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Abstract: The paper studies the distribution of relative displacement of a composite plate
with integrated fiber Bragg gratings. The analysis of the methods for manufacturing com-
posite plates with embedded optical fibers containing FBG sensors, as well as the spectral
characteristics of the gratings under various bending conditions, are performed. The effect
of sensor arrangement on the accuracy of determining stresses and relative elongations
of the material is experimentally studied. The features of spectral shifts that occur under
non-uniform stresses are revealed, which can reduce the accuracy of measurements when
using interrogators. The patterns of change in the central wavelength of Bragg gratings
depending on the type and magnitude of plate bending are established. The research
results confirm that the use of a network of embedded FBG sensors allows one to accurately
determine the areas of maximum deformations, as well as the nature and magnitude of
bending of composite structures. The data obtained can be used to develop more accurate
systems for monitoring the stress—strain state of composite materials.

Keywords: fiber optic Bragg sensor; composite plate; spectra; carbon fiber-reinforced
polymer; optical fiber sensor; centroid algorithm; distribution of deformation

1. Introduction

In modern construction materials, composites occupy a special place due to their
high strength, low weight, and resistance to external influences. However, to ensure the
reliability and durability of such materials, methods for monitoring their condition during
operation are required. One promising approach is the use of fiber Bragg gratings (FBG)
as embedded sensors that allow measuring mechanical deformations and stresses in the
material in real time.

Compared with conventional structural materials, such as aluminum or steel, carbon
fiber composites have some unique properties [1]. In terms of specific strength and rigidity,
carbon fiber composites are superior to almost all of the most widely used structural
materials and metallic materials. It is interesting to note that such a relatively weak
structural polymer material as polyamide, when carbon fibers are introduced into it,
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approaches metallic structural materials in terms of specific strength and rigidity [2]. Along
with high mechanical properties and chemical resistance, carbon fiber composites have
good antifriction characteristics, a relatively low friction coefficient, and increased wear
resistance. The friction coefficient of carbon fiber composites ranges from 0.1 to 0.17
depending on the test conditions, and in terms of wear resistance they are 5-10 times
superior to antifriction grades of bronze used to make plain bearings [3]. The advantages
of using carbon fiber-reinforced plastics are that they allow a reduction in the weight
of the structure by 15-45%, high resistance to corrosion and various deformations, and
the possibility of creating highly complex products. The following main methods of
manufacturing products from carbon fiber exist [3].

There are several main methods for producing composite materials, including hand
lay-up, vacuum infusion, autoclave molding, and prepreg. Each has its own advantages
and limitations depending on the requirements for geometry, strength characteristics, and
technological availability. For example, autoclave molding provides the highest quality and
density, but it requires expensive equipment and complex parameter control. The vacuum
infusion method reduces the amount of voids and improves fiber wettability, but it requires
precise sealing and control of resin viscosity. In this work, the hand lay-up method was
chosen as the most universal and applicable for laboratory conditions. This method allows
for the precise integration of fiber optic sensors between layers of reinforcing fabric without
damaging its structure. Carbon fabric with a density of 200 g/m?, which has high strength
and resistance to deformation, was used as a reinforcing material, and a two-component
epoxy resin was used as a matrix. This combination not only ensures the strength and
rigidity of the structure, but also good compatibility with embedded optical fibers. This
approach made it possible to create composite plates with an integrated sensor network
without significantly deteriorating the mechanical properties of the material, which is
critically important when studying the distribution of deformations and stresses.

Fiber optic sensors embedded in materials are very useful for strain/temperature
monitoring in extreme environmental conditions. Intelligent composite materials with
integrated fiber optic sensors can significantly improve the safety of modern machines,
structures, and devices. The paper analyzed in detail sensitivity, multiplexing, resistance to
external influences, and applicability in real conditions [4].

Bragg gratings (FBGs) are usually used. Here, the effect was used, according to which
the wavelength of the reflected light peak was proportional to the change in the Bragg
grating period, which, in turn, was determined by the deformation and temperature. The
main problem of temperature cross-sensitivity encountered in FBG-based measurement
requires the use of a temperature compensation method, which was also discussed in this
paper [5]. The advantages of FBGs are as follows: a high value of the useful signal-to-noise
ratio; high sensitivity to deformations (less than 0.5 x 10~°); the possibility of interrogation
via one fiber; multiplexing into many FBGs; three-axis deformation sensitivity.

The most common manufacturing processes used by laboratory and small-scale in-
dustrial manufacturers are the hand lay-up and pre-lay-up methods [3]. The hand lay-up
method is the process of arranging fiber-reinforced layers in a laminate and shaping it
to produce the desired part. This is accomplished by laying up the reinforcing fibers or
fabrics by applying a matrix between them. Once laid up, the polymer matrix is cured (or
polymerized), and the multilayer composite specimen can be shaped to the manufacturer’s
specifications. Prepregs are individual laminates of “pre-impregnated” composite fibers
with a matrix material such as epoxy resin. In the prepreg lay-up method, multiple layers
of prepreg composites are laid up and cured either unassisted or by applying heat and/or
pressure. The molding process can be either vacuum bag molding or autoclave molding [4].
FBGs are the most commonly used fiber optic sensors for composite materials [6-8]. The
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Bragg grating consists of a region in which the refractive index is periodically changed in
the core region of the optical fiber [9]. The strain components acting in different directions
inside the composite structure can be measured by multiplexed FBGs [10]. In addition, the
anisotropic strain distribution in the composite material can be measured by FBGs recorded
in the microstructured fiber with high birefringence [11]. Fiber Bragg grating (FBG) sensors
are ideal for health monitoring of composite materials and concrete structures [12]. Among
the various multiplexing methods of FBG sensors, the wavelength division multiplexing
method (WDM) is one of the most widely used [13].

In recent years, research in the field of integrating fiber Bragg gratings (FBGs) into com-
posite materials has been actively developing due to their high accuracy, compactness, and
resistance to external influences. A number of studies [14-18] describe the key advantages
of FBG sensors over traditional measuring systems, including the possibility of multiplex-
ing, high sensitivity to deformations, and suitability for operation in extreme conditions.
The authors of [14] first demonstrated the effectiveness of FBG for stress monitoring in
composites, while [15] studied the behavior of sensors under local mechanical loads, [16]
focused on the influence of the embedding and lamination method on the sensor response,
and [17] provided a systematic review of the application of FBG for monitoring structures.
Modern studies also address algorithms for interpreting spectral data, especially in the
case of their distortion under non-uniform stresses [18]. However, despite the accumulated
experience, problems related to the analysis of deformations under complex and combined
loads remain unsolved, especially in the conditions of the two-dimensional placement of
FBG networks in composite structures. This work is aimed at filling this gap.

2. Materials and Methods

In this work, control plates were manufactured consisting of a selected number of
layers of carbon fabric impregnated with epoxy resin. Fiber optic Bragg sensors were
additionally placed between the layers of carbon fabric.

Carbon Fabric Manufacturer: The carbon fabric used in the study was TC-H200
(0.2 mm thick, 200 g/ m?) supplied by Toray Industries Inc., Tokyo, Japan. Epoxy Resin
Type and Manufacturer: The matrix was a two-component epoxy resin ED-20 with PEPA
hardener (supplier: EpoKam Company, Almaty, Kazakhstan). The epoxy resin was mixed
with the hardener in a ratio of 2:1, and, using a brush, evenly distributed over the addition
of each layer of carbon fabric. The layers impregnated with the appropriate amount of
carbon fiber were placed between two glasses, which made it relatively easy to separate the
finished plate from the glass. Plate Formation Conditions: The composite specimens were
formed by hand lay-up followed by pressing. To ensure a uniform lay-up and removal of air
inclusions, a pressure of about 0.2-0.3 MPa was used, created by static loading between the
glass plates. Plate Curing: The specimens were kept under pressure at room temperature
for 24 h, after which they were additionally post-cured for 2 h at 60 °C in a drying oven.
The glass panels, between which the control board was placed, were pressed against each
other, which ensured the displacement of air bubbles from the structure. In addition, the
plates were given a smooth upper surface. The study of the possibility of determining the
relative distribution of stresses in a composite plate with built-in Bragg grating sensors was
continued on another manufactured control plate. In this case, 3 optical fibers with three
Bragg gratings of different wavelengths in each fiber were used. The actual appearance of
the composite board with built-in sensors is shown in Figure 1.
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Built-in FBG sensors

Carbon fabric

Figure 1. Photograph of a composite carbon fiber and epoxy resin test plate with embedded
FBG sensors.

The test plate was made of 8 layers of carbon fabric impregnated with epoxy resin. In
the plate made for this experiment, optical fibers were embedded between layers 1 and 2
of the carbon fabric, creating a network of 9 sensors distributed in different places on the
plate at the same “depth” (between layers 1 and 2 of the fabric).

The impact of sensor packaging technology on measurement accuracy is related to
several key factors. The method of integrating the sensor into the composite material: fiber
optic sensors can be embedded between layers of carbon fiber or placed on the surface of
the material. The method of fixing and packaging: the use of vacuum forming or autoclave
pressing improves the contact of the sensor with the material and reduces errors. Rigid
fixing can cause local bending and signal distortion. The location of the sensor relative to
the neutral axis of the composite: the closer the sensor is to the zone of maximum stress,
the higher its sensitivity, but also the likelihood of damage. The optimal placement is
determined experimentally, taking into account the bending and load characteristics.

The first experiment used a bending element with a controlled load applied at 2 mm
increments. The maximum deflection was 23 mm, which corresponded to a load of about
50 N. The second experiment used a three-point support scheme, in which the load was
distributed over two fixed support points and the central load varied from 0 to 500 N.

In the first case, the load was point-like and applied along the axis of symmetry of the
plate, which allowed us to analyze the uniform stress distribution along the main bending
line. In the second case, an uneven distribution of bending stresses was observed, since the
plate was supported at three points, which led to a combination of local compression and
tension zones.

The fiber optic Bragg gratings used were fabricated in the laboratory of the Lublin
University of Technology using the phase mask exposure method and a 248 nm UV laser.
The gratings were written on standard telecommunication single-mode fibers of the SMF-
28e+ type (manufactured by Corning Inc., Corning, USA). Before embedding into the
composite structure, the fibers were stripped of their protective coating over a length of
30 mm, and the FBGs were fixed between fabric layers with controlled pre-tension. A
Yokogawa AQ6370D optical spectrum analyzer operating in the range of 1200-1700 nm
was used for spectral analysis. A super luminescent diode (SLED) with a wide spectrum
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(1525-1565 nm), model EXFO SLED-1550, provided by EXFO Inc., Quebec, QC, Canada.
was used as a light source.

Standard FC/APC optical connectors and low-loss optical splitters were used to
connect the components. Light was introduced into the fibers via single-mode patch cords
with calibrated connections. The fibers were connected to the analyzer directly via standard
OSA interface ports using pre-polished and calibrated ferrules.

The optical scheme included a series connection of the light source, the tested sample
with FBG, and the spectrum analyzer. The reflected signal from the grating was directed
back to the analyzer via an optical circulator.

3. Results
3.1. Uniform Bending of the Plate with a Network of Built-In Sensors

Figure 2 shows a diagram of the internal structure of the board, showing where the
fibers with the sensors stored in them were mounted.

Optical spectrum
SLED ) analyzer

Fibery —bierl " ‘

—
Fiber3 =

—

FBGI FBG2 FBG3

Figure 2. Schematic diagram of the arrangement of Bragg gratings embedded in the internal structure
of the control plate.

The plate shown in the Figures above was loaded in two ways. The first is shown in
Figure 3 where the element was clamped on one side and the bending element was applied
against the opposite side. The amount of bending of the plate was set by an electronically
controlled micrometer rod.

The micrometer screw was used exclusively to create a controlled bending of the
plate, i.e., to adjust the vertical displacement in its central part between the supports (see
Figures 3a and 8a). The measured displacement allowed us to estimate the deformation,
which was monitored by the spectral shift of the central wavelength of the FBG reflection.
The obtained changes in wavelength were then converted into relative displacement values
using predetermined calibration factors.

In the experimental studies, the plate was fixed using clamps that rigidly fixed the
edges of the sample onto an aluminum support. The contact surfaces of the plate and the
support were pre-degreased to prevent slipping. Additionally, to ensure the stability of the
position and uniform transfer of the load, thin rubber pads were used between the plate
and the metal elements of the clamp. Such fastening allowed for precise fixation of the test
area and the elimination of extraneous movements during the measurement process.
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(a) micrometric screw

Fibers
(b)
Fiberl — r~ —
O Q Q
= i £0)
Fiber2 -\
Fiber3
100 mm
300 mm

Figure 3. Schematic diagram of the internal structure of the test plate and the measuring system with
the applied plate deforming element. (a) Side view of the setup showing a fixed optical fiber with
three sequentially written gratings FBG1, FBG2 and FBG3, (b) Top view of the setup: three optical
fibers (Fiberl, Fiber2, Fiber3) are fixed parallel to each other. Each fiber has three gratings written
(FBG1, FBG2, FBG3) located at the same distance from each other (100 mm).

In the case of uniform bending (Figure 3a), two cylindrical supports with a diameter
of 10 mm were used, installed at a distance of 180 mm from each other. The upper point of
application of force (via a micrometer screw) was located in the center of the span.

All tested composite plates had the following dimensions: Length: 200 mm; Width:
30 mm; Thickness: for 8-layer plate—1.6 mm (each layer ~ 0.2 mm), for 6-layer
plate—1.2 mm?. Position of fibers (Figures 3b and 8b): Fibers with FBG were placed longi-
tudinally along the plate. Fibers 1, 2, and 3 were embedded between the first and second
layers, at distances of 5 mm, 15 mm, and 25 mm from one of the long edges of the plate,
respectively (perpendicular to the bending axis). Fibers 4 and 5 were placed between
the fifth and sixth layers and were located at the same transverse coordinates: 5 mm and
25 mm. The sensor network covered most of the plate width and allowed observation of
the distribution of deformations across the width and depth of the sample.

It should be noted that the load was applied pointwise, along the axis of symmetry of
the plate (along the axis on which the central optical Fiber 2 was also fixed). Observation of
the central shift of the Bragg wavelengths will allow us to determine the relative elongations
at the points of the control plate in which the Bragg sensors were embedded. Figure 4
shows the transmission spectra measured for successive optical fibers embedded in the
plate subjected to upward bending according to the scheme shown in Figure 3.

In the described case, it is evident that the spectra of each of the presented Bragg grat-
ings shifted toward longer wavelengths. Based on the measured spectra, the characteristics
of the change in the central wavelength from the plate bending value were determined by
the method of identifying the minima. These dependencies are shown in Figure 5, which
shows the characteristics for each of the Bragg gratings embedded in the composite.



J. Compos. Sci. 2025, 9, 198

Wavelength [nm]

7 of 20
15 X 107} e
. i T T T T
(a) ——B Fiberl
0 mm
- ——10 mm S
% 20 mm ,w
= 1F = 77 4
Z
2
=%
Sosp -
=9
o FBG1
FBG3 FBG2
0 1 1 1 1 1
1536 1538 1540 1542 1544 1546 1548 1550
«10~% Wavelength [nm]
1.5 ®) bending T T - T T T
0 mm Fiber2
; =10 mm M o
20 mm
E | il 1 ]
= 1 P
5y
)
e
Sost R
8 FBG1
FBG3 FBG2
0 1 1 1 1 1 1
1536 1538 1540 1542 1544 1546 1548 1550
L5 X 107* Wavelength [nm]
. bendi T T . T T T
() encng Fiber3
0 mm
— 10 mm "\_,,o\—,:-w%"‘f-‘*v‘f-’——p
BE 20 mm _«r’""‘ T’c
et ] ~ _’J:"’ -
§ w.p-""."{ %w
)
2
S05F E
) FBG2
FBG3
0 1 | 1 1 1
1536 1538 1540 1542 1544 1548 1550

Figure 4. Transmission spectra measured for successive optical fibers embedded in a composite
plate. (a) Fiber 1—Reflectance spectra for the fiber located closer to the edge of the plate, (b) Fiber
2—Central fiber located along the axis of symmetry of the plate, (c) Fiber 3—Fiber located closer to

the opposite edge of the plate.

maximum mechanical stress and the nature of the applied load.

The response of Fiber 2 in Figure 5b is the most significant for the following reasons:

Fiber 2 was mounted along the axis of symmetry of the plate, where the greatest
stretching occurred during bending. This explains the significant shift in the central
Bragg wavelength compared to the other sensors.
Fiber 2 experienced the strongest stretch during bending of the control plate, which

resulted in the largest change in the central wavelength.

Fibers 1 and 3 showed a similar range of wavelength shifts, while Fiber 2 recorded the

largest shift, indicating that it was subjected to a greater load.

The response of Fiber 2 is the most significant due to its location in the zone of
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Figure 5. Characteristics of the central wavelength change determined for optical fibers with recorded
FBG sensors. (a) Fiber 1—the fiber located closer to the edge of the plate, (b) Fiber 2—the central fiber
running along the axis of symmetry, (c) Fiber 3—the fiber located closer to the opposite edge of the plate.

FBG 3 gratings were embedded in the edge of the plate closest to the mount. The
absence or slight shift of the spectrum observed at strains from 0 to 4 mm indicated
the absence of contact of the bending head at the initial values of the micrometer screw
elongation. Figure 5b shows the Bragg wavelength shift characteristics determined for the
gratings recorded in Fiber 2. The characteristics determined for Fiber 1 and Fiber 3 have
almost the same range of wavelength change for a given bending of the test plate. Table 1
contains the initial data of spectral shifts (in nm) for all nine sensors embedded in three
fibers. These values were used further to calculate the relative elongations of the material
and analyze the distribution of deformations across the width of the plate.

The shifts in Table 1 can be used as input data. The spectral shift in nanometers directly
reflects the change in the reflection wavelength of each grating when the material was
stretched or compressed at a given point. These shifts were used as input data for the
subsequent calculation of the relative elongation of the material in the corresponding zones.

Studying the distribution of relative displacements using FBG sensors arranged in a
sensor network allows us to find the parts of the test plate that were subject to the heaviest
loads. The technique of embedding the sensors in the internal structure ensured that the
tensile strain of the material was directly transferred to the elongation of the fiber sensor.
The effect of the strongest stretching of the material along the axis of symmetry of the
plate, observed in Figure 5, was due to the fact that the force bending the plate was applied
precisely along the axis of symmetry. In addition, this may be due to the fact that the plate
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was fastened, per Figure 5b, where two corners of the composite plate were fastened. This
effect can be seen in the graphs presented in Figure 6, where the curves of the change in the
wavelength shift of gratings with the same number (FBG 1/FBG 2/FBG 3), placed on three

fibers, are compared in one window.

Table 1. Results of changes in the Bragg wavelength of gratings embedded in the internal structure of

the composite plate.

Difference in Wavelengths When Bending a Plate

Bending
Fiber 1 Fiber 2 Fiber 3
[mm] FBG1 FBG2 FBG3 FBG1 FBG2 FBG3 FBG1 FBG2 FBG3
mm
[nm] [nm] [nm] [nm] [nm] [nm] [nm] [nm] [nm]
0 0 0 0 0 0.005 0 0 0 0
2 0.005 0.005 0.006 0.02 0.01 0.01 0 0.005 0
4 0.05 0.035 0.015 0.06 0.035 0.04 0.04 0.025 0.007
6 0.09 0.055 0.031 0.11 0.05 0.045 0.08 0.05 0.024
8 0.125 0.08 0.043 0.16 0.1 0.06 0.12 0.075 0.035
10 0.16 0.105 0.055 0.2 0.13 0.08 0.158 0.1 0.047
12 0.21 0.13 0.07 0.255 0.14 0.09 0.205 0.13 0.058
14 0.235 0.16 0.078 0.3 0.18 0.11 0.25 0.16 0.074
16 0.28 0.19 0.09 0.345 0.205 0.13 0.285 0.19 0.087
18 0.32 0.22 0.1 04 0.24 0.15 0.33 0.215 0.104
20 0.35 0.245 0.119 0.45 0.26 0.16 0.365 0.24 0.118
22 04 0.27 0.129 0.495 0.3 0.18 0.405 0.275 0.126
23 041 0.28 0.135 0.52 0.31 0.19 0.43 0.29 0.134
E‘ 0.6 T T T T
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Figure 6. Characteristics of the central wavelength change determined for gratings recorded in three
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Fitting the spectral dips by using a parabolic function was not used, as it can lead to
even larger errors in the presence of significant distortions.

Instead, we used a robust numerical approach based on a weighted average value
over a selected spectral range. A numerical method based on the calculation of the spectral
centroid was used to determine the shift of the central wavelength of reflection. This
approach was especially relevant in cases where the shape of the spectrum was distorted
due to non-uniform deformations in the area of the fiber optic Bragg gratings (FBGs), which
made traditional methods (e.g., determining the minimum reflection) less accurate.

The spectral range in which the calculation was performed was determined individu-
ally for each spectrum and covered the main reflection peak with an intensity of at least
80% of the maximum. In most cases, the range was about +0.3-0.5 nm from the assumed
peak center. This made it possible to exclude the influence of noise and side maxima, as
well as to increase the accuracy of the estimate in the presence of spectrum asymmetry. This
approach allowed for reliable determination of the shift in the central wavelength even
under conditions of significant spectral distortions arising under the action of local defor-
mation gradients. The application of the centroid method is described and recommended
in [19].

Errors and the addition of error bars in Figures 5, 6 and 12 reflect a standard deviation
of 0.001 nm.

An analysis of the graphs in Figure 6 shows that for each of the grating rows (FBG
1/FBG 2/FBG 3), the sensors located on Fiber 1 and Fiber 3 had the same wavelength shift.
At the same time, in each of the grating rows, it is clear that the Bragg wavelength shift of
the sensors stored in Fiber 2 was the largest.

3.2. Investigation of Stress Distribution in a Plate in a Three-Point Support System

Experimental verification of the distribution of displacements when loading a plate
with a three-point support was conducted. Such a loading characteristic allows obtaining
non-uniform bending, which manifests itself in the form of local compressive and local
tensile stresses. To manufacture the control plate, six layers of carbon fabric impregnated
with epoxy resin were used, into which 13 FBG sensors were built. The layout of the Bragg
sensors for this case is shown in Figure 7.

Optical spectrum
analyzer

SLED

Fiberl ‘

Fiber3

e\"%/

Figure 7. Schematic diagram of the internal structure of the control plate with 13 Bragg sensors

embedded between layers of carbon fabric.

Nine of them were arranged identically to the previous case, i.e., three fibers with
three fiber sensors were embedded between the first and second layers. In addition, two
fibers (each with two Bragg gratings) were embedded between the fifth and sixth layers.
Figure 8 schematically shows how the control board with embedded sensors was supported
and loaded.
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( a ) micrometric screw

Fibers

(b)

Fiber3 — - po—

) Q Q

& o )
Fiber2
Fiberl

100 mm
300 mm
Fiber4 Fiber5

Figure 8. Loading and mounting diagram of the plate with an integrated network of Bragg sensors.
(a) Side view: Optical fibers with written fiber Bragg gratings (FBG1, FBG2, FBG3) are embedded in a
curved plate, (b) Top view: Three optical fibers (Fiberl, Fiber2, Fiber3) are arranged in parallel inside
the plate and fixed between supports (Fiber4 and Fiber5).

In the case of three-point bending (Figure 8a), a similar scheme with central loading
was used, but no clamps were used. The plate rested freely on two supports, and the load
was transmitted from above through a round contact surface with a diameter of 10 mm.

The contact between the plate and the fastening elements was ensured through 1 mm
thick rubber pads to prevent slipping and damage. The position of the supports and the
loading element ensured stable and reproducible bending.

By arranging the FBG sensors at 90 degrees to each other, it was possible to monitor
changes in relative elongation that also occurred along the entire length of the test plate.
Figure 9 shows the stress distribution in a control plate, clamped and loaded as described
in this work.

Relative Stress
0 MPa

External load causing bending of the plate and
the correspondence stress article.

20

Figure 9. Stress distribution in a test plate with integrated Bragg sensors.
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To illustrate the stress distribution in Figure 9, a simulation was performed for the case
of applying a load to the edge of the control plate in the SolidEdge ST4 environment. The
stress analysis shown in Figure 9 demonstrates that the stresses, and, therefore, the plate
deformation, reached their greatest values at the supported corner of the plate. Placing
the sensor in such a place can change the shape of the spectrum of the FBG sensor located
in the zone of non-uniform stresses. If the relative elongation of the material in which
it is embedded has different values along the length of the grating, then the period of
the periodic structure becomes non-uniform, which can be compared to the appearance
of a chirp.

In Section 3.1, the positioning of Fibers 1-3 and 4-5: Fibers 1-3 were embedded
between the first and second layers of the composite plate, i.e., closer to the tensile surface
during bending, in order to increase the sensitivity to deformations. In contrast, Fibers 4
and 5 were placed between the fifth and sixth layers, i.e., closer to the neutral axis, in order
to evaluate the effect of the embedding depth on the shape of the reflectance spectrum
and the sensitivity of the FBG. This distribution allowed us to compare the behavior of the
sensors under different stress gradients through the material thickness and to analyze the
distortion of the spectra under non-uniform loads.

Selection of the number of layers in the plates (eight layers and six layers) in Section 3.2:
The plate with eight layers was used in the uniform bending experiment, since this config-
uration provides a more stable geometry and increased stiffness, which is important for
symmetrical loading at two points. In turn, the 6-layer plate was chosen for the experiment
with non-uniform bending (three-point scheme), where the task was to obtain a signifi-
cant deformation gradient in the central region. A thinner structure made it possible to
enhance the local bending effects and demonstrate distortion of the spectra in the zone of
greatest stress.

3.3. Analysis of Stresses in Fibers Along the Test Plate

The measurement results and processing characteristics determined from the spectra
of fibers embedded along the control board are presented. Figure 10 shows the transmission
spectra measured for Fiber 1, Fiber 2, and Fiber 3 embedded in the plate. An analysis of the
spectra of successive Bragg gratings shows that, especially in the case of Fiber 1 (embedded
on the side of the supported corner), deformations of the spectrum were observed. This
is due to the fact that the stresses in the plate structure near the additional reinforced
corner showed a large change over a short distance. Therefore, a non-uniform elongation
of the Bragg grating along its entire length was possible. This resulted in the grating
period not having the same length along the entire Bragg grating, so that the resulting
spectrum was essentially an average spectrum measured over a number of short gratings
with different periods.

Sections 3.3 and 3.4 present spectra recorded from FBG-embedded optical fibers lo-
cated in different areas of the composite plate. Figure 10 shows distorted spectra, especially
for Fiber 1, indicating non-uniform strain. This is what caused the dips and deformations
in the spectrum shape.

The spectral dips shown in Figure 10 correspond to FBGs located near the attachment
corners and in local stress zones (see the sensor placement diagram in Figure 8). These
gratings experienced non-uniform strain along their length, which caused the spectral
distortions described in the text. In particular, this applies to FBG1 on Fiber 1.

Similarly, Figure 4 shows spectra for fibers embedded in the plate under uniform
bending. The spectral shifts shown in the Figure correspond to specific FBGs, as further
detailed in Table 1. For each of the fibers (Fiber 1, 2, and 3), three gratings (FBG1, FBG2,
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and FBG3) are specified, and all of them are given explicitly in the table and in the graphs
(e.g., Figures 5 and 6).
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Figure 10. Transmission spectra measured for serial optical fibers embedded in a control board with
an embedded network of 13 FBG sensors.

The transmission spectra shown in Figure 11 indicate a much more complex stress
distribution than in the case of a single-sided supported plate. The spectral shape change
effect can also be caused by imprecise bonding of the Bragg grid to the composite structure
of the plate, but this effect is very unlikely in the case of the epoxy resin embedding of carbon
fiber. If the relative elongation of the material in which the grating is embedded varies along
the length of the FBG, the periodic structure of the grating becomes non-uniform, leading to
chirp-like effects in the reflectance spectrum, as described previously in [19].

Despite the spectral shape change observed for some FBGs, it is possible to determine
the spectral shift caused by the tension or compression of the control plate at the location of
the embedded sensor. Figure 10 shows the change in the shift of the central wavelength
of the FBG spectra recorded on Fiber 1, Fiber 2, and Fiber 3. Fiber 1 was subjected to non-
uniform deformation along the length of the FBG grating. Because of this, the determination
of the characteristic wavelength shifts of the grating based on the basic method of finding
the spectral minimum was subject to a large error. Figure 11 shows the transmission
spectra of FBG1 recorded on Fiber 1 embedded in the composite plate structure subjected
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to bending in accordance with the assumptions of this work. The Transfer Matrix Method
(TMM) modeling technique was applied in Figure 11.
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Figure 11. 1546Ne.

The TMM method was applied to numerically model the shape of the reflectance
spectrum of the FBG located in the non-uniform stretching zone (in particular, for FBG1 in
Fiber 1). Specific calculated data obtained using TMM include the following: the shape of
the reflectance spectrum taking into account the non-uniform strain distribution along the
grating length (chirp effect); the presence of side lobes and deformations of the main peak
corresponding to a local change in the grating pitch; the comparison with the experimental
spectrum shown in Figure 11. The curve calculated using TMM was used to confirm that
the observed deformation of the spectrum was caused by the strain gradient along the
grating, and not by measurement noise or artifacts. A list of parameters used in the model
is as follows:

- Lattice length: 10 mm

- Maximum stretch: 600 e

- Deformation gradient: linear, from 0 to 600 pe
- A priori reflectivity: 10%

- Refractive index constancy of the core: 1.45

An analysis of the spectra shown in the Figure above clearly shows that the spectrum
was deformed as a result of the introduction of a specific chirp into the Bragg grating
structure.

Due to the change in the shape of the spectrum, the determination of the spectrum
shift based on finding the minimum of the characteristic had a large error. For this reason,
the shifts in this case were determined using the “Centroid” algorithm, which consisted of
calculating the geometric center of the spectrum using the following formula.

The centroid algorithm was used not only for FBG1, but for all FBG sensors whose
spectra showed signs of shape distortion, particularly when bending with uneven stress
distribution (Figures 10-12). For regular and symmetrical spectra, both methods were used,
namely, minimum value and center of gravity for comparison.

To calculate the spectral centroid of each FBG, a local spectral range was selected that
covered at least 80% of the reflected signal intensity around the main peak. Specifically,
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in Figures 10 and 11, the ranges were £0.3-0.5 nm from the assumed peak center; the
range was determined individually depending on the width and shape of the spectrum to
exclude noise artifacts and side peaks. Regarding the algorithm for Figure 12, all spectral
shift values presented in Figure 12 were obtained based on the centroid algorithm. This is
especially important since a significant portion of sensors (e.g., FBG1 in Fiber 1) were in
areas with pronounced non-linear deformation, which distorted the spectrum and made it
difficult to determine the minimum using standard methods. The formula is the definition
of the centroid of the spectrum and is written as follows:

_ YN MA;

Ap )
YN A;

where A;—the wavelength at the i-th reading; A;—reflection intensity at A; A;—central
(average) wavelength.
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Figure 12. Spectral shift characteristics of Bragg gratings made on optical fibers embedded in a plate.

Thus, the shift value was determined based on a certain wavelength range, which, as
presented in [19], has a beneficial effect on the accuracy of shift determination in the case of
irregular spectra.

The waveforms representing the wavelength variation of individual Bragg modules
associated with successive FBGs clearly show that the material was stretched and stressed
non-uniformly. As predicted from the stress distribution shown in Figure 10, the center
wavelengths of the gratings recorded on Fiber 3 shifted toward longer wavelengths, which
was due to the stretching of the plate along the length of the fiber. The characteristics
associated with Fiber 2 and Fiber 1, on the other hand, indicate that the fibers were
subjected to both stretching and compression at different points along their lengths.
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The shift value was determined based on a certain wavelength range, which, as
presented in [19], has a beneficial effect on the accuracy of shift determination in the case
of irregular spectra. The sensitivity Ke determined on this basis was 1.1888 pm/pum. This
value was used to calculate the relative elongation at the location where the FBG sensor
was embedded. Table 2 shows the results of changing the Bragg wavelength of the gratings
embedded in the internal structure of the composite plate along the long side of the plate.
Table 3 shows the spectral shift values of the individual Bragg sensors embedded in the
composite structure, assuming a strain sensitivity of 1.1888 pm/um and a Bragg grating
length of 10 mm.

Table 2. Results of changes in the Bragg wavelength of gratings embedded in the internal structure of
a composite plate along the long side of the plate.

Difference in Wavelengths When Bending a Plate

Bending
Fiber 1 Fiber 2 Fiber 3

FBG1 FBG2 FBG3 FBG 1 FBG 2 FBG 3 FBG 1 FBG 2 FBG3
N el ml el fnl oml (] fm] ] o]
0 0 0 0.000 0 0 0 0 0 0
2 0 0.02 0.015 0.006 0.005 0.01 0.015 0.035 0.035
4 0 0.02 0.020 —0.002 0.02 0.02 0.025 0.06 0.095
6 —0.02 0.01 0.030 —0.002 0.03 0.06 0.055 0.08 0.125
8 —0.05 —0.01 0.040 —0.012 0.05 0.08 0.075 0.105 0.155
10 —0.08 —0.03 0.060 —0.025 0.08 0.13 0.095 0.125 0.175
12 —0.12 —0.04 0.090 —0.034 0.1 0.17 0.125 0.15 0.205
14 —0.16 —0.06 0.100 —0.052 0.135 0.23 0.155 0.18 0.225
16 —0.215 —0.08 0.110 —0.054 0.18 0.29 0.175 0.21 0.245
18 —-0.27 —0.08 0.120 —0.081 0.22 0.37 0.205 0.24 0.265
20 —-0.37 —0.08 0.160 —0.146 0.25 0.45 0.215 0.28 0.295
22 —0.43 —0.09 0.200 —0.196 0.25 0.49 0.2 0.3 0.315

Table 3. Summary of relative elongation of the control plate along the length of the Bragg gratings
embedded in the composite plate along the long side of the plate.

Bending Relative Elongation of the Plate at the Insertion Point of the FBG Sensor

Fiber TOP Fiber CENTER Fiber BOTTOM

FBG 1 FBG 2 FBG 3 FBG1 FBG2 FBG3 FBG1 FBG2 FBG3
W my gl el el fenl el fem] fen] [
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1 26.94 12.63 3.37 —3.37 0.84 0.00 —25.25 —20.20 —10.10
2 53.87 29.46 14.31 0.00 1.68 3.37 —50.51 —40.40 —20.20
3 84.18 52.19 23.57 0.00 1.68 3.37 —84.18 —57.24 —33.67
4 114.48 71.55 33.67 0.00 1.68 3.37 —-10943 —75.76 —43.77
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Table 3. Cont.
Bending Relative Elongation of the Plate at the Insertion Point of the FBG Sensor
Fiber TOP Fiber CENTER Fiber BOTTOM

5 141.41 89.23 40.40 0.00 2.53 421 —143.10 —94.28 —53.87
6 171.72 109.43 50.51 0.00 1.68 6.73 —168.35 —114.48 —63.97
7 196.97 126.26 60.61 0.00 4.21 6.73 —202.02 —134.68 —77.44
8 228.96 147.31 70.71 0.00 421 6.73 —227.27  —150.67 —86.70
9 255.89 164.14 79.12 0.84 5.05 6.73 —25253 17172  —97.64
10 286.20 183.50 87.54 0.00 5.05 8.42 —286.20 —189.39 —107.74
11 313.13 200.34 97.64 0.00 5.05 10.10 —31145 —-208.75 —117.85
12 342.59 217.17 106.90 0.00 5.05 10.10 —345.12 —22896  —127.95
13 370.37 237.37 115.32 0.00 5.05 10.10 —370.37  —24747  —138.89
14 400.67 258.42 124.58 3.37 5.05 10.10 —404.04 —265.99 —149.83
15 427.61 277.78 134.68 0.00 5.05 10.10 —429.29  —286.20 —161.62
16 454.55 294.61 141.41 0.00 5.05 11.78 —45455  —-303.03 —170.88
17 485.69 315.66 151.52 0.00 5.05 13.47 —488.22  —323.23 —180.13
18 513.47 335.86 161.62 0.00 5.05 13.47 —511.78  —343.43 —188.55
19 535.35 355.22 171.72 0.00 5.05 13.47 —537.88  —364.48 —196.97
20 556.40 377.10 175.93 1.68 3.37 1.68 —558.92  —382.15 —203.70

3.4. Analysis of Stresses in Fibers Passing Through a Test Plate

The spectral shifts of the FBG sensors recorded in Fiber 4 and Fiber 5, which were

embedded in the internal structure across the composite plate—i.e., at right angles to Fibers

1-3—can be analyzed separately. A schematic of the sensor network embedded in the

composite structure is shown in Figure 13. The image of the stress distribution in the plate

loaded according to the assumptions of this chapter shows that, as in the case of embedded

fibers along the plate, strong stress non-uniformities are to be expected. An additional

image of the stress distribution with the optical fibers and Bragg gratings schematically

indicated is shown in Figure 13. With this arrangement of sensors, the relative strain in the

direction along the shorter side of the test plate can be investigated.
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FBGI
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stress
1

0

Figure 13. Spectral shift characteristics of Bragg gratings fabricated on optical fibers embedded in

a plate.
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Figure 14 shows the transmission spectra measured for Fiber 4 and Fiber 5. For each
fiber, two minima are visible, associated with the periodic structures stored in the fiber.
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Figure 14. Spectral shift characteristics of Bragg gratings embedded across the width of the composite
plate. (a) Reflectance spectra for fiber 5, (b) Reflectance spectra for fiber 4.

The first case analyzed for shifts in the spectra of the Bragg sensors attached along
the short side of the test board is the case schematically described in Figure 8a, where the
gratings were placed at the bottom of the board between layers 5 and 6. The transmission
spectra measured for the fiber with two Bragg sensors attached are shown in Figure 13.
The characteristics associated with Fiber 5 are shown in Figure 14a. It can be seen that the
spectrum of FBGI recorded on this fiber (embedded in the plate structure closest to the
corner with the highest stresses) was distorted with increasing magnitude of the bending
element displacement. This indicates a strongly varying stress distribution along the 10 mm
long sensor. In contrast, Figure 14b shows the spectra of Fiber 4, placed closer to the central
axis of the test plate. It can be seen that the spectral shift caused by the bending of the
control element in this case only caused a shift in the characteristics.

4. Discussion

The difference in the responses of FBG1 in Fiber 5 and FBG3 in Fiber 1 is explained
by their different locations in depth: the first sensor is built closer to the bottom surface
of the plate, and the second one is built closer to the top surface, giving different types
of deformations (tension/compression) during bending. In addition, the local stress state
near the support angle is non-uniform, and even small differences in the coordinates of the
sensors can significantly affect the spectral response. At the same time, the similar behavior
of FBG1 in Fiber 1 and Fiber 5 is due to the fact that both sensors are in the tension zone,
but on opposite sides of the neutral axis, which gives a comparable result.
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Spectral distortion is also observed in the Bragg gratings located on Fiber 1, which is
embedded perpendicularly to Fibers 4 and 5. As a result, determining the spectral shift
using the basic method of identifying the wavelength corresponding to the minimum of the
spectrum involves significant uncertainty. The test results presented in the previous section,
involving the deformation of a control plate supported at three points, demonstrate that
embedding a sensor network in the composite structure at a 90-degree orientation enables
the detection of relative strain in multiple directions within the material. In addition, a
limitation is revealed due to the fact that the spectrum of a Bragg sensor subjected to non-
uniform stresses along its length is distorted. For this reason, the methods for determining
the Bragg wavelength of sensors used in commercial interrogators can be subject to large
errors. For example, the Smart Fiber system uses the method of fitting a Gaussian curve
with selected parameters to an approximately measured reflection spectrum, which can
lead to significant errors in the presence of spectral distortions [17]. Distortion of the
spectrum, causing a significant deviation from the Gaussian curve shape, in this case, leads
to very large errors in the wavelength shift readings.

Optical fibers are embedded into the composite plate at the lamination stage and
occupy less than 1% of the material volume, so their impact on the overall mechanical
properties is considered minimal. However, if the fibers are incorrectly laid or adhesion
is disrupted, local weakening of strength is possible; therefore, in this work, the fibers
are placed strictly between the layers, parallel to the reinforcing directions, with min-
imal bending, which allows for the maintaining of the integrity and characteristics of
the structure.

5. Conclusions

The conducted study confirmed the efficiency of using fiber Bragg gratings for measur-
ing the distribution of relative displacement and stresses in composite plates. An analysis of
spectral characteristics showed that different bending methods lead to significant changes
in Bragg wavelengths, which allowed for the accurate determination of the stress—strain
state of the material.

The influence of non-uniform stresses on the spectral shape of the signal was revealed,
which required the use of special data processing algorithms, such as the “Centroid”
method, to provide a more accurate determination of the wavelength shift. It was also
shown that the integration of sensor networks at different angles allowed for a detailed
analysis of the stress distribution under complex loading conditions.

The results of the work can be used for further optimization of composite material
condition monitoring systems, as well as for improving spectral data interpretation meth-
ods. Promising areas for further research include the development of new FBG signal
processing algorithms, improving the technology of sensor integration into composite
structures, and expanding the scope of these methods in the aviation, construction, and
automotive industries.
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