturbations (Eq. 2):

{
∆λ f ast = K f ast

ε ·∆ε +K f ast
T ·∆T

∆λslow = Kslow
ε ·∆ε +Kslow

T ·∆T ,
(2)

where ∆λ denotes the wavelength shift, Kε represents the
strain sensitivity coefficient and KT is the temperature sensi-
tivity coefficient. In particular, this work considers two equa-
tions: one corresponding to the fast axis response, and the
other related to the wavelength separation (δλ ) between the
two birefringent peaks (Eq. 3) (Ref. 15).

{
∆λ f ast = K f ast

ε ·∆ε +K f ast
T ·∆T

∆(δλ ) = Kdi f f
ε ·∆ε +Kdi f f

T ·∆T .
(3)

This resolution scheme yields improved results due to the
presence of distinct sensitivity coefficients, one of which is
negative. This behavior is attributed to the opposite shifts of
the fast and slow peaks. They move closer together as temper-
ature increases and further apart as strain increases. Conse-
quently, the calibration lines of the two peaks are not parallel,
reflecting their differing sensitivities to strain and tempera-
ture.

4



Figure 1. Experimental setup developed for calibration
and testing of optical fibers. (1) Micrometric slide.
(2) Laser displacement sensor NipponAutomation LAS-
8010V. (3) Thermal chamber. (4) Newport FPH-J fiber
chucks. (5) Capstans. (6) Internal heat sink. (7) Peltier cell
Adaptive ETH1271013SHI. (8) Load cell Futek LRF300.
(9) External heat sink for cooling by forced-air convection
within the duct. (10) Fan RsPro 7033442 for generating
forced-air convection.

Experimental Setup

An experimental setup was designed to apply both mechanical
and thermal stimuli (Figure 1). The apparatus was designed
to ensure high measurement precision, enable wide tempera-
ture range operation, and prevent fiber failure under mechan-
ical strain. The design of the experimental setup focused on
two critical aspects: thermal control and mechanical clamp-
ing. These were optimized to improve the accuracy of fiber
optic sensor calibration, enable testing at sub-ambient tem-
peratures and increase the strain range without compromising
fiber integrity.

The thermal control subsystem employs a Peltier element
governed by a Proportional-Integral-Derivative (PID) con-
troller. The use of both internal and external aluminum heat
sinks enhances thermal exchange efficiency. For mechanical
clamping, Newport FPH-J fiber chucks are combined with
a capstan-based mechanism. The capstan reduces the load
transferred to the chucks by exploiting friction between the
fiber and the capstan surface, thereby minimizing the risk of
slippage and fracture. The load reduction follows the Eu-
ler–Eytelwein relationship (Ref. 17):

Fload = Ftransmitted eµφ , (4)

where Fload and Ftransmitted are the axial loads in the fiber be-
fore and after the capstan, respectively. µ is the friction coef-
ficient, while φ is the wrap angle in radians of the optical fiber

Figure 2. Mechanical analysis of global displacements us-
ing finite element model. Result was magnified to highlight
details.

on the capstan. The load cell has a maximum capacity of 44 N
and an accuracy of 0.1761 N. The thermal chamber is made of
acrylonitrile styrene acrylate (ASA) and filled with glass wool
insulator to ensure thermal insulation and stability. Other ma-
terials were also considered as insulators, such as expanded
polystyrene (EPS) and extruded polystyrene (XPS), but glass
wool was ultimately selected due to its wider operational tem-
perature range, especially since EPS and XPS begin to de-
compose around 75 ◦C, a temperature lower than the planned
testing conditions. The fan used for generating the airflow in-
side the wind tunnel provides an airflow of 0.047 m3/s and a
maximum static pressure of 201.6 Pa.

Static structural analyses in FUSION were conducted using fi-
nite element modeling to evaluate the mechanical deformation
of the measurement setup and its impact on sensor readings
(Figure 2). It was possible to determine which components
could be made of aluminum and which ones required steel.
Solid elements were used, with a total of 118357 nodes and
68745 elements. The simulation included a fixed idealized
bench supporting the setup, with non-penetration constraints
at all contact interfaces. To block the in-plane rigid body mo-
tion of the support, the midpoint of the plate was fixed in the x-
and y-directions and the corners of the plate in the y-direction.
The elements in blue are the bolt connectors that link the dif-
ferent components of the model. They were considered to
be made of aluminum. The analysis applied two opposing
forces (F = 20 N) at the capstans to replicate the fiber’s reac-
tion force during deformation.

Simulation results showed asymmetric deformation, with
greater displacement on the side supported by the micromet-
ric slide due to its lower stiffness compared to the steel guide
rail. This led to differential movement between the capstans
and between the laser and reflector positions (highlighted in
red in Figure 2), potentially introducing measurement errors.
The displacement of a fiber during deformation was calculated
using the Eq. 5:

∆l =
l0 F

E π
d2

4

. (5)

A rest length (l0) of 285 mm between the two capstans was
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Figure 3. MATLAB Simulink model for thermal analysis
used to evaluate effectiveness of the insulation system and
cooling performance of Peltier cell. An analogous scheme
was implemented for heating cycle.

considered. A Young’s modulus (E) of 53 GPa and a fiber
diameter (d) of 0.145 mm were obtained by averaging values
reported in the literature. Under the applied forces, the fiber
displacement was calculated to be 6.52 mm. From the nu-
merical simulations, the displacement components were ex-
tracted at four critical points, showing relative displacements
of 0.129 mm between the capstans and 0.234 mm between
the laser and reflector. The resulting measurement error was
estimated to be 0.105 mm, corresponding to a relative error
of 1.61%, which remains below the intrinsic accuracy of the
laser sensor (±150 µm), thus confirming the mechanical re-
liability of the setup for the intended mechanical calibration
tasks.

A thermal model of the experimental system was developed
in MATLAB Simulink to predict the achievable temperature
range and evaluate the dynamic response during thermal cy-
cling. The model (Figure 3) simulates the cooling phase,
with a mirrored configuration used for heating. The system
accounts for heat exchange with the external environment
through both forced convection (via the external heat sink)
and natural convection (through the outer surfaces of the box).

The model includes a detailed representation of the Peltier el-
ement. The hot and cold surfaces are thermally linked to their
respective heat sinks via thermal paste. The Peltier block re-
ceives as input the temperatures at both surfaces and the ap-
plied voltage, from which it calculates the electrical current,
the heat absorbed at the cold side and the heat expelled at the
hot side. These calculations are based on interpolated man-
ufacturer data sheets, which relate thermal behavior to elec-
trical and thermal inputs. The cold side of the Peltier cools
the internal radiator by conduction, which in turn cools the
chamber air by natural convection. Heat exchange with the
insulation and outer box is modeled through conduction. In
heating mode, the heat flow is reversed by inverting the func-
tional roles of the Peltier’s hot and cold surfaces.

Figure 4. Thermal cycling test with PID controller.

The thermal simulations predicted a minimum chamber tem-
perature of -13.92 ◦C during cooling and a maximum of
146.92 ◦C during heating. To assess dynamic behavior, the
time required to reach within 5% of the asymptotic tempera-
tures was computed. For the cooling cycle, a temperature of
−13.22 ◦C was reached in approximately 1556 s, while for
the heating cycle, 139.57 ◦C was reached in only 328 s. These
results confirm the system’s capability to operate over a wide
and controllable thermal range.

A preliminary thermal test was performed without the optical
fiber to validate the stability and accuracy of the thermal con-
trol subsystem. The chamber was subjected to a stepped ther-
mal cycle starting from 10 ◦C, decreasing in 20 ◦C increments
to the system’s lower limit, then increasing in similar incre-
ments to the upper limit, before returning to ambient temper-
ature. At each temperature step, after enabling the system to
stabilize, the temperature was recorded via thermocouple for
30 s to assess thermal stability. As shown in Figure 4, the PID
controller produced a minor initial overshoot at each step, fol-
lowed by stable temperature regulation.

The analysis of temperature fluctuations revealed standard de-
viations ranging from 0.003 ◦C to 0.153 ◦C, with a mean of
0.071 ◦C, indicating high thermal stability. The experimen-
tally achieved minimum and maximum temperatures were
−19.62 ◦C and 131.58 ◦C, respectively. These results validate
the thermal system’s performance and confirm its suitability
for accurate and repeatable thermo-mechanical calibration of
fiber optic sensors.

A series of preliminary experiments were conducted to vali-
date the precision of the mechanical calibration system using
a single-mode optical fiber with an embedded FBG sensor.
The inclusion of capstans in the clamping system serves to
reduce the stress concentration at the fiber–chuck interface,
thereby minimizing the risk of breakage and enabling the ap-
plication of higher strain levels. During loading, the fiber re-
mains firmly held by the capstans, enabling a consistent ap-
plication of force. However, during unloading, the tension
within the fiber decreases, leading to minor slippage around
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Figure 5. Mechanical deformation cycle exhibiting hys-
teresis due to use of capstans.

the capstans and resulting in a hysteresis effect. This behav-
ior is clearly observed in the force–displacement curve shown
in Figure 5, where unloading forces are systematically lower
than loading forces for equivalent displacements. The dis-
placement remains unaffected by slippage, as it is measured
externally via the laser-reflector system, whereas the inter-
nal stress, and consequently the measured force, decreases.
Hence, displacement cannot reliably be used to infer strain in
the presence of capstan-induced hysteresis.

To address this, force measurements were used instead to
compute fiber strain, as the load cell directly reflects the inter-
nal stress state of the fiber segment between the capstans. Us-
ing the linear relationship defined by Hooke’s law, a force-to-
strain proportionality constant was experimentally determined
under low-strain, hysteresis-free conditions. These calibration
tests were conducted without capstans to avoid slippage and
repeated three times. Each calibration test involved a load-
ing–unloading cycle, recording 11 static measurement points
per cycle over 30 s. After each test, a linear fit was applied
to extract the force–strain sensitivity and the final conversion
parameter was obtained as a weighted average based on the
adjusted R2 of the fits.

This conversion factor enabled subsequent high-strain tests
with capstans, bypassing the inaccuracies introduced by dis-
placement measurements of the laser sensor. In these tests,
both fiber strain and the Bragg wavelength shift of the FBG
sensor were recorded under constant temperature conditions,
ensuring that wavelength variation was solely due to mechan-
ical strain. The results, shown in Figure 6, exhibit high lin-
earity with an adjusted R2 of 0.999 across all three test cycles,
confirming the repeatability and precision of the calibration
method and validating the mechanical sensitivity of the FBG
sensor under high strain conditions.

From the experimental setup developed, it is therefore pos-
sible to apply thermal cycles (from −19.62 ◦C to 131.58 ◦C)
with excellent temperature stability. Mechanical cycling high-
lighted the need for capstans to prevent fiber slippage. With

Figure 6. High-strain mechanical cycling test without hys-
teresis.

these latest modifications, it was possible to achieve deforma-
tions in the sensor region of up to 8000 µε .

Types of Fibers

Three fiber-optic sensors were calibrated. The first (MK2),
produced by AtGrating, consists of a single sensor inscribed
on a commercial acrylate-coated Panda fiber (Figure 7 left),
which is cost-effective but offers limited performance due to
its non-specialized design. The second (MK3-S1) and third
sensors (MK3-S2), manufactured by FBGS, are part of a 15-
sensor array inscribed on an Ormocer-coated Bow-Tie fiber
(Figure 7 right), specifically engineered for sensing applica-
tions. Although more expensive, the Bow-Tie geometry pro-
vides enhanced birefringence, resulting in improved sensing
performance.

Stress-induced birefringent fibers, such as Panda and Bow-
tie types, achieve birefringence through asymmetrical stress
regions integrated during the fabrication process. In Panda
fibers, two cylindrical stress-applying parts (SAPs) are sym-
metrically placed on either side of the core. Bow-tie fibers, on
the other hand, employ trapezoidal stress regions arranged di-
agonally relative to the core, achieving a similar effect through
a different stress distribution geometry. This stress is primar-
ily induced during the fiber cooling process by the mismatch
in the coefficients of thermal expansion (CTE) and Poisson’s
ratio between the stress-applying elements and the surround-
ing cladding material, giving rise to the resulting birefrin-
gence (Refs. 18–20).

Figure 8 presents the nominal wavelengths of the three sen-
sors measured at 30 ◦C without applied strain. Measurements
were averaged over 30 s and repeated three times for relia-
bility. FBGS sensors showed wider peak spacing and higher
birefringence than AtGrating sensors, which exhibited lower
noise and required less amplification to reach the same optical
power. The wavelength values from which the fiber birefrin-
gence can be evaluated are reported in Table 1.
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Figure 7. Panda-type (left) and Bow-tie (right)
polarization-maintaining optical fibers.

Figure 8. Peaks of FBG sensors: MK2 in Panda-type fiber
(left), MK3-S1 in Bow-tie fiber (center) and MK3-S2 in
Bow-tie fiber (right).

Calibration and Testing

The first phase of the study focused on calibrating the FBG
sensors to determine their temperature and strain sensitivity
coefficients. Initial tests were conducted under low-strain con-
ditions (∼ 2000 µε) without capstans to derive the force-to-
wavelength conversion coefficient. Each test involved a load-
ing–unloading cycle repeated three times, with 11 static data
points recorded for 30 s per cycle. Fitting coefficients were
calculated for each trial, and a final value was obtained as the
weighted average based on the adjusted R2.

Subsequently, high-strain tests were performed using capstans
to evaluate the reflected wavelength shifts at elevated strain
levels. For the AtGrating fiber, strain was increased up to
8100 µε (80% of the specified fiber limit), while the FBGS
fiber was tested within the 5% maximum strain limit. Prac-
tical strain limits for the first and second sensors, 6000 µε

and 2500 µε respectively, were imposed to prevent spectral
peak overlap within the sensor chain. Although cutting the
fiber into individual sensors could have resolved this, it was
decided to maintain the full chain to assess how the calibra-
tion range influences accuracy. Strain-sensitivity calibration
was repeated three times, each with a load–unload cycle, and
eight static points were recorded per cycle over 30 s, followed
by time-averaged data processing.

Thermal sensitivity was evaluated through three additional
tests conducted under zero-strain conditions. Temperature

Table 1. Nominal wavelengths of FBG sensors in birefrin-
gent fibers.

λ f ast [nm] λslow [nm] δλ [nm]
MK2 1549.801 1550.146 0.3449
MK3-S1 1514.992 1515.795 0.8033
MK3-S2 1519.768 1520.560 0.7921

was varied from -10 ◦C to 100 ◦C in 10 ◦C increments to assess
its effect on the fast peak wavelength and peak spacing. Each
test included a full heating and cooling cycle. At each tem-
perature point, a 4 min stabilization period was applied after
first reaching the target temperature to mitigate PID-induced
oscillations and ensure steady-state conditions. Subsequently,
signals were recorded for 30 s and time-averaged values were
used for analysis.

Following the sensor calibration phase, tests under combined
conditions were performed. One test involved varying the
temperature while maintaining constant strain, and two tests
were conducted at constant temperature with varying strain.
These experiments enabled the evaluation of the system’s abil-
ity to decouple the thermal and mechanical contributions.

Numerical Model

The second phase of the research focused on evaluating
changes in sensor performance, specifically thermal and me-
chanical sensitivity, following their embedding into composite
materials. This assessment is critical to determine the feasibil-
ity of applying this sensing technology in aeronautical struc-
tures by integrating the sensors within composite components.

Notably, the orientation of the fiber cross-section relative to
the thickness direction in the composite cross-section may al-
ter the stress state on the fiber during the autoclave curing pro-
cess, which in turn can influence the stress-induced birefrin-
gence (Figure 9). To investigate this, a Digital Twin model of
the fiber was developed to simulate its behavior both before
and after embedding into composite specimens.

To simulate the stress-induced birefringence generated during
fiber manufacturing, a cooling cycle from 1000 ◦C to 30 ◦C
was modeled, reflecting the temperature range at which bire-
fringence typically develops during the fiber drawing process.
This enabled the reconstruction of the residual stress distri-
bution responsible for birefringence. The model was initially
validated against data from the literature (Ref. 21). Subse-
quently, it was refined using the actual fiber geometry ob-
tained via scanning electron microscopy (SEM), where the
core, cladding and stress-applying parts (SAPs) were clearly
identified. The coating was removed prior to imaging, and its
diameter (180 µm) was measured separately. The measured
dimensions are shown in Table 2.

The ABAQUS model (Figure 10) consists of 235157 nodes
and 202240 elements, including 201040 linear hexahedral el-
ements of type C3D8R and 1200 linear wedge elements of
type C3D6. The mesh quality of the model is well suited
for the intended analysis. The core region shows good mesh
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Figure 9. Different orientations of the PM optical fiber
cross-section considered after embedding into composite
material specimens. y′ direction corresponds to thickness
direction of composite specimens.

Figure 10. ABAQUS model of Panda-type optical fiber.
Mesh details.

Table 2. Geometric parameters related to cross-section of
Panda-type PM optical fiber.

Size [µm]
Caldding diameter 122
SAP diameter 34.375
Core diameter 7.5
SAP-center distance 27.15
Coating diameter 180

characteristics, with no elements exceeding an aspect ratio of
10 and a maximum value of 6.64. Other structurally relevant
parts, such as SAPs, present high-quality meshes with low as-
pect ratios and no distortion. The cladding, while containing
a small percentage of hex elements with aspect ratios above
10 (5.98%) and a worst case of 17.00, does not significantly
affect the optical behavior of the core. Given that the goal of
this study is to observe the qualitative trend of birefringence
as a function of stress rather than obtaining exact numerical
values, the current mesh is sufficiently accurate for the anal-
ysis. The core and SAPs are bound to the cladding by tie-
constraint. The step is divided into two static, general parts
linked to a predefined initial and final temperature field.

Three simulations were conducted. The first computed the
residual stresses due to thermal contraction from the fictive
temperature down to room temperature. The resulting stress
field was then transferred to two subsequent simulations: one
for mechanical loading and one for thermal variation. In
the mechanical case, axial displacement boundary conditions
were applied to induce a 2% strain. In the thermal case,
the temperature was increased from 30 ◦C to 130 ◦C. From
these simulations, the σ11 and σ22 stress components at the
fiber core were extracted, as these two quantities are related
to each other through the relative stress-photoelastic coeffi-
cient, that for polarization maintaining optical fiber is equal
to 3.4305 (10−12) m2/N (Ref. 18). Knowing the difference
between the refractive indices and the grating pitch, experi-
mentally measured as 536.6951 nm, the peak separation was
calculated under various temperature and strain conditions us-
ing Bragg’s equation. By interpolating the resulting trends,
the strain and temperature sensitivities of the fiber peak sepa-
ration were determined.

Strain and thermal sensitivities were initially compared to
experimental data, yielding relative errors of 28.25% and
46.51%, respectively. Additional validation parameters, such
as peak separation at 30 ◦C and Young’s modulus, exhibited
even larger discrepancies, with relative errors of 98.53% and
56.85%. These deviations were primarily attributed to uncer-
tainties in the material property data used in the initial model.

To enhance the accuracy of the Digital Twin, an optimiza-
tion procedure was implemented using MATLAB in conjunc-
tion with ABAQUS. Five key parameters were selected for
optimization: the Young’s modulus, Poisson’s ratio and ther-
mal expansion coefficient of the SAPs, along with the me-
chanical properties of the cladding and core materials. The
ABAQUS input files were parametrized and automatically up-
dated through MATLAB scripts and simulation results were
extracted from the corresponding ODB files.

A nonlinear constrained optimization was then carried out
using MATLAB’s fmincon function with the Sequential
Quadratic Programming (SQP) algorithm. The objective
function, defined as the sum of relative errors between sim-
ulated and experimental values, was minimized with respect
to five decision variables under simple bound constraints (Ta-
ble 3).

The optimized model demonstrated substantial improve-
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Table 3. Upper and lower boundary values considered for
optimization algorithm.

Lower Upper
ESAP [MPa] 30000 33000
νSAP [−] 0.17 0.3
CT ESAP [1/◦C] 0.56 (10−6) 3.44 (10−6)
Ecore [MPa] 40000 48000
Ecladding [MPa] 40000 50000

Table 4. Mechanical properties of unidirectional glass
fiber-reinforced composite with respect to globular refer-
ence system. Direction z is parallel to optical fiber while
direction x is perpendicular to optical fiber.

Ez [MPa] 45700
Ex [MPa] 13500
ν [−] 0.27
CT Ez [1/◦C] 2 (10−6)
CT Ex [1/◦C] 20 (10−6)

ments, reducing the relative errors in Young’s modulus, peak
separation, thermal sensitivity and strain sensitivity to 0.11%,
17.37%, 13.31%, and 0.02%, respectively.

Following the calibration of the fiber model, composite panels
were developed to investigate the influence of sensor embed-
ment on sensitivity (Figure 11). The designed panel had a
frontal cross-section of 25 mm × 2.5 mm and a thickness of
1 mm. The geometry was modeled as a 3D deformable solid
and partitioned to improve meshing control. Material prop-
erties for the unidirectional glass fiber-reinforced composite
were applied using an anisotropic formulation aligned with
the global coordinate system (Table 4).

A surface-to-surface tie constraint was implemented to model
the interaction between the fiber and composite, assigning the
composite as the master surface due to its higher stiffness. The
mesh employed C3D8R hexahedral elements, with refinement
concentrated in the central region to accurately capture the
interaction behavior while reducing mesh density elsewhere
to manage computational cost. The final model consisted of
229221 nodes and 184648 elements. The mesh quality of the
model is generally adequate for the purpose of this study. The
core region, which is the most critical for evaluating stress-
induced birefringence, is well meshed, with no elements ex-
ceeding an aspect ratio of 10 and a maximum aspect ratio of
5.31. Other regions such as coating and SAPs also exhibit
good mesh quality. While parts like cladding and composite
regions show a higher proportion of elements with poor as-
pect ratios, these areas are peripheral to the optical core and
do not significantly influence the birefringence behavior of in-
terest. Since the objective is to capture the qualitative trend of
birefringence with respect to applied stress and not to com-
pute exact quantitative values, the current mesh resolution is
considered sufficient and appropriate.

Six simulations were conducted to evaluate the thermo-
mechanical response of the embedded sensor, considering
three fiber orientations relative to the composite: 0◦, 45◦ and

Figure 11. ABAQUS model of Panda-type optical fiber.
Mesh details.

Figure 12. Experimental setup for controlling cross-
sectional orientation of optical fiber relative to composite
laminate during embedment process.

90◦. In each case, residual stresses from the fiber cooling sim-
ulation were imported as initial conditions. Mechanical load-
ing involved an applied strain of 2%, while thermal loading
spanned a temperature range from 30 ◦C to 130 ◦C. Stresses
at the central node of the fiber core were extracted and used to
compute updated thermal and mechanical sensitivity trends.

Experimental Validation and Testing

To experimentally validate the sensitivity variations observed
in the numerical simulations, the three sensors were embed-
ded into unidirectional glass fiber-reinforced composite spec-
imens. A dedicated experimental setup was developed to con-
trol and assess the fiber cross-sectional orientation during em-
bedment. The setup included two rotating wheels for chuck
alignment, a metallic base in contact with the fiber and a U-
shaped support for uniform load distribution (Figure 12). The
method exploited the birefringence behavior of PM fibers un-
der lateral stress: when the applied force (working through
a weight) acts at 45◦ with respect to the fast and slow axes,
the induced birefringence is minimized due to symmetric ax-
ial components. This condition was monitored using an FBG
interrogator by tracking the peak separation in the reflected
spectrum. Once a stable peak distance was observed, the fiber
orientation was identified, enabling further rotations to deter-
mine the 0◦ and 90◦ configurations.

Following this procedure, three sensors were embedded at dis-
tinct orientations with respect to the composite global ref-
erence frame: the first FBGS (Bow-tie) at 45◦, the second
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Figure 13. MTS 810 Material Test System used to calibrate
and test composite specimens with embedded PM fiber-
based FBG sensors.

FBGS (Bow-tie) at 0◦ and the AtGrating (Panda-type) at 90◦.
Each sensor was co-located within a few millimeters of a ther-
mocouple to capture local temperature during calibration and
testing. The composite specimens were cured in an autoclave
at 125 ◦C for 1 h.
Post-embedment, the sensors were re-calibrated. Mechanical
calibration was performed using an MTS 810 Material Test
System equipped with an MTS 634.31F-24 strain gauge ad-
hered to the specimen surface (Figure 13). Thermal calibra-
tion for the AtGrating and the first FBGS sensor was con-
ducted in a Memmert Universal Oven UF110plus. Through-
out the FBG sensor data acquisition campaign, the sm130 Mi-
cron Optics Optical Sensing interrogator was employed for
signal interrogation and data collection. The same device was
employed during the tests on unembedded fibers.
To assess combined thermo-mechanical response, additional
tests were performed by simultaneously applying mechanical
strain (via the MTS system) and temperature variations us-
ing infrared lamps. Finally, the specimens were sectioned,
polished and analyzed with SEM to verify the actual sensor
orientation within the composite structure.

RESULTS
Calibration and Testing

During the calibration phase, strain values were indirectly
computed from force measurements obtained using a load
cell, selected due to its lower susceptibility to hysteresis com-
pared to alternative sensing methods. To enable this approach,
a force-to-strain conversion factor was first established. All
tests were carried out under controlled thermal conditions,
maintaining the temperature at the nominal value of 30 ◦C
(Figure 14 and 15).
Knowing the gauge length (i.e., the distance between chucks)
and using displacement measurements acquired via laser sen-
sors, accurate strain values were calculated. These values,

Figure 14. Test to determine force–strain conversion factor
at low load levels for AtGrating fiber.

Figure 15. Test to determine force–strain conversion factor
at low load levels for FBGS fibers.

unaffected by the hysteresis typically introduced by capstans,
were then correlated with the load cell data to determine the
conversion coefficient at low strain levels (Table 5).

As observed, the standard deviation is significantly smaller
than the nominal value, which can be considered as evidence
of the reliability and accuracy of the low-strain calibration
procedure carried out.

Once the conversion coefficient was defined, capstans were
installed to enable the application of higher strain levels and
the corresponding measurement of wavelength shifts. This al-
lowed for mechanical calibration over a broader strain range.

Table 5. Force–strain conversion coefficients (mean and
standard deviation) for AtGrating and FBGS fibers.

KAtGrating [µε/N] 1158.22 ± 4.5
KFBGS [µε/N] 1131.22 ± 52.2
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Figure 16. Mechanical calibration of AtGrating fiber sen-
sor (MK2) and FBGS fiber sensors (MK3-S1 and MK3-
S2). Different maximum strain values due to management
of sensor chain for the two FBGs on FBGS fiber.

Table 6. Mechanical and thermal sensitivity of fast peak
and peak separation for FBG inscribed in Panda birefrin-
gent fiber by AtGrating (MK2), FBG in Bow-tie birefrin-
gent fiber by FBGS (MK3-S1) and FBG in Bow-tie bire-
fringent fiber by FBGS (MK3-S2).

MK2 MK3-S1 MK3-S2
K f ast

ε [pm/µε] 1.264 1.250 1.265
K f ast

T [pm/◦C] 11.292 12.88 13.03
Kdi f f

ε [pm/µε] 0.0096 0.0243 0.0262
Kdi f f

T [pm/◦C] -0.467 -1.080 -1.071

Mechanical calibration was conducted at a constant tempera-
ture of 30 ◦C to isolate mechanical strain effects from thermal
ones. The results display linear behavior and high repeatabil-
ity across cycles, confirming the reliability of the procedure
(Figure 16).

Thermal sensitivity characterization was conducted through
three tests in which the optical fiber was held under zero-strain
conditions. Each test included both heating and cooling cycles
(Figure 17).

At low temperatures, below 40 ◦C, a slight deviation from
linearity was observed. This phenomenon is also reported
by (Ref. 22) and appears to be related to the material itself
rather than its geometry or coating.

After the calibration of the fiber-optic sensors, two mechan-
ical verification cycles were conducted. The first cycle was
performed at a constant temperature of −5 ◦C, while the sec-
ond cycle was carried out at 75 ◦C. It is important to note that
the stress values were applied in a random and non-monotonic
order. Additionally, the strain values differed among the sen-
sors and were selected within the individual calibration range
of each sensor. Specifically, the first sensor was tested with
14 strain levels up to a maximum of 8000 µε , the second with
13 levels up to 6000 µε and the third with 11 levels up to

Figure 17. Thermal calibration of AtGrating fiber sensor
(MK2) and FBGS fiber sensors (MK3-S1 and MK3-S2).

Table 7. Distribution of residuals for tests with constant
temperature and variable strain.

Variable Strain (75 ◦C) Variable Strain (−5 ◦C)

MK2
-35.80 ± 50.93 µε

5.89 ± 5.88 ◦C
-50.43 ± 49.89 µε

4.84 ± 10.13 ◦C

MK3-S1
-12.68 ± 97.20 µε

-0.55 ± 9.48 ◦C
63.21 ± 64.25 µε

-9.49 ± 6.26 ◦C

MK3-S2
-63.67 ± 67.29 µε

3.76 ± 7.02 ◦C
-90.99 ± 35.91 µε

5.51 ± 3.96 ◦C

2500 µε .

For the thermal verification, a single cycle was performed.
This cycle was conducted at constant strain levels of 4000 µε ,
5000 µε and 1800 µε for the MK2 sensor, MK3-S1 sensor
and MK3-S2 sensor, respectively. At these fixed strain levels,
11 temperature points were tested within the range of -10 ◦C
to 100 ◦C.

For the mixed tests (Figure 18, 19 and 20), in which only one
external stimulus was varied while the other remained con-
stant, the residual distributions were calculated in terms of
mean and standard deviation. The results for tests conducted
at constant temperature with variable strain are reported in Ta-
ble 7, while those for tests at constant strain with variable tem-
perature are presented in Table 8.

Table 8. Distribution of residuals for tests with constant
strain and variable temperature.

Variable Temperature (Constant Strain)

MK2
−102.72 ± 97.73 µε

9.49 ± 9.30 ◦C

MK3-S1
18.09 ± 98.76 µε

−3.05 ± 10.71 ◦C

MK3-S2
−28.40 ± 45.11 µε

1.11 ± 4.08 ◦C
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Figure 18. Difference between measured value with sen-
sors and calculated value with FBG for MK2 sensor
changing strain at constant temperature and vice versa.

Table 9. Numerical–experimental comparison after opti-
mization process for determining physical parameters of
FE model.

Experimental Simulation
E [MPa] 32382.55 32416.81
Peak Distance [nm] 0.3343 0.3924
Kdi f f

T [pm/◦C] -0.467 -0.405
Kdi f f

ε [pm/µε] 0.009648 0.009646

Numerical Model

The thermal-loading simulation began by assigning every
mesh node an initial temperature equal to 1000 ◦C and then
constraining the geometry so that, as the entire mesh was
uniformly cooled to 20 ◦C, the resulting thermal-shrinkage
stresses could develop. The computed stress magnitudes and
distributions (Figure 21 and 22) were found to lie within the
range reported in the literature (Ref. 21), confirming the va-
lidity of this procedure.

Building on this validation, the model’s material parameters
were calibrated through an optimization process to match
those of the fiber used in the experiments, while the geom-
etry was kept unchanged. Section Materials and Methods -
Numerical Model provides details of the calibration proce-
dure and Table 9 presents a comparison between the physical
parameters obtained from the simulation and those measured
experimentally. The relative errors are 0.11% for the Young’s
modulus, 17.37% for the peak distance, 13.31% for the ther-
mal sensitivity and 0.02% for the mechanical sensitivity.

Following the calibration of the fiber model, composite panel
simulations were carried out to investigate the influence of
fiber embedment on sensor sensitivity. Six simulations were
performed to evaluate both mechanical and thermal behavior,
considering three fiber orientations relative to the composite
section: 0◦, 45◦ and 90◦. The 0◦ orientation corresponds to

Figure 19. Difference between measured value with sen-
sors and calculated value with FBG for MK3-S1 sensor
changing strain at constant temperature and vice versa.

Table 10. Nominal wavelengths of FBG sensors in birefrin-
gent fibers after embedment in composite material speci-
mens.

λ f ast [nm] λslow [nm] δλ [nm]
MK2 1549.513 1549.855 0.3419
MK3-S1 1515.061 1515.863 0.8020
MK3-S2 1520.989 1521.694 0.7050

SAP elements aligned with the longer edge of the composite,
while the 90◦ orientation aligns them with the shorter edge.
In all cases, the residual stresses from the fiber cooling simu-
lation were imported as initial conditions. The loading condi-
tions included a 2% applied strain and a temperature range
from 30 ◦C to 130◦C. Thermal and mechanical sensitivity
trends were determined using the same procedure described
in Section Materials and Methods - Numerical Model. The
resulting sensitivities are reported Figure 23 and 24.

Experimental Validation and Testing

During the experimental phase, specimens were manufactured
with embedded fibers and thermocouples, as described in Sec-
tion Materials and Methods - Experimental Validation and
Testing. Prior to calibrating the sensors after embedment,
new reference peak wavelengths were measured at zero strain
and ambient temperature to enable comparison with the pre-
embedment values. These updated nominal values are re-
ported in Table 10.

By comparing the results in Table 10 with those of the un-
embedded fibers in Table 1, a reduction in peak distance of
0.87% was observed for the MK2, 0.16% for the MK3-S1 and
10.99% for the MK3-S2. Furthermore, the fast peak wave-
lengths revealed a decrease of 0.02% for the MK2, negligi-
ble variation for the MK3-S1 and an increase of 0.8% for the
MK3-S2.
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Figure 20. Difference between measured value with sen-
sors and calculated value with FBG for MK3-S2 sensor
changing strain at constant temperature and vice versa.

Figure 21. Internal stress distribution S11 of a Panda fiber
at ambient temperature without applied strain.

Figure 22. Internal stress distribution S22 of a Panda fiber
at ambient temperature without applied strain.

Figure 23. Finite element simulation of variation in me-
chanical sensitivity as function of fiber embedment angle
within composite specimen.

Table 11. Mechanical and thermal sensitivity of fast peak
and peak separation for embedded FBG in composite
speciment inscribed in Panda birefringent fiber by At-
Grating (MK2), in Bow-tie birefringent fiber by FBGS
(MK3-S1) and in Bow-tie birefringent fiber by FBGS
(MK3-S2).

MK2 MK3-S1 MK3-S2
K f ast

ε [pm/µε] 1.203 1.229 1.166
K f ast

T [pm/◦C] 14.748 16.020 15.117
Kdi f f

ε [pm/µε] 0.0087 0.0220 0.0205
Kdi f f

T [pm/◦C] -0.5234 -0.7991 0.2073

Mechanical calibration was performed using an MTS 810 Ma-
terial Test System. For each specimen, the calibration was car-
ried out using the same maximum strain level applied during
the unembedded fiber tests. The tests were conducted under
a constant strain rate of 25 µε/s, with continuous acquisition
from the FBG interrogator. For the MK2 and MK3-S2, the
calibration was repeated three times. In contrast, only one test
was performed on MK3-S1 due to significant oscillations in
peak intensity, which made it difficult to complete multiple
reliable repetitions (Figure 25).

The MK2 and MK3-S1 sensors were calibrated using a Mem-
mert Universal Oven UF110plus. Thermal calibration was re-
peated three times, with a maximum temperature of 100 ◦C.
For both, the thermal cycles were applied at a controlled heat-
ing/cooling rate of 2 ◦C/min, with continuous data acquisition
from the FBG sensors throughout the tests. The thermal cal-
ibration of the MK3-S2 sensor was performed using infrared
heating, with temperature monitored via the embedded ther-
mocouple. This sensor was tested only once, up to a max-
imum temperature of 45 ◦C, due to optical fiber failure that
prevented further testing (Figure 26).

All embedded sensors showed a decrease in mechanical sensi-
tivity compared to the non-embedded reference sensors, with
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Figure 24. Finite element simulation of variation in ther-
mal sensitivity as function of fiber embedment angle
within composite specimen.

reductions of 4.82%, 1.68% and 7.75% for the MK2, MK3-
S1 and MK3-S2, respectively. Similarly, the peak separa-
tion under mechanical loading maintained a linear trend, al-
though with increased dispersion relative to the fast peak be-
havior, and showed sensitivity reductions of 10.01%, 9.65%
and 21.65% for the same three sensors.

In contrast, thermal calibration revealed an increase in sensi-
tivity for all embedded sensors when compared to their non-
embedded counterparts. Specifically, thermal sensitivity in-
creased by 30.61% for the MK2, 24.36% for MK3-S1 and
16.04% for MK3-S2. The peak separation response under
thermal loading remained linear but displayed higher vari-
ability. Notably, the peak separation sensitivity increased by
11.98% for the MK2, while it decreased significantly for the
FBGS sensors: -25.97% for MK3-S1 and -119.36% for MK3-
S2. These results confirm the impact of embedding and fiber
type on the performance and reliability of FBG sensors in
composite applications.

To validate the calibration of the embedded optical fiber sen-
sors, a combined thermal and mechanical loading cycles was
performed (Figure 27). Due to physical constraints, this test
was conducted only on specimens with the AtGrating (MK2).
The test setup, MTS 810 Material Test System, was modified
with the addition of infrared lamps to control specimen tem-
perature. The strain response of the AtGrating sensor closely
followed the applied loading, whereas the temperature signal
remained consistent during loading. From this test, the distri-
butions of residuals of the AtGrating sensor were estimated as
-53.92 ± 54.14 µε for strain and -6.52 ± 6.46 ◦C for temper-
ature.

Finally, the orientation angle of the embedded optical fibers
was assessed to establish the relationship between sensitivity
variations and embedment angle. Specimens were sectioned
adjacent to each sensor, embedded in thermosetting resin, and
polished prior to SEM imaging. The MK3-S1 sensor exhib-
ited an embedment angle of 61◦ (Figure 28) and the MK3-S2

Figure 25. Mechanical calibration of FBGs embedded
within composite material specimens. Details of fast peak.

Figure 26. Thermal calibration of FBGs embedded within
composite material specimens. Details of fast peak.

sensor of 1◦ (Figure 29).

For the MK2 sensor, it was not possible to directly measure
the fiber orientation. Due to the poor adhesion of the acry-
late coating and its glass transition temperature being incom-
patible with the curing cycle, the fiber cross-section did not
remain flat during sample preparation. As a result, the brittle
glass fiber fractured during polishing, preventing visualization
of the Panda fiber cross-section (Figure 30). However, the em-
bedment angle was inferred to lie between 45◦ and 61◦, as this
is the only range for which the observed decrease in strain sen-
sitivity and increase in temperature sensitivity are consistent
with the FE model predictions.

DISCUSSION

In this study, and more generally for the investigation of FBG
sensor behavior, a dedicated experimental setup was devel-
oped to enable accurate thermo-mechanical calibration and

15



Figure 27. Tests on embedded MK2 sensor under varying
temperature and strain.

testing. The system was designed to operate over a wide
range of temperatures, from sub-zero conditions (−19.62 ◦C)
to well above 100 ◦C (up to 131.58 ◦C), and to apply me-
chanical strain levels up to 8000 µε . To achieve these perfor-
mance targets, specific efforts were made to enhance thermal
stability, prevent fiber slippage and minimize the risk of fiber
breakage during loading.

To ensure accurate strain evaluation, the calibration adopted
a force-to-strain conversion approach based on load cell mea-
surements and the force-strain conversion coefficient, which
are less affected by hysteresis compared to direct strain mea-
surements using capstans. The coefficients were obtained
from mechanical tests performed at constant temperature and
under low strain levels, without the use of capstans (approxi-
mately 2000 µε and 1.8 N). Calibration at higher strain levels,
however, requires the use of capstans to prevent fiber breakage
near the gripping area, where stress concentrations are more
likely to occur.

The experimental campaign has begun with the calibration of
three different sensors to determine their sensitivities. One
sensor, manufactured by AtGrating, was based on a commer-
cial acrylate-coated Panda fiber, which, while more econom-
ical, is not optimized for sensing applications and thus offers
lower performance. The other two sensors were fabricated
by FBGS and inscribed on an Ormocer-coated Bow-Tie fiber
specifically designed for sensing purposes. This specialized
fiber increases the birefringence, resulting in improved sens-
ing capabilities. As part of the calibration procedure, nomi-
nal values for peak separation and fast-axis wavelength were
obtained under controlled conditions: at 30 ◦C and without
the application of mechanical strain. Analysis of the spectral
data showed that the FBGS fibers exhibited a larger separa-
tion between the fast and slow polarization peaks compared
to the AtGrating fiber, consistent with their higher birefrin-
gence. Although the AtGrating sensor presented less baseline
noise, it required a lower gain to reach the target optical power
of 3000 AU , compared to the FBGS sensors. The data collec-

Figure 28. Schematic of embedding angle in MK3-S1 com-
posite sensor specimen. Global specimen coordinate sys-
tem x–y is defined with x along specimen width and y
through its thickness. Local fiber-section coordinate sys-
tem x ′–y ′.

tion from each sensor confirmed that the FBGS fibers pro-
vided higher birefringence, which is beneficial for enhanced
sensing resolution.

The mechanical calibration procedure involved repeated load-
ing–unloading cycles, which revealed a highly linear and re-
peatable response as a function of applied strain. Figure 16
illustrates the strong linear behavior of the fast peak wave-
length for all three sensors. Regarding the peak separation, it
was observed that reducing the maximum strain while main-
taining eight measurement points per cycle introduced greater
difficulty in managing the calibration setup. As a result, al-
though the overall trend remained linear, increased signal os-
cillations were evident. In this study, the peak separation was
also considered to vary linearly with strain. However, a more
detailed investigation into the relationship between birefrin-
gence, and therefore peak separation, and the stress state of
the fiber will be pursued in future work. Additionally, the re-
sults showed that sensors with higher nominal wavelengths
exhibited greater mechanical sensitivity in the fast peak re-
sponse. Conversely, the peak separation sensitivity was found
to be higher in the FBGS sensors, which can be attributed to
the greater intrinsic birefringence of the fiber used.

The thermal calibration was carried out under zero-stress con-
ditions to isolate the effects of temperature on the optical re-
sponse of the sensors. The results showed that above 40 ◦C,
the fast peak wavelength exhibited a clear linear trend with
high repeatability across all cycles and sensors. However, be-
low this threshold, deviations from linearity were observed,
more evident in the FBGS sensors due to their higher bire-
fringence and thermal sensitivity. This consistent nonlinear-
ity across all sensors suggests the presence of an underlying
physical phenomenon within the fiber material. In support of
this, a model from the literature describing the temperature
dependence of the refractive index predicts non-linear behav-
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Figure 29. Schematic of embedding angle in MK3-S2 com-
posite sensor specimen. Global specimen coordinate sys-
tem x–y is defined with x along specimen width and y
through its thickness. Local fiber-section coordinate sys-
tem x ′–y ′.

ior below 40 ◦C, which aligns with the experimental data.
While the peak separation also displayed an overall linear
trend with temperature, it was more susceptible to oscillations
compared to the fast peak wavelength. The FBGS sensors
demonstrated higher thermal sensitivity in both parameters,
consistent with their greater birefringence. Moreover, within
the FBGS group, the thermal sensitivity increased with nomi-
nal wavelength.

Regarding the combined tests at constant temperature and
variable strain, the most evident observation is the perfor-
mance difference between low- and high-temperature tests,
with the latter yielding more accurate and consistent results.
This discrepancy can be attributed to the nonlinear thermal be-
havior discussed previously, particularly at temperatures be-
low 40 ◦C. Among the high-temperature tests, the best per-
formance was achieved by the first sensor of the FBGS chain,
which benefits from both a higher birefringence and a me-
chanical calibration that effectively utilized the full available
strain range. The second-best performance was obtained from
the AtGrating sensor, which, despite having lower birefrin-
gence compared to the second FBGS sensor, demonstrated su-
perior mechanical calibration. In contrast, the second FBGS
sensor exhibited comparatively lower accuracy, highlighting
the importance of fully exploiting the experimental setup dur-
ing calibration, especially in terms of strain range.

For the thermal verification under constant strain, the sensors
inscribed in the FBGS fiber outperformed the AtGrating sen-
sor, owing to their higher birefringence and, consequently,
greater sensitivity to temperature variations. Notably, both
FBGS sensors yielded comparable results in this test configu-
ration, suggesting consistent thermal behavior within the same
fiber type.

It is important to note that the constant-temperature tests were
conducted at the same thermal condition for all sensors but

Figure 30. MK2 fiber embedded in composite specimen.
Poor adhesion properties of coating and polishing process
prevent visualization of fiber cross-section.

with varying levels of applied strain, whereas the constant-
strain thermal tests were performed over the same temperature
range but at different fixed strain levels. These differences
in testing conditions significantly influenced the accuracy of
the resulting sensitivity coefficients. In particular, sensitivities
obtained at lower strain levels were less reliable than those
derived from tests at high strain levels that exploited the full
mechanical range of the sensor.

Overall, the calibration and testing campaign provided valu-
able insight into the performance of the different fiber sen-
sors and the effectiveness of the calibration procedures. To
enhance accuracy, it is essential to maximize the use of the
full strain range during mechanical calibration, acquiring suf-
ficient data points across both low and high strain levels. Sim-
ilarly, thermal calibration should cover the complete temper-
ature range, with a focus on increasing the number of data
points at lower temperatures, where greater deviations from
the linearity were observed. Additionally, repeating both ther-
mal and mechanical calibration cycles is crucial to minimize
the influence of testing machine errors on the calibration co-
efficients and ensure reproducibility and robustness of the cal-
ibration results.

To investigate the influence of the embedding angle of optical
fiber cross-sections within composite materials, a numerical
model was developed to simulate the stress-induced birefrin-
gence in the embedded fibers. The simulation results showed
good agreement with findings reported in the literature, con-
firming the validity of the modeling approach. Based on this,
the model was specifically adapted to the Panda fiber used
in the experimental campaign. The geometrical parameters
of the fiber were obtained through SEM, while the physical
parameters were identified through an optimization process
aimed at matching the model response with experimental data.
This enabled the creation of a Digital Twin of the fiber, capa-
ble of predicting variations in sensitivity due to the embedding
conditions.
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The simulations demonstrated that the orientation of the em-
bedded fiber significantly affects its thermal and mechanical
sensitivities. In particular, a 90◦ orientation increases ther-
mal sensitivity, while 45◦ causes only minor changes and 0◦

not only reduces sensitivity but can also invert the trend of
peak separation with temperature. Conversely, for mechan-
ical sensitivity, the trend is reversed: the 0◦ orientation im-
proves sensitivity, while the 90◦ orientation reduces it. The
results obtained from the numerical simulations in ABAQUS
indicate that no single orientation simultaneously optimizes
both thermal and mechanical sensitivity. This effect can be
used to increase one of the two sensitivities. However, the 45◦

orientation introduces only minimal deviations compared to
the unembedded configuration, suggesting it could serve as a
compromise, reducing the extent of additional calibration re-
quired for embedded sensing applications. The orientation of
the fiber section within the composite can thus enhance one
sensitivity over the other.

The numerical results were subsequently validated through
experimental testing on the embedded fibers. Following the
embedding process, the nominal values of the fast peak wave-
length and the peak separation were re-evaluated under am-
bient temperature and zero strain conditions. A comparison
between the embedded and non-embedded configurations re-
vealed changes in both parameters. Specifically, the peak
separation decreased by 0.87% for the AtGrating sensor, by
0.16% for the first FBGS sensor and by 10.99% for the sec-
ond FBGS sensor. In terms of the fast peak wavelength, a
decrease of 0.02% was observed for the AtGrating sensor, a
negligible change for the first FBGS sensor and an increase of
0.8% for the second FBGS sensor.

Mechanical calibration of the embedded fibers showed that all
three sensors retained a linear response in the fast peak wave-
length as a function of strain. However, a reduction in sen-
sitivity was observed when compared to the non-embedded
condition. Specifically, the sensitivity decreased by 4.82% for
the AtGrating sensor, 1.68% for the first FBGS sensor and
7.75% for the second FBGS sensor. For the peak separation,
although a linear trend was still present, the data exhibited
greater dispersion. Sensitivity reductions of 10.01%, 9.65%
and 21.65% were observed for the AtGrating, first FBGS and
second FBGS sensors, respectively. These results confirm that
mechanical embedding alters the fiber’s response, likely due
to stress redistribution and constraints imposed by the host
material.

Thermal calibration of the embedded sensors also yielded a
linear behavior in the fast peak wavelength across all three
fibers. In contrast to the mechanical case, thermal sensitiv-
ities increased after embedding. Specifically, the AtGrating,
first FBGS and second FBGS sensors exhibited sensitivity in-
creases of 30.61%, 24.36% and 16.04%, respectively, relative
to their non-embedded counterparts. For the peak separation,
the AtGrating sensor showed an 11.98% increase in sensitiv-
ity, while the two FBGS sensors exhibited significant reduc-
tions of 25.97% and 119.36%, respectively. These contrasting
behaviors between mechanical and thermal responses high-

light the complex interaction between fiber geometry, embed-
ding orientation and the surrounding matrix.

The AtGrating sensor was ultimately used to evaluate the ac-
tual decoupling capability of the FBG sensing system. As
demonstrated, the sensor accurately tracked the applied strain
on the specimen while simultaneously providing reliable tem-
perature measurements, confirming its potential for dual-
parameter sensing. However, further studies are necessary to
determine whether the sensor can maintain this decoupling
performance under rapid or simultaneous changes in strain
and temperature. Moreover, due to limitations during test-
ing, the decoupling capability of the other two FBGS sen-
sors could not be assessed. Given the significant changes ob-
served in their sensitivities post-embedding, particularly for
the MK3-S2 sensor, it would be essential to fabricate new
composite samples using these fibers in order to fully eval-
uate their performance in real operating conditions.

To determine the actual embedding angle of the optical fibers
after composite manufacturing, the specimens were sectioned
near the FBG sensors and analyzed using SEM. This analysis
enabled a direct evaluation of the sensor orientation, which
was then correlated with the variations in calibration and val-
idation results post-embedding. The first FBGS sensor, em-
bedded at an angle of 61◦, exhibited a reduction in both its
peak distance sensitivity to strain and to temperature. Simi-
larly, the fast peak wavelength sensitivity decreased for strain
and increased for temperature. The second FBGS sensor, em-
bedded at an angle of 1◦, showed an even more pronounced
reduction in both peak distance sensitivities. This behavior
was not anticipated by the FEM simulations, which predicted
that it would not be possible to simultaneously reduce both
thermal and mechanical sensitivities. This discrepancy is at-
tributed to the fact that the model was developed for a Panda-
type fiber (AtGrating), while the FBGS sensors are inscribed
on Bow-tie fibers with different internal geometries. These
structural differences likely affect the stress distribution and
resulting birefringence, thus requiring the development of a
dedicated FEM model for Bow-tie fibers to obtain accurate
predictive capabilities.

The current embedment process is highly sensitive to manual
execution, particularly due to the method used to apply lateral
force via a suspended weight. Small variations in the position
or alignment of this weight can lead to significant errors in
sensor placement, which may account for the incorrect orien-
tation observed in one of the samples. Additionally, the fiber
rotation mechanism, based on wheels with an angular resolu-
tion of 6◦, lacks the precision required for accurate control of
the embedding angle. To enable more reliable and repeatable
studies on the influence of fiber orientation after embedding,
both the force application system and angular adjustment ac-
curacy must be improved.

For the AtGrating sensor, it was not possible to determine
the orientation directly due to the weak adhesion between
the acrylate coating and the glass cladding. This poor bond-
ing, resulting from the coating’s glass transition temperature
(Tg) lower than the composite curing temperature, caused the
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cladding to detach during specimen preparation. The SEM
image highlights these limitations, showing that the fiber does
not remain properly embedded in the coating and that the orig-
inal circular geometry of the coating is significantly deformed.
Nonetheless, based on the variation in peak distance and sim-
ilarity to the first FBGS sensor, it is reasonable to assume that
the AtGrating sensor was embedded at an angle between 45◦

and 61◦. This orientation range is also supported by the em-
bedding procedure adopted, which aimed to minimize sensi-
tivity changes. Post-embedding results for the AtGrating sen-
sor showed a decrease in peak distance sensitivity to strain
and an increase in sensitivity to temperature, trends that match
those predicted by the FEM model for fibers embedded within
this angular range. Furthermore, the fast peak wavelength
sensitivity decreased for strain and increased for temperature,
again consistent with model expectations. Importantly, the
overall sensor accuracy remained largely unaffected, in con-
trast to the FBGS sensors.
In conclusion, the AtGrating sensor experienced the small-
est sensitivity deviations upon embedding, maintaining re-
liable performance. These results confirm the validity of
the numerical-experimental approach adopted to estimate the
fiber embedding angle during composite lamination. While
the FEM model demonstrated good predictive capability for
Panda-type fibers, the differences observed with Bow-tie
fibers underline the necessity of developing a specific numer-
ical model to accurately describe their behavior in embedded
configurations.

CONCLUSIONS

1. A custom calibration setup was designed and validated,
enabling accurate calibration of FBG sensors over ex-
tended temperature and strain ranges.

2. Calibration procedures using both fast peak shift and
peak distance variation allowed for the decoupling of
strain and temperature effects, achieving a discrimination
efficiency of approximately 10%, in line with or better
than values reported in the literature.

3. The best FBGS sensor achieved a temperature distribu-
tion of residuals of -0.55 ± 9.48 ◦C and of -12.68 ±
97.20 µε for strain, confirming the potential of the
method when properly calibrated.

4. A finite element model, optimized for the AtGrating
Panda fiber, accurately predicted changes in mechanical
and thermal sensitivities due to embedding and orienta-
tion effects.

5. Experimental embedding of FBG sensors confirmed that
fiber orientation significantly affects performance. The
AtGrating sensor, embedded at 45◦C–61◦C, maintained
performance close to the non-embedded case, validating
the model predictions.

6. The second FBGS sensor, embedded at 1◦C, lost the abil-
ity to decouple strain and temperature due to a significant
drop in sensitivity and signal reliability.

7. SEM analysis of the AtGrating sensor revealed poor ad-
hesion between the acrylate coating and fiber cladding
due to a Tg below the curing temperature, leading to coat-
ing deformation and detachment.

8. The current FEM model, based on a Panda geometry,
could not predict the behavior of Bow-tie FBGS fibers. A
dedicated model is required to account for their distinct
internal structure.

9. The combined numerical-experimental methodology
proved effective in estimating the fiber embedding an-
gle during lamination, supporting its use for controlled
sensor integration in composites.
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