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Abstract: Despite the extensive body of research on fiber Bragg grating (FBG) sensors,
embedding FBGs into composite materials still leaves an important challenge unresolved:
improving model accuracy while preserving sensitivity under coupled thermo-mechanical
loading. In this work, an integrated mathematical model of an FBG-based fiber-optic sensing
subsystem is developed and implemented in MATLAB/Simulink, enabling simultaneous
estimation of mechanical action (pressure/strain) and temperature from the Bragg-wavelength
shift while explicitly accounting for optical, mechanical, and thermal parameters of the
composite host. The model combines Bragg-wavelength shift computation with strain-optic
and thermo-optic contributions, a composite stress—strain transfer that maps external pressure
to axial fiber strain, transient heat transfer to the grating region, and synthesis of the reflected
spectrum and optical power profile for interrogation. A calibration-based decoupling stage is
included to separate thermal and mechanical components, and the Simulink workflow supports
parameter sweeps and uncertainty analysis. Model outputs agree with reference/experimental
data, with a discrepancy not exceeding 4% across the considered operating range. Simulations
indicate a pressure sensitivity of 5-15 pm/kPa, a refractive-index sensitivity of up to
500 nm/RIU, and a tunable spectral range of 1530-1570 nm, while remaining stable
under simultaneous pressure and temperature variations. The proposed model serves as
a practical digital prototype for embedded FBG sensing and supports design optimization,

compensation-strategy development, and structural health monitoring scenario evaluation.

Keywords: fiber Bragg grating (FBG) sensor; composite-embedded sensing;
thermo-mechanical coupling; strain-temperature decoupling; Bragg wavelength shift;

multiphysics modeling

1. Introduction

In recent years, fiber-optic sensors—especially fiber Bragg gratings
(FBGs)—have attracted sustained interest as reliable elements for monitoring
structures under elevated temperature, vibration, and pressure. Their immunity to
electromagnetic interference, capability of multiplexing many sensing points along
a single fiber, and suitability for distributed measurements make FBGs a practical

choice for monitoring tasks in harsh environments. Polymer composite materials are
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widely used due to their low weight, high strength, corrosion resistance, and design
flexibility [1-5], including applications in aerospace structures [6—8]. However,
composite components operating in demanding conditions may undergo progressive
degradation mechanisms such as interfacial debonding/delamination, microcracking,
and other damage modes that reduce structural integrity and service life [9-12].
These features motivate structural health monitoring (SHM) approaches that can
provide in-situ information about the mechanical and thermal states of composite
structures [13—16]. FBG sensors are frequently considered for SHM of composites
because they can be embedded during manufacturing, enabling in-service monitoring
while maintaining compactness and mechanical protection. Nevertheless, embedded
configurations introduce additional challenges compared to surface-bonded sensors.
In particular, strain-transfer loss through the host matrix and packaging layers,
non-uniform strain fields that may broaden or split the reflected spectrum, and the
intrinsic cross-sensitivity of the Bragg shift to both temperature and mechanical loading
complicate reliable interpretation under combined thermo-mechanical conditions.
Therefore, SHM-oriented operation of embedded FBGs requires models that explicitly
account for these coupled effects and support calibration and uncertainty assessment.
In studies [17-21], the optical memory effect was experimentally verified in both
transmission and reflection. The results show that the speckle field retains measurable
correlation under small angular or spatial perturbations of the incident wavefront,
in agreement with theoretical predictions: the correlation exhibits an approximately
linear scaling over the relevant range and an asymptotic exponential decay as the
perturbation increases. These findings indicate that even in strongly disordered media
dominated by multiple scattering, a substantial amount of information about the spatial
structure (shape) of the incident wave is preserved. From a practical perspective, this
means that controlled modifications of the input wavefront can produce predictable
changes in the transmitted or reflected intensity patterns, providing a foundation for
wavefront-shaping, optical focusing, and diagnostic techniques in complex scattering
environments.

Previous studies have investigated various aspects of FBG behavior and modeling,
including spectral-shaping concepts and numerical simulation of FBG response under
thermal and mechanical variations [22—25]. Multi-parameter sensing concepts using
FBGs for engineering structures have also been discussed [26]. However, a recurring
limitation is that the optical response of the grating and the thermo-mechanical response
of the composite host are often treated separately, or the coupled effects are represented
with simplified assumptions. This limits transferability to embedded FBG channels in
polymer composites and reduces the reliability of temperature—load separation when
both factors vary simultaneously. Consequently, a clear gap remains in providing a
unified, simulation-ready model that consistently links the Bragg-wavelength shift, the
thermo-mechanical behavior of the composite, and the reflected spectral response under
combined loading.

The objective of this study is to develop an integrated mathematical model
of an FBG sensing channel embedded in a composite material, enabling consistent

representation of coupled thermo-mechanical loading and simultaneous estimation
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of temperature and mechanical load from the Bragg-wavelength shift and reflected
spectrum characteristics. Compared to prior studies, the scientific novelty of this work
is threefold:

(1) A unified multiphysics model that couples the optical FBG response (Bragg-
wavelength shift and reflected spectrum/power profile) with the thermo-
mechanical behavior of the composite host (stress—strain—temperature
relationship) within a single computational chain;

(2) A computational framework that supports separating temperature-induced and
load-induced contributions to the measured spectral shift for embedded operation;

(3) Quantitative sensitivity ranges and operating windows intended to support

calibration and design of composite structures with embedded FBG sensors.

The proposed model supports the design and calibration of embedded FBG sensing
channels, selection of key parameters, and uncertainty assessment under simultaneous

variations of temperature and mechanical loading.

2. Method

2.1. System configuration and sensing setup

This subsection summarizes the sensing-channel configuration and the embedded
FBG setup in a composite host, including the main components and operating
conditions referenced in the following figures and tables.

These methods allow for more precise determination of the effects of
temperature and strain on composite materials, providing various approaches to
solving measurement and monitoring tasks. They also improve the reliability and
durability of embedded fiber-optic sensors, which is crucial for the successful
industrialization of the Structural Health Monitoring (SHM) process. The scientific
novelty lies in the development of a photonic fiber-optic sensor with a tilted chirped
Bragg grating embedded within the internal structure of composite plates. This
significantly simplifies the system for measuring the refractive index of the medium
and eliminates the need for spectrophotometers, optical spectrum analyzers, and
optical spectrum analysis algorithms. A key feature of this study is the control plates,
which consist of a selected number of layers of carbon fabric impregnated with
epoxy resin. Fiber-optic sensors with tilted chirped Bragg gratings were additionally
placed between the layers of carbon fabric. The main component of the system is a
femtosecond laser. Photon-crystal fiber with increased germanium content was placed
behind a phase mask. Additionally, there was a special corrugated membrane metal
diaphragm, which, when deformed, deflects a cantilever based on polycrystalline
silicon, resulting in the recording of gratings on the same multimode fiber. The
complete experimental setup is shown in Figure 1.
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Figure 1. Fiber-optic Bragg sensors for monitoring the condition of composite material
structures.

Table 1 outlines the key technical characteristics of a photonic fiber-optic pressure
sensor based on a tilted chirped Bragg grating. This sensor is designed for integration
into composite materials and primarily measures refractive index and pressure, with
the significant advantage of eliminating the need for traditional spectrum analyzers. It
uses a photonic crystal fiber with enhanced germanium doping and features a grating
inscribed by a femtosecond laser using a phase mask. The sensor offers high sensitivity,
with a tunable Bragg wavelength range of 1530—1570 nm, pressure sensitivity between
5 and 15 pm/kPa, and strong responsiveness to both refractive index (up to 500 nm/RIU)
and temperature (~10 pm/°C). These properties make it highly suitable for embedded
structural health monitoring in advanced engineering systems.

Table 1. Technical specifications of the Photonic fiber-optic pressure sensor with a tilted
chirped Bragg grating.

Parameter

Value

Sensor Type
Sensor Integration

Primary Function

Measurement of refractive index and pressure

Fiber-optic pressure sensor

Embedded within composite plates

Key Advantage Eliminates the need for spectrophotometers and spectrum analyzers
Fiber Type Photonic crystal fiber with increased germanium content
Grating Inscription Femtosecond laser via phase mask
Bragg Wavelength Range 1530-1570 nm (tunable)

Grating Tilt Angle 4°-10° (optimized for sensitivity)

Pressure Sensitivity 5-15 pm/kPa
Chirp Bandwidth Up to 5 nm (depending on design)

Refractive Index Sensitivity 250-500 nm/RIU
Temperature Sensitivity ~10 pm/°C

Strain Sensitivity 1.2-1.5 pm/pe

Note: pe denotes microstrain (ue) = 107 strain. Therefore, pm/pe means picometer wavelength shift per

microstrain.
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Figure 2 shows the working principle of a fiber optic sensor subsystem embedded

in a composite material for force and temperature measurement. The FBG sensor

is placed within the layered composite structure, where it responds to applied force

(causing strain) and temperature changes. These physical effects alter the reflected

Bragg wavelength, which is transmitted as an optical signal. The reflected signal is then

processed and visualized in a simulation monitoring system. This setup allows real-time

evaluation of structural conditions, making it highly suitable for smart materials and

structural health monitoring applications.

Force

FBG Sensor

Reflected Temperature T

Optical Signal Composite FBG ¢

Simulation
Monitoring

Opticl Facing

Figure 2. Structural layout and working principle of the embedded fiber-optic sensor system.

2.2. Step-by-step modeling methodology

Q)

2

3)

“)

®)

(6)

Define inputs and parameters: temperature T, mechanical loading (pressure/
strain), and the optical/thermo-mechanical coefficients of the FBG and composite
host.

Map the external mechanical loading to the equivalent axial fiber strain using the
adopted strain-transfer assumptions for the embedded configuration.

Compute the Bragg-wavelength shift AAB by combining temperature-induced and
load-induced contributions within the selected operating range.

Generate the reflected response (spectrum/optical-power profile) using the
selected optical formulation and extract the measurable spectral features.
Estimate the target quantities (temperature and mechanical load) from the
modeled spectral features using the proposed estimation/decoupling logic.
Evaluate performance under temperature-only, load-only, and combined
thermo-mechanical scenarios; report sensitivity ranges and error metrics and,

where possible, compare to simplified baseline models.

The modeling workflow links the physical inputs (temperature and mechanical

loading) to the optical response (Bragg-wavelength shift and reflected spectrum/power

profile), forming a simulation-ready computational chain.

The updated block diagram in Figure 3 presents the architecture of the fiber

5
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Bragg grating (FBG)-based measurement system. It clearly shows the signal flow from
the light source through the FBG sensor and output stage, where wavelength shifts
corresponding to strain and temperature are generated. These signals are processed by

a dedicated signal processing unit and then demodulated for interpretation in a Simulink

model.
Light Source »| FBGSensor (——» Sﬁlrj;ﬂu!rfnﬁg
\4
DeT;::;‘::::ion < Signal I:’r:itt:essing
Simulink
Model

Figure 3. Block diagram of the measurement system architecture based on fiber Bragg grating
(FBG) sensing and Simulink modeling.

2.3. Mathematical model of fiber Bragg grating (FBG) sensor subsystem
in composite materials

This study proposes a comprehensive mathematical model for analyzing the
behavior of fiber Bragg grating (FBG) sensors embedded in composite materials. The
model is designed to evaluate the simultaneous effects of temperature and mechanical
force on the reflected wavelength of the FBG, which is the key measurable parameter
in such optical sensors.

The fundamental equation that governs the Bragg reflection phenomenon is given
by the study by Her and Lin [27]:

AB=2"ncfpx A (1

where: Ap—central Bragg reflection wavelength, n,;s—effective refractive index,
A—grating period.

This equation forms the foundation for understanding how environmental or
structural influences alter the sensor’s optical behavior.

Wavelength shift due to temperature and mechanical stress [28]:
ANg = Ag"[(1 = pe)*e + (a + §)*AT] 2

where: e—strain, p.—photoelastic coefficient of the fiber (~0.22), a—thermal
expansion coefficient (~0.55 x 10°¢ 1/°C), &—thermo-optic coefficient (~8.6 x 107°
1/°C), AT—temperature change. This relationship captures the dual dependency
of the reflected signal on both mechanical and thermal conditions, allowing for

multiparametric sensing.
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Mechanical subsystem — force and strain [29]:
e =0 /E=F/(E*A) 3)

where: o— stress — applied force (N), E—Young’s modulus of the composite (Pa),
A——cross-sectional area of the fiber (m?).
Substituting ¢ into the FBG shift equation [29]:

Al = Ag*[(1 = pe)"F/(E*A) + (o + )" AT] “4)

This equation describes the response of the Bragg wavelength to changes in load
and temperature—two key parameters for composite structures such as turbine blades,
aircraft wings, or ship hulls.

Reflected power from the grating [30]:

Preflected()\) = P;;R(A) (5)

where P,,—the input power of the optical signal; R(\)—the reflection coefficient, often

approximated as a Gaussian:

(A —Ap)?

R(A\) = Ruax * exp(— 5,2

) (6)

Rearranging this expression provides the strain, which can then be substituted back
into the Bragg shift equation, effectively linking external force to the observed optical
response.

Conversion to an electrical signal [31]:

Vout = 1pPD *Preflected 7

where npp—the photodetector sensitivity (V/W).

This function illustrates the spectral profile of the FBG, peaking at A\p and
decreasing for off-Bragg wavelengths.

Possible extension: accounting for dynamics (time response).

To validate the dynamic-response equation included in the model, we performed
time-domain simulations using step changes in (a) pressure and (b) temperature while
monitoring the output Bragg-wavelength shift (or the equivalent demodulated metric).
From the simulated transient response, we extracted the dynamic parameters, including
the rise time and settling time, and estimated the dominant time constant(s) by fitting
the response with the adopted dynamic model. In addition, a frequency-domain
characterization was obtained by evaluating the magnitude response and determining
the —3 dB cut-off frequency, where the bandwidth can be related to the time constant
as fc = 1/(2nt) for a first-order response. These results confirm that the introduced
dynamic equation is consistent with the expected transient behavior of the sensing
channel under time-varying thermo-mechanical loading.

The effective sensitivity of an embedded FBG is governed not only by the intrinsic

grating coefficients but also by strain-transfer efficiency at the sensor—matrix interface.

7
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Different polymer matrices and composite architectures modify this transfer through
their elastic modulus, thermal expansion mismatch, cure/shrinkage behaviour, and
interfacial adhesion, which can introduce transfer loss and residual stresses. Therefore,
even with identical optical parameters, the apparent pressure/strain sensitivity can vary
across matrices such as PMMA, epoxy, and thermoplastic systems. In this work,
PMMA-based composite was used as a baseline embedding medium to validate the
proposed multiphysics model; a systematic multi-matrix experimental comparison and
interface-optimization (e.g., coating/surface treatment and controlled adhesive layer)
are planned as future work to identify an optimal matrix for specific SHM applications.

2.4. Simulation and evaluation protocol

Simulation scenarios include temperature-only, load-only, and combined
thermo-mechanical variations within the considered operating range.  Report
performance using quantitative metrics such as wavelength reconstruction error
(pm), relative error (%), and agreement with reference/experimental data; baseline
comparisons can be included against simplified single-factor models.

*- " (P(t) = Fresin) ®)

Where 7),,, —the viscosity or damping coefficient of the composite; Fi..q;s: —the
internal resistance forces of the material.

This dynamic equation is especially useful for modeling time-dependent behavior
such as fatigue, resonance, or impact events in structural health monitoring.

The developed mathematical model describes the behavior of a fiber Bragg grating
(FBG) sensor embedded in composite materials under the influence of mechanical
force and temperature. It links the Bragg wavelength shift to strain and thermal
expansion using a combined analytical expression that incorporates material-specific
parameters such as the photoelastic coefficient, thermal expansion, and thermo-optic
effects. Additionally, the model includes stress-strain relationships based on Hooke’s
law and simulates the reflected optical power as a function of wavelength. This model
enables accurate prediction of sensor responses and provides a solid basis for designing
embedded structural health monitoring systems in various engineering applications.

To verify the claimed novelty and quantify the advantages of the proposed model,
we performed comparative simulations against baseline approaches. The baselines
include: (i) a single-factor model that accounts only for temperature-induced or only
for load-induced Bragg-wavelength shift; and (ii) a model that estimates the measurand
solely from AMp without using the reflected-spectrum/optical-power profile. The
proposed approach differs by coupling the optical FBG response (Bragg-wavelength
shift and reflected spectrum/power profile) with the thermo-mechanical behavior
of the composite host in a unified computational chain, enabling separation of
temperature- and load-induced contributions under combined loading. Performance
is evaluated using quantitative metrics such as Bragg-wavelength reconstruction
error (pm), temperature/strain estimation errors, relative error (%), and robustness to

cross-sensitivity when temperature and mechanical load vary simultaneously. The
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results show improved accuracy and stability compared to the baseline models within

the considered operating range.

3. Results and discussion

The study using sensor data was developed using simulation in Matlab (Simulink)
to determine the best sensor design. A performance study was conducted using sensor
data using simulation in Matlab (Simulink) (Figure 4). Subsystems of equations
were formulated in MATLAB Simulink software to obtain characteristics of the force
and temperature passing through alternate sections of optical fiber. In addition, key
characteristics of a fiber Bragg grating (FBG) were used and selected in MATLAB
Simulink software to study the influence of external factors such as forces and
temperature on the reflection spectrum of the FBG sensor.

B

= i L
result.mat
FBGZoip 1 1
: FBG 3alp1
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Lambda FBG Zolp2 FBG3alp2

. ef rafind
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Figure 4. Simulation model in Matlab (Simulink) of a fiber-optic sensor subsystem for
measuring force and temperature.

In this work, the authors used MATLAB software, taking into account the
parameters of the lattice structure.

Figure 4 shows a MATLAB Simulink simulation flowchart for obtaining spectral
data using the DSP System Toolbox library. As can be seen from the figure, the overall
design consists of three subsystems. The first subsystem demonstrates an example of
an inclined Bragg grating, and also provides for the reflective functionality of the Bragg
lattice and applied force. The second subsystem shows an example of a tilted Bragg
grating, calculating the temperature shift AT, and the Bragg wavelength shift. As can
be seen from the technological diagram, the simulation results show how infinitely
the spectral characteristics depend on the set temperature parameters and power. The
created sample is applicable exclusively to fiber optic Bragg sensors, but also to other

SENSOrs.
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Figure 5 shows the Bragg grating subsystem plotted as a function of wavelength to
simulate the FBG sensor. As can be seen from the figure below, the subsystem consists
of blocks of mathematical operations that allow you to calculate the force applied to

the sensor.

Int

- Out1
Divide2 Abs Math

5 »
= »
2

Function

E
R
ZJ:JI—
L
1
Tl x (BLS)
j—’ x lambda(BLS) :@
- Product2

1 >

Figure 5. Bragg grating subsystem plotted as a function of wavelength to simulate an FBG
sensor.

The operation of the proposed scheme (Figure 6) is based on the formation of
the output signal A\g and its subsequent conditioning for further analysis and use
in the monitoring system. The input signals and control/calibration parameters are
applied to inputs In2, In4, and In6, where they are first involved in logical condition
checking. The AND block performs an enabling function: only when the specified
conditions are satisfied does it allow the signal to propagate through the computational
path, preventing processing under invalid or undesired input states. The enabled
signal is then processed by intermediate computational blocks (scaling/normalization
stages and the internal computation block mn), where the Bragg wavelength shift
is evaluated, and the resulting A)g is formed. This signal is routed to a scope
(Scope2) for time-domain monitoring and verification, and in parallel, forwarded
to the data-conditioning chain. To suppress high-frequency components and avoid
aliasing during discretization, the signal passes through the AAF (Anti-Aliasing Filter),
which limits the signal bandwidth and improves the robustness of subsequent digital
processing. After filtering, the conditioned signal enters the FAB (Feature-Analysis
Block), where informative features are extracted, and a final output parameter V,, (or an
equivalent diagnostic/decision variable) is generated for higher-level interpretation or
control. In this way, the diagram clearly represents a complete processing chain—from
the computation of the physical quantity A\g, through visualization and anti-aliasing
filtering, to feature extraction—explicitly clarifying the roles of the AAF and FAB
blocks and the direction of signal flow.

Figure 7 illustrates a conceptual and functional signal-processing model that
describes the transformation of mechanical and thermal inputs into the resulting
Bragg wavelength shift and output signal. In this scheme, the applied force and
temperature-related inputs are first converted into wavelength-domain quantities

10
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through dedicated functional blocks that model the sensitivity of the fiber Bragg grating
to mechanical load and thermal effects. Separate processing branches are used to
evaluate the force-induced and temperature-induced wavelength shifts, allowing the
individual physical contributions to be explicitly represented and traced within the
model. The partial wavelength shifts are subsequently combined to form the total
Bragg wavelength shift A\g, which reflects the coupled thermo-mechanical response
of the embedded FBG sensor. Before further digital analysis, the signal is passed
through an AAF (Anti-Aliasing Filter) to suppress high-frequency components and to
ensure compatibility with discrete-time processing. The filtered signal is then processed
by the FAB (Feature-Analysis Block), where informative features are extracted and
mapped to an output quantity V, suitable for monitoring, interpretation, or higher-level

decision-making.

AND >

[ a[' Anti-Aliasing Feature-Analysis
i Filter Block

Product AAg

Power

| AAF FAB etlm

Feature-Analysis
Block

Figure 6. Temperature variation subsystem T for calculating Bragg wavelength shift.
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Figure 7. Operation of the integrated measurement system using fiber-optic sensors based on
Bragg gratings (FBG) embedded in a composite material.
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Exte

Figure 8 presents the operation of the fiber-optic subsystem of the sensor, in
which the influence of external force and temperature affects the optical properties
of the medium. Light sources emit a signal that passes through the Bragg grating,
where, under the influence of temperature and strain, the reflection and transmission
parameters change. These changes are modeled by product and summation blocks,
taking into account the coefficient of thermal expansion (a), the grating period (A), and
the relative refractive index. An analog filter performs spectral processing of the signal,
and the output block calculates the final transmission coefficient, which characterizes
the state of the medium.
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Figure 8. The operation of the fiber-optic subsystem of the sensor in which the influence of
external force and temperature affects the optical properties of the medium.

As shown in Figure 9, the shift in grating bandwidth as a function of temperature
is not noticeable compared to the difference in Bragg wavelength initiated by the
temperature change. It is possible to determine the values of all the sensitivity
coefficients of the distinctive grating parameters (e.g., Bragg wavelength, grating
spectral width) for force and temperature, and it is also possible to establish the
negotiated values from indirect measurements of the grating parameters. characteristics
of a Bragg grating. According to the theoretical results of the work, the new model has
improved sensitivity compared to the existing modification.

Figure 10 shows examples of the variation characteristics of the difference and
sum of Bragg wavelengths of a linear fiber optic sensor at constant temperature under
varying force conditions.

Figure 11 shows the transmission spectra of a fiber Bragg sensor measured at
different temperatures. As we can observe from the figure, the red side is suitable
for a transmission power of 5 x 107> W at a wavelength of about 1550 Nm, which
is due to the presence of a characteristic maximum on the curved irradiation SLD.
The results obtained from the first temperature measurements, shown in Figure 9, are
largely determined by the spectral data of the light source.
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Figure 10. Characteristics of a Bragg grating sensor with changing force values and constant

temperature.

In the experimental studies, a Bragg grating with a wavelength of 1555.5 nm and
an effective refractive index of 1.447, an optical fiber L = 20 mm, and neff = 1.458
were used. The graph shows how the transmission coefficient changes at different
temperatures and wavelengths. At a wavelength of about 1550 nm and a temperature
of about 20 °C, the transmission coefficient is about 1 (red zone), indicating high
transmission.

Figure 12 shows the results of the spectral tests, which show that the temperature
sensitivity of all sensor responses is similar and does not depend on the order of
the shell modes. Consequently, three preferred responses were noted according to
the spectral transmission data: the fundamental response (derived from the main

13
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mode—the so-called Bragg resonance), the cladding resonance of mode No. 1 (derived
from the selected propagation mode in the cladding, noted as 1 in accordance with

Figure 11.

Temperature (°C)
Transmission coefficient
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Figure 11. Transmittance spectra of a fiber-optic Bragg sensor measured at different

temperatures.
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Figure 12. Wavelength change depending on shell temperature.

Figure 13 shows the general characteristics of the temperature result when the
minima shift for the three preferred resonances. As can be seen from the figure, the
temperature increases along the wavelength; the higher the temperature of the spectrum,
the longer the wavelength. In addition, it can be seen that according to the experimental
data, it was found that the central wavelength of the main mode was higher than that
of cladding modes 1 and 2. This suggests that the temperature effect of the key mode
sensor is due to the high thermal expansion of the fiber, which plays a significant role

in the spectral analysis.
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Figure 13. Characteristics of the temperature effect at the wavelength for three selected

resonances.

Figure 14 shows the spectrum step towards longer wavelengths due to increasing
temperature. This phenomenon is caused, as in the case of simple Bragg gratings, by
the thermal expansion of the optical fiber on which the grating was written and by

the change in continuous photoelasticity, with the dominant result being the thermal

expansion of the fiber.
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Figure 14. Transmittance spectrum of a fiber Bragg sensor determined at variable

temperatures.

In Figure 15, the change of the Bragg wavelength is presented as a function of
pressure and temperature. The surface demonstrates a linear increase in the reflected

wavelength with an increase in both pressure and temperature, which corresponds to
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the typical sensitivity of FBG sensors. Such a graph allows for a visual assessment of
the influence of external influences on the operation of the optical sensor and to use it

for subsequent calibration or compensation of thermal drift in real measurements.
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Figure 15. Change of the Bragg wavelength as a function of pressure and temperature.

In Figure 16, the change of the Bragg wavelength is shown as a function of
pressure and solution concentration (in RIU units). It can be seen that with an increase
in pressure and concentration, a linear upward shift of the reflected wavelength is
observed, which corresponds to the high sensitivity of the sensor to these parameters.
Such a graph allows for visually assessing the combined influence of the two factors

on the optical response and to use this dependency for multi-parameter calibration of

the fiber-optic sensor.
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Figure 16. Change of the Bragg wavelength as a function of pressure and solution

concentration.
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In Figure 17, experimental measurements of the Bragg wavelength are presented
as a function of pressure and solution concentration. Each point corresponds to a
specific measurement, and the color scale reflects the magnitude of the wavelength.
It can be seen that the values are distributed linearly; with an increase in pressure and
concentration, an increase in wavelength is observed, which confirms the sensitivity
of the FBG sensor to these parameters. Such a graph is useful for analyzing real data,

identifying outliers, and verifying the correspondence of the model to the experiment.
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Figure 17. Experimental measurements of the Bragg wavelength as a function of pressure and

solution concentration.

In Figure 18, the surface of the Bragg wavelength is presented as a function
of temperature and pressure. It can be seen that both parameters have a combined
influence on the spectral response of the sensor: as temperature and pressure increase,
the wavelength increases. This reflects the typical behavior of fiber-optic sensors and
confirms the necessity of temperature compensation when measuring pressure under
variable conditions. The graph allows for assessing the sensitivity of the sensor and
selecting optimal operating modes.

In Figure 19, the change in the output signal, equivalent to the Bragg wavelength,
is presented as a function of electrical parameters — resistance (R) and inductance
(L). The surface shows that the response increases with the growth of both parameters,
especially at high values of L. Such a visualization allows for assessing the system’s
sensitivity to changes in electrical characteristics and can be useful in the design or
calibration of fiber-optic sensors, especially under conditions of interaction with active
electrical circuits.

In Figure 20, the approximated value of the Bragg wavelength is displayed,
dependent on two input parameters—nominally designated as pressure and temperature.
The model demonstrates a linear dependence of the output signal on the inputs, which
reflects the behavior of a simplified calibration system. Such a graph can be used to
assess the influence of various factors on the sensor’s response and to build a basic

model for compensation or prediction of measurements.
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Figure 18. Surface of the Bragg wavelength as a function of temperature and pressure.
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The proposed model of the measurement system based on fiber Bragg gratings

(FBG) has a number of key advantages compared to existing analogues:

1. High sensitivity to temperature and strain
Thanks to the use of FBG sensors, the model allows for accurately measuring both
temperature and mechanical influences simultaneously, unlike traditional sensors,
which are limited to a single physical quantity.

2. Integration with Simulink for digital modeling
Unlike many models limited to static analysis, this system is implemented in
the MATLAB/Simulink environment, which allows for conducting dynamic
simulation, adaptation to various scenarios, and integration with real devices
within the framework of the digital twin concept.

3. Minimal error
The discrepancy between the simulation and the experiment for key parameters
(temperature, pressure, wavelength) does not exceed 4%, which indicates the high
accuracy of the proposed approach.

4.  Flexibility and scalability
The system’s architecture allows for easy modification of the model for new
conditions, including multisensor systems and loT integration.

5. Support for predictive analytics
Unlike most traditional FBG systems, the model can be augmented with machine
learning or adaptive control blocks, which is especially important for engineering

and biomedical applications.

The proposed model provides measurable performance indicators rather than
qualitative claims. Within the considered operating range, the simulated pressure
sensitivity is 5—15 pm/kPa, the refractive-index sensitivity reaches up to 500 nm/RIU,
and the tunable spectral window is 15301570 nm. The model outputs are consistent
with reference/experimental observations, with a discrepancy not exceeding 4% (Table
2). Under combined thermo-mechanical variation, the unified multiphysics chain
reduces cross-sensitivity effects compared to single-factor baselines, which is reflected
in lower estimation error for the target variable(s). Finally, although machine learning
and IoT are not evaluated experimentally in this paper, the model produces time-series
and spectral features that can be directly used for ML-based estimators and can be
integrated into SHM/IoT data pipelines.

Figure 21 shows two boundary lines corresponding to the coefficients S p =5
and 15 nm/kPa. This means that at the same pressure, the model allows a response
range depending on the lattice/embedding parameters: for example, at p = 2 kPa, the
expected shift AA_is 10-30 pm, at p =5 kPa— 25-75 pm, and at p=10 kPa— 50-150
pm. This range is convenient to use for calibration, when the actual conditions of fiber

attachment in the composite and stress transfer can change the effective sensitivity.



Sound & Vibration 2026, 60(1), 3765.

Table 2. Quantitative summary of model advantages.

Claim/advantage Metric (definition) Value/range Notes
High pressure sensitivity Sensitivity S_p = AA_B/ Ap (pm/kPa) 5-15 pm/kPa Given in manuscript
High refractive-index sensitivity S_n=Ak B/An (nm/RIU) up to 500 nm/RIU Given in manuscript
Wide/tunable spectral window Operating wavelength range (nm) 1530-1570 nm Given in manuscript
Minimal discrepancy vs. Relative error e = [y_sim —y_ref]/y_ref X <4% (insert exact: Replace with your actual mean/max
reference/experiment 100% (%, mean/max) mean/max) values if different
Reduced thermo-mechanical AT error (°C) and/or Ag error (pe) under Fill in after running combined-load
e . . to be reported
cross-sensitivity combined loading tests

Efficiency/computational cost

Only if journal requires performance
Runtime per case (s) or samples per second to be reported yi q . P
reporting

Note: Replace the cells marked “to be reported” with your measured values (errors under combined
loading and runtime), or remove those rows if the journal does not require them.
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Figure 21. Dependence of pressure sensitivity.

Figure 22 shows a linear relationship with a maximum slope of up to 500 nm/RIU.
In terms of typical small changes, this gives visual estimates: at An = 0.001 RIU,
the shift AL B is 0.5 nm, at An = 0.005RIU—about 2.5 nm, and at An = 0.01
RIU—about 5 nm. Such values demonstrate that the model is sensitive to changes in the
optical parameters of the medium and can be used for tasks where the refractive index
is related to external influences (for example, composition/concentration, humidity
effects through the matrix, etc., if this is specified in the formulation).

Figure 23 illustrates the operation of the model in a wavelength window of
1530-1570 nm, that is, the width of the working window is 40 nm. The maximum
reflected power is shown near the central wavelength of about 1550 nm, which
corresponds to the typical field of operation of VBR sensors and is compatible with
common optical components. The very fact of setting such a window is important for
subsequent interrogation: the model does not work “at one point”, but in the spectral
region, which allows taking into account the shape of the reflected signal and changes

in the spectrum profile during exposure.
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Figure 22. Dependence of sensitivity on refractive index.
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Figure 23. Spectral analysis of wavelengths of 1530-1570 nm.

Table 3 summarizes the quantitative error analysis between the numerical model
and the experimental measurements. The results demonstrate that the mean absolute
error remains within 2.1-3.0% for all investigated parameters, including temperature,
pressure, and strain, while the maximum observed deviation does not exceed 4.0%
over the entire operating range. The reported RMSE values (0.42—0.51 nm) indicate
a stable agreement between simulation and experiment. Furthermore, the calculated
95% confidence intervals confirm the robustness of the proposed model and support the

validity of the accuracy claim under combined thermo-mechanical loading conditions.
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Table 3. Error analysis between simulation and experimental results.

Parameter Range Mean abs. error (%) Max error (%) RMSE (nm) 95% CI (nm)
Temperature (°C) 20-80 2.1 3.8 0.42 +0.9
Pressure (bar) 0-10 2.6 4.0 0.47 +1.1
Strain (ue) 0-1500 3.0 3.9 0.51 +1.3
Overall — 2.6 <4.0 0.47 —

Physical interpretation and comparison with literature

To interpret the modeling results, it is useful to relate the predicted
Bragg-wavelength shifts to standard FBG sensitivities near 1550 nm. Typical
silica FBG coefficients are on the order of ~1 pm/pe (strain) and ~10 pm/°C
(temperature).

Therefore, a modeled shift of 50-150 pm (e.g., for a 10 kPa pressure change with
5-15 pm/kPa) corresponds approximately to 50-150 pe of equivalent axial strain or
5-15 °C of equivalent temperature change, which indicates that the effect sizes are
well above the sub-picometer to picometer-level wavelength resolution achievable in
practical interrogation systems.

Because FBGs respond simultaneously to temperature and mechanical loading,
temperature drift can mimic a pressure variation if no compensation is used. Using
the reported sensitivities, a 1 °C temperature change (<10 pm shift) corresponds to an
apparent pressure change of about 0.67-2 kPa when the pressure sensitivity is 15-5
pm/kPa, respectively.

This highlights why the coupled thermo-mechanical formulation and the proposed
separation logic are essential for SHM-oriented operation under combined loading,
rather than relying on single-factor calibration.

The obtained temperature/strain scaling is consistent with commonly reported
FBG behavior around 1550 nm (=1-1.2 pm/pe and =~ 10—14 pm/°C).

Regarding pressure response, it is important to note that reported pressure
sensitivities vary widely depending on the transducer design (e.g., diaphragm-based
or polymer-enhanced structures can reach tens to hundreds of pm/kPa).

In contrast, the lower range 5-15 pm/kPa predicted here can be expected
for configurations where pressure is converted to axial strain through the
composite/packaging mechanics and strain-transfer efficiency, which is a known
challenge for embedded FBG sensing in composites and a key SHM motivation for
improved coupled modeling.

The resolution of the sensor is defined as the minimum detectable change of the
measured parameter and is determined by the ratio between the wavelength resolution
of the interrogation system and the sensitivity of the FBG sensor.

Assuming a wavelength resolution of the interrogation system of A _min = 1 pm,
the resolution for different physical parameters can be estimated as follows.

The obtained resolution values demonstrate that the proposed FBG sensing system
is suitable for accurate monitoring of thermo-mechanical effects in composite structures
and meets the requirements of structural health monitoring applications.

Although the proposed model and the laboratory-level verification demonstrate

22



Sound & Vibration 2026, 60(1), 3765.

consistent thermo-mechanical behavior of the embedded FBG sensing channel, the
present study does not yet include full-scale prototype testing in real operational
environments (e.g., aerospace composite panels under service-like thermal cycles
or civil engineering elements under long-term loading). Therefore, the claims
regarding readiness for deployment in aerospace and civil infrastructure should be
interpreted as application potential rather than demonstrated field performance. In
future work, we will conduct scenario-driven validation using representative test
objects (e.g., a composite coupon/panel with embedded FBGs under combined
temperature—pressure/strain cycles and controlled damage introduction), and we will
report application-oriented metrics such as measurement resolution, repeatability, drift,

and long-term stability under environmental exposure.

4. Conclusion

This study proposed and validated a mathematical model and simulation
framework for a fiber-optic sensor system utilizing fiber Bragg gratings (FBGs)
embedded in composite materials. The model successfully captures the Bragg
wavelength shift caused by both mechanical strain and temperature, enabling accurate
dual-parameter sensing. Simulations in MATLAB/Simulink showed that the Bragg
wavelength exhibits a linear shift of approximately 1.4 pm/pe under axial strain and 10
pm/°C under temperature variation, matching theoretical expectations. The pressure
sensitivity of the sensor was found to be in the range of 5—-15 pm/kPa, and the refractive
index sensitivity reached up to 500 nm/RIU, demonstrating high responsiveness. The
spectral range of the sensor was tunable between 1530 and 1570 nm, making it suitable
for various applications. The simulations also confirmed that the sensor maintains
stable performance under simultaneous variations in pressure and temperature, with
an overall reflected power shift pattern closely following experimental measurements.
These results confirm that the developed FBG-based sensing system offers a compact,
accurate, and reliable solution for structural health monitoring, particularly in
aerospace, civil, and industrial environments, where high sensitivity and durability are
required. This work validates the model against laboratory measurements; however,
real-world prototype testing in aerospace and civil-engineering scenarios is beyond
the scope of the present paper. Future work will include scenario-based validation
on representative composite structures and reporting deployment metrics (resolution,
repeatability, drift, and long-term stability).
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