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Abstract

Carbon fiber-reinforced polymer (CFRP) composites are increasingly used in aerospace, rail
transportation, and energy engineering owing to their high specific strength and corrosion
resistance. However, their complex and interacting damage mechanisms, including delam-
ination and matrix cracking, present significant challenges for reliable structural health
monitoring. Fiber Bragg grating (FBG) sensors offer distinct advantages for monitoring
composite structures because of their compact size, immunity to electromagnetic inter-
ference, embeddability, and capability for distributed strain measurement. Nevertheless,
the effectiveness of an FBG sensing network depends strongly on the spatial distribu-
tion of the sensing points. This study proposes a finite-element-assisted framework for
evaluating and improving FBG sensor layouts for strain-field reconstruction and struc-
tural feature characterization of composite plates. The framework first reconstructs the
spatial strain field from limited sensing data using interpolation and least-squares fitting
methods, and then evaluates the performance of existing and candidate sensor layouts
based on reconstruction errors and spatial coverage of structurally important regions. A
strain-gradient-informed heuristic strategy is subsequently developed to improve sensor
placement by combining high-gradient region identification, spatially uniform coverage,
minimum-distance constraints, and predefined support-region monitoring requirements.
The Fourier least-squares fitting method provides the lowest reconstruction error among
the investigated approaches and is therefore adopted for subsequent layout evaluation
and improvement. Finite-element simulations and experimental measurements are used to
assess the reconstruction performance and identify the advantages and limitations of differ-
ent sensor layouts under static and dynamic loading conditions. The results demonstrate
that the proposed framework can effectively evaluate existing FBG layouts and provide a
systematic basis for their improvement, while also revealing the trade-off between local
strain-gradient resolution and global spatial coverage. The proposed framework provides
practical guidance for the performance-oriented design and improvement of FBG sensor
networks for structural health monitoring of composite structures.
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1. Introduction
Composite structures are increasingly widely used in aerospace, transportation, and

energy fields due to their advantages such as corrosion resistance, light weight, high
strength, good stability, strong designability, and integrated manufacturing. Particularly
under the guidance of lightweight structures, monitoring system integration, and green
low-carbon intelligent operation and maintenance, the proportion of composite structures
in high-value strategic equipment and energy infrastructure is expected to exceed that of
steel structures [1,2]. Despite their outstanding advantages, CFRP composites are suscepti-
ble to environmental degradation due to moisture absorption and wrinkling particularly
in thick composite structures [3,4]. In aerospace, carbon fiber-reinforced polymer (CFRP)
composites have been widely applied in main load-bearing structures such as aircraft fuse-
lages, wings, and fan blades [5]. Large composites blades of wind turbines and composite
pressure vessels are also increasingly used in energy storage and aerospace propulsion
systems [6]. During the operation, hidden damages such as delamination, debonding,
matrix cracking, and fiber breakage may occur inside these composite structures [4,7].
Different from the limitations of performance characterization brought by traditional scale
model experiments, there is an urgent need for non-destructive in situ testing methods to
evaluate the operational status of actual composite structures. Therefore, the structural
mechanical behavior and feature recognition of composite structures during service have
received great attention [2,5].

Non-destructive testing (NDT) methods are key to evaluating the integrity and de-
tecting defects in composite structures [2]. Studies have shown that techniques such as
ultrasonic testing (UT), acoustic emission testing (AET), thermographic testing (TR), radio-
graphic testing (RT), eddy current testing (ECT), and X-ray computed tomography (XCT)
have been effectively applied to defect detection in composites, capable of identifying
typical defects such as debonding, delamination, and voids [2,4]. Meanwhile, the devel-
opment of micro–nano sensing technology are also progressing rapidly, with significant
advances being achieved [8,9]. However, most of these NDT methods are offline or periodic
inspections, making it difficult to achieve continuous, real-time monitoring of structural
service conditions. For example, UT requires high surface coupling quality, infrared ther-
mography has limited sensitivity to deep defects, and AET poses high demands on signal
processing and noise suppression [4,10]. Optical fiber sensing technology, with its unique
advantages of small size, light weight, immunity to electromagnetic interference, corrosion
resistance, distributed measurement capability, easy integration and networking, and the
ability to be surface-attached or embedded into composite structures, has become the
most promising sensing technology in the field of structural health monitoring (SHM) of
composites [11,12]. Compared to traditional electrical resistance strain gauges, optical
fiber sensors are unaffected by electromagnetic fields and can operate stably in strong
electromagnetic environments. Compared to offline methods such as UT, optical fiber
sensors can be embedded inside or attached to the surface of structures, enabling real-time
continuous monitoring of multiple parameters during service [13–15].

Currently, the application of optical fiber sensing technology in SHM of composite
structures has made remarkable progress. Relevant achievements have been applied to
monitor stress, strain, and temperature during composite curing and service [16–18]. Xu
et al. [19] used distributed optical fiber sensing to achieve accurate strain field measurement
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in difficult-to-access anchorage zones of CFRP plate cables and successfully located local
damage. Grzesiak et al. [20] used distributed optical fiber sensing to measure strain in steel
bars and fiber-reinforced polymer composites, analyzing the load-bearing performance
of reinforced concrete structures. In the life-cycle monitoring of composite-strengthened
steel beams, surface-bonded fiber Bragg grating (FBG) sensor networks show good stabil-
ity and high sensitivity to load and temperature changes, accurately reflecting structural
performance [12,21]. However, under the contemporary demand for lightweight monitor-
ing systems, the optimal placement of sensing points under different working conditions
still requires further research to achieve the lowest operational cost while meeting test-
ing requirements.

This paper takes a typical CFRP plate as the research object and focuses on structural
mechanical behavior monitoring and feature recognition methods based on optical fiber
sensing technology. The principles and applicability of various detection techniques are
systematically reviewed, and a design and layout approach for optical fiber sensor networks
for monitoring CFRP structures is proposed. Response data of CFRP plates under static and
dynamic loads are extracted using finite element modeling. By comparing and analyzing
strain contours reconstructed by relevant interpolation and fitting methods, combined
with local optimization algorithms, uniform sampling, and boundary removal, the optimal
algorithm for sensor placement under static and dynamic loads is obtained. Further
experimental test analysis results demonstrate the reliability of the proposed Fourier
fitting method.

2. Feature Recognition Methods for CFRP Plate Structures
The types of damage that CFRP plate structures may suffer during service mainly

include delamination, matrix cracking, fiber breakage, debonding, and impact damage.
Accurately identifying the location, extent, and evolution trend of the above damage is the
core task for ensuring the service safety of CFRP plate structures [5]. Currently, various
technical paths have been developed for feature recognition of CFRP plate structures. Based
on different physical principles, each method has its own applicability and limitations.
Details are as follows:

(1) Ultrasonic testing

Ultrasonic testing is one of the most commonly used NDT methods for CFRP compos-
ites. This method utilizes the propagation characteristics of high-frequency sound waves
inside the material to detect defects by analyzing changes in amplitude, time, and phase of
reflected or transmitted waves [4]. Ultrasonic testing has high sensitivity to defects such as
delamination, voids, and debonding and can provide depth information of defects. How-
ever, this method requires strict surface coupling conditions, has low detection efficiency
for large complex curved structures, and the anisotropic propagation characteristics of
sound waves in composites pose challenges to signal interpretation [2].

(2) Acoustic emission testing

Acoustic emission testing captures transient elastic wave signals generated by local
rapid energy release during material loading, enabling real-time monitoring of damage
initiation and propagation [2]. This method is highly sensitive to dynamic defects and
can provide continuous information on damage evolution, making it particularly suitable
for online monitoring of load-bearing composite structures. However, acoustic emission
signals are susceptible to environmental noise interference, and the localization and pattern
recognition of multi-source signals remain technical challenges [2,4].
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(3) Infrared thermography

Infrared thermography detects internal defects by recording changes in infrared radia-
tion on the surface of the tested structure. This method is divided into active and passive
approaches: active thermography heats the structure to raise its surface temperature and
identifies internal defects through differences in heat conduction; passive thermography
directly monitors temperature distribution changes during service [4,5]. Infrared thermog-
raphy offers advantages of non-contact, fast detection speed, and intuitive results, but
its detection capability for deep defects is limited, and it is greatly affected by surface
emissivity and ambient temperature [3].

(4) Eddy current testing

Eddy current testing is based on the principle of electromagnetic induction, generating
an eddy current field in the test piece via an excitation coil and detecting defects through
changes in the eddy current field distribution [5]. This method can detect damages such as
improper lay-up order, cracks, interlaminar debonding, and impact-induced delamination
in CFRP plates, and the probe does not need to contact the test piece. However, eddy
current testing strongly depends on the anisotropic electrical conductivity of CFRP, and the
detection sensitivity for deep defects decays rapidly with increasing depth [4,5].

(5) X-ray and computed tomography

X-ray testing and computed tomography utilize differences in X-ray attenuation within
materials to produce internal structural images. These methods can clearly display volume
defects such as voids, inclusions, and delamination, and XCT can also provide three-
dimensional quantitative analysis results [2,3]. However, such methods require expensive
equipment, have long inspection cycles, involve radiation safety issues, and are difficult to
implement for on-site and online monitoring [4].

(6) Optical fiber sensing technology

Optical fiber sensing technology is one of the most rapidly developing methods for
monitoring composite structures in recent years [13]. Unlike traditional NDT methods,
optical fiber sensors can be embedded inside composites or attached to structural surfaces,
enabling real-time, long-term, continuous monitoring of multiple physical quantities such
as stress, strain, and temperature during service [18,22]. From the perspective of sensing
principles and measurement modes, optical fiber sensing technology can be mainly divided
into two categories:

(1) Point and quasi-distributed optical fiber sensors: FBG sensors. FBG utilizes a periodic
refractive index modulation structure written into the fiber core to achieve wavelength-
encoded measurement of external strain and temperature [22]. When external strain
or temperature changes, the Bragg center wavelength of the FBG shifts linearly, and
strain and temperature information at the measurement point can be obtained through
wavelength demodulation. Multiple FBGs with different center wavelengths can be
connected in series on the same optical fiber to form a quasi-distributed sensing
network. FBG sensors offer advantages such as high sensitivity, high accuracy, and
absolute measurement [22]. In recent years, novel FBG sensor systems have been
able to simultaneously measure and decouple the coupled effects of temperature and
strain, providing new solutions for SHM in complex environments [23]. Studies on
load and damage identification of CFRP laminates based on FBG sensing technology
also indicate that by arranging FBG sensors at key locations combined with signal
processing and pattern recognition techniques, accurate identification and localization
of loads and damages in CFRP laminates can be achieved [24].
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(2) Distributed optical fiber sensors: distributed sensing technology is an important
development direction in the optical fiber sensing field, mainly including Brillouin
optical time domain analysis/reflectometry (BOTDA/BOTDR) systems based on
Brillouin scattering and optical frequency domain reflectometry (OFDR) systems
based on Rayleigh scattering [19,25].

A comprehensive comparison of the principles and applicability of the above meth-
ods shows that optical fiber sensing technology has irreplaceable advantages in feature
recognition of CFRP plate structures [26]. Therefore, this paper focuses on the optimal
placement design method of FBG sensing points for CFRP plates to achieve accurate feature
recognition of composite plate structures. The layout scheme of FBG sensors directly affects
the accuracy of structural strain field reconstruction, damage detection sensitivity, and
reliability of feature parameter extraction [21,27]. Hence, establishing a systematic optimal
placement design method is key to achieving accurate feature recognition.

This study aims to determine the optimal positions, number, and orientation of FBG
sensors on a CFRP plate to maximize structural feature recognition accuracy under limited
sensor resources. Specific design criteria include:

(1) Ensuring strain field reconstruction accuracy: the sensor layout should minimize the
error between the full-field strain distribution reconstructed from limited sensing
points and the true distribution.

(2) Maximizing damage detection sensitivity: sensors should be placed in regions where
strain changes induced by typical damage modes are most significant, thereby im-
proving damage detection sensitivity and localization accuracy.

(3) Engineering economy and feasibility: while meeting recognition accuracy, the number
of sensors should be minimized to reduce system complexity and cost.

Research methodology and technical route: First, based on strain contour data
obtained from COMSOL6.3 finite element simulations, adaptive sampling and sequential
sampling algorithms are investigated to obtain an optimal sensor placement scheme. Then,
the optimal scheme is validated and refined through experiments on CFRP plates. Specific
steps are as follows:

(1) A refined finite element model of the CFRP plate structure is established using COM-
SOL Multiphysics. The model considers the anisotropic constitutive relationship,
lay-up sequence, and through-thickness stress distribution of the composite. Typical
loading conditions and boundary conditions are set, and full-field strain contour data
are extracted as input for subsequent sampling algorithms.

(2) Optimal placement of virtual sensing points is performed based on adaptive sampling
algorithms and local optimization algorithms to determine a set of FBG sensing points
with optimal quantity and positions.

(3) Experimentally collected FBG strain data are cross-validated with finite element
simulation data to evaluate the performance of the optimal sensor scheme determined
by the adaptive/sequential sampling algorithms on the actual structure. The sensor
layout is then revised based on experimental results.

Through the above research, an optimal FBG sensor placement strategy for accurate
feature recognition of CFRP plates is expected to be obtained, clarifying the influence
of sensor quantity, position, and orientation on recognition accuracy. A set of optimal
sensor placement design procedures suitable for composite structures will be established,
providing theoretical basis and technical support for intelligent monitoring and precise
maintenance of composites.
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3. Optimal Placement Design of FBG Measurement Points
During long-term service, CFRP structures may be subjected to various loads and

environmental conditions, potentially leading to defects and damage. Therefore, the
development of effective load and damage identification algorithms is critical for ensuring
the safe operation of CFRP structures and extending their service life. Typical damage
modes in CFRP materials include cracking, delamination, and fragmentation, all of which
can significantly affect the overall structural performance and strength. By employing
advanced sensing and monitoring technologies in conjunction with precise computational
algorithms, these damages can be detected at an early stage, thereby preventing accidents
and enhancing structural reliability.

This study focuses on the optimal placement methodology and design algorithm of
fiber Bragg grating (FBG) sensors on CFRP plates with four sides partially clamped. The
goal is to design an optimal sensor layout capable of reconstructing an in-plane strain field
with maximum accuracy while minimizing the number of measurement points. To this end,
the following problem is addressed: using interpolation or fitting methods to determine the
optimal measurement-point distribution on a CFRP plate under static or impact loading,
thereby obtaining the most accurate strain contour map of the plate. Identifying the
interpolation or fitting method that best approximates the finite element strain field is the
fundamental prerequisite and the core basis for optimal sensor placement design.

Adaptive sampling and local optimization algorithms are employed in this study. By
comparing strain contour maps obtained from finite element simulations under static and
dynamic loading with those reconstructed using the corresponding algorithms, the precise
coordinates of the measurement points can be determined.

3.1. Finite Element Modeling

To determine the optimal sensor placement, finite element modeling is conducted
using the commercial software COMSOL Multiphysics to calculate stress and strain contour
maps under static and dynamic loading conditions. The modeling procedure involves
defining the geometric parameters, specifying boundary conditions, and applying the
relevant physical fields. The CFRP plate is modeled as a multilayer anisotropic laminate
with dimensions of 450 mm × 450 mm × 3 mm. The laminate stacking sequence is
(0/90/0/90/0/90). Material properties, including Young’s moduli, Poisson’s ratios, and
interlaminar shear moduli along three principal directions, are specified for each layer,
as listed in Table 1. The model adopts four-sided partial clamping constraints (each
40 mm × 40 mm square at the corners), as illustrated in Figure 1.

Table 1. Material properties of the CFRP plate.

Property Value Unit

E1 (longitudinal Young’s modulus) 135 GPa

E2 (transverse Young’s modulus) 9.5 GPa

E3 (through-thickness Young’s modulus) 9.5 GPa

ν12 (Poisson’s ratio) 0.30 -

ν13 (Poisson’s ratio) 0.30 -

ν23 (Poisson’s ratio) 0.45 -

G12 (in-plane shear modulus) 5.2 GPa

G13 (through-thickness shear modulus) 5.2 GPa

G23 (through-thickness shear modulus) 3.8 GPa
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Figure 1. CFRP plate model constructed in COMSOL.

The element type is 8-node hexahedral solid elements, and the meshed structure
has approximately 28,000 elements. A finer mesh with 2 mm element size is applied in
the regions near the loading points and supports to capture local stress/strain gradients,
while a coarser mesh with 5 mm element size is used in less critical regions. The analysis
is performed within the linear elastic range, as the applied loads are below the damage
initiation threshold.

3.2. Analysis of Strain Contours Under Static Loading

Vertical loads were applied along the negative Z-axis direction, perpendicular to the
XOY plane, at points (225, 225, 3), (120, 225, 3), and (120, 120, 3) on the CFRP plate, with
magnitudes of 1000 N, 800 N, and 800 N, respectively. The resulting stress and strain
distributions are shown in Figure 2.

 
(a)  (b) 

Figure 2. Finite element simulation results: (a) stress contour and (b) strain contour.

To determine the optimal sensor placement, the raw data points were first exported
from COMSOL. 9696 data points were obtained. Both interpolation and fitting methods
were employed to generate optimal placement schemes based on these raw data points.
Considering the magnitude of the original data, the analysis was performed separately
using interpolation and fitting approaches.

Based on the data characteristics, linear interpolation and bicubic spline interpolation
were used for analysis. The principle of linear interpolation is as follows:

(a) Triangulation: The scattered data points are divided into triangular meshes using the
Delaunay algorithm.

(b) Planar fitting within each triangle:
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f (x, y) = ax + by + c (1)

where a, b, and c are the plane coefficients.

(c) Local computation: The plane coefficients are determined from the values at the three
vertices of each triangle, and the values at mesh points are calculated accordingly.

The principle of bicubic spline interpolation is based on using a bivariate cubic poly-
nomial within each grid cell:

f (x, y) = ∑ ∑ aij × (x − xi)
i × (y − yj)

j(i, j = 0, 1, 2, 3 . . .) (2)

Using the original data points exported from COMSOL, the corresponding linear
interpolation and bicubic spline interpolation algorithms were implemented in MATLAB
R2020a to reconstruct the strain fields. The strain contour maps obtained from the original
data and the two interpolation methods are shown in Figure 3. It should be noted that
Figure 2b is the strain contour map generated directly by COMSOL. Figure 3a is a strain
contour reconstructed from the raw discrete data points exported from COMSOL using an
interpolation algorithm. In Figure 3, Figure 3a shows the original data, while Figure 3b,c
compare the same load cases using two different interpolation methods. Figure 3b,c share
a consistent color scale.

 
(a)  (b) 

 
(c)  (d) 

Figure 3. Strain field reconstruction under static loading based on 9696 data points: (a) original data
points, (b) linear interpolation, (c) bicubic spline interpolation, and (d) difference between the two
interpolation schemes.

As shown in Figure 3b, the strain field reconstructed using linear interpolation exhibits
a relatively rough surface characterized by obvious triangular mesh artifacts. The color
distribution changes in a piecewise linear manner, resulting in the loss of local details. In
particular, smooth regions are disrupted by the triangulation process. By contrast, the
bicubic spline interpolation result shown in Figure 3c exhibits smooth and continuous

https://doi.org/10.3390/photonics13080747

https://doi.org/10.3390/photonics13080747


Photonics 2026, 13, 747 9 of 36

color transitions without noticeable angular features. More local characteristics and subtle
variations can be preserved, making the reconstructed strain field visually closer to an ideal
continuous physical field.

The differences between the two interpolation schemes are illustrated in Figure 3d.
Bicubic spline interpolation employs a cubic polynomial surface with sixteen coefficients,
ensuring the continuity of the function value as well as its first- and second-order deriva-
tives. Consequently, a smooth surface can be constructed within each grid element. In
contrast, linear interpolation uses only a planar function with three coefficients and guaran-
tees continuity only of the function value. Since the data within each triangular element
are represented by a plane, discontinuities in derivatives occur at element boundaries.

Bicubic spline interpolation generally produces lower reconstruction errors and is more
capable of capturing local extrema. However, its performance depends on a sufficiently
dense distribution of sampling points. Linear interpolation, on the other hand, exhibits
better numerical stability and avoids excessive oscillations, making it more suitable for
sparsely sampled regions. Therefore, bicubic spline interpolation provides a more accurate
representation of the strain field.

The Least-Squares Fitting (LSF) method aims to minimize the sum of squared errors
between the fitted curve and the measured data points. The fundamental concept is to
construct a loss function that quantifies the fitting error and then determine the model
parameters by minimizing this function, thereby obtaining the curve that best matches the
observed data.

Mathematical Model: For a general functional model with a parameter vector, the
loss function is defined to quantify the discrepancy between the model and the observed
data. By minimizing this loss function, the optimal parameter set that best fits the data
can be obtained. Depending on the type of the functional model, different optimization
algorithms may be employed. For linear models, such as those used in linear regression,
the parameters can be determined analytically. For nonlinear models, iterative optimization
algorithms—such as gradient descent or Newton’s method—are typically required to obtain
the solution.

Polynomial fitting approximates a set of discrete data points using a polynomial
function. For a given dataset, (xi, yi), i = 1, 2, . . . n the polynomial fitting model can be
expressed as y = β0β1xβ2x2 . . . βmxm, where m denotes the degree of the polynomial.
By adjusting the polynomial degree, it is possible to flexibly accommodate curves of
varying complexity, thereby achieving a more precise fit to the distribution characteristics
of the data.

Mathematical Model: Polynomial fitting determines the coefficients by minimizing
a loss function. The coefficient vector β can be obtained by constructing and solving the
normal equation

(
XTX

)
β = XTy, where X is the design matrix, whose elements are defined

as Xi j = xi
j−1.

Alternatively, gradient descent can be employed to iteratively update the coefficients,
gradually converging to the solution that minimizes the loss function.

The spatial strain field was reconstructed from discrete strain measurements using a
two-dimensional Fourier least-squares model. Unlike Fourier descriptors developed for
closed-contour or trajectory reconstruction, the present formulation directly represents the
spatial variation in the strain field over the investigated plate surface.
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Given discrete measurement points (xi, yi, zi) on a two-dimensional plane, where
zi represents the strain value (or any other physical quantity), a complete m-th order
two-dimensional polynomial is employed for surface fitting. The model is expressed as:

z(x, y) =
m

∑
p=0

m−p

∑
q=0

βpqxpyq (3)

where m is the maximum total degree of the polynomial (i.e., p + q ≤ m), and βpq are the
unknown coefficients to be determined.

The total number of coefficients is:

Ncoef =
(m + 1)(m + 2)

2
(4)

For example:
m = 1 (linear), Ncoef = 3Ncoef = 3 (constant, x, y)
m = 2 (quadratic), Ncoef = 6Ncoef = 6 (adding x2, xy, y2)
m = 3 (cubic), Ncoef = 10Ncoef = 10 (adding x3, x2y, xy2, y3)
Define the row vector of basic functions:

ϕ(x, y) = [ 1 x y x2 xy y2 · · · xm xm−1y · · · ym ] (5)

and the coefficient vector:

β = [ β00 β10 β01 β20 β11 β02 · · · βm0 βm−1,1 · · · β0m ]⊤ (6)

The fitting model can be written compactly as:

z(x, y) = ϕ(x, y)β (7)

For n data points, construct the design matrix X with each row containing the basis
function values at the corresponding point, and the observation vector z:

X =


ϕ(x1, y1)

ϕ(x2, y2)
...

ϕ(xn, yn)

, z =


z1

z2
...

zn

 (8)

The coefficient vector β is obtained by solving the normal equation:

(X⊤X)β = X⊤z (9)

The spatial strain field is reconstructed from discrete strain measurements by using a
two-dimensional Fourier least-squares model. Unlike Fourier descriptors developed for
closed-contour or trajectory reconstruction, the present formulation directly represents the
spatial variation in the strain field over the investigated plate surface.

For a measurement point (xi, yi), the spatial coordinates are firstly mapped to the
interval [0, 2π]:

θx,i = 2π xi−xmin
xmax−xmin

.
θy,i = 2π

yi−ymin
ymax−ymin

(10)

The strain field is then approximated by using Fourier harmonics in both spatial
directions. The Fourier harmonic orders are selected based on the balance between spatial
reconstruction accuracy and model complexity. The maximum harmonic orders are set to
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kx = ky = 8. This configuration provides sufficient flexibility to represent the dominant
spatial variations in the strain field while maintaining a fixed and reproducible model
structure for comparison with the other reconstruction methods. The reconstructed strain
field can be expressed as

ε̂(x, y) = a0 +
Kx
∑

kx=1

[
ax,c

kx
cos(kxθx) + ax,s

kx
sin(kxθx)

]
+

Ky

∑
ky=1

[
ay,c

ky
cos(kyθy) + ay,s

ky
sin(kyθy)

]
+

Kx
∑

kx=1

Ky

∑
ky=1


acc

kxky
cos(kxθx) cos(kyθy)+

acs
kxky

cos(kxθx) sin(kyθy)+

asc
kxky

sin(kxθx) cos(kyθy)+

ass
kxky

sin(kxθx) sin(kyθy)


(11)

where a0 denotes the constant component, the second and third terms describe the inde-
pendent spatial variations along the x- and y-directions, respectively, and the final four
terms describe the coupled two-dimensional spatial variations between the two directions.
With Kx = Ky = 8, the complete basis contains

P = 1 + 2Kx+2Ky+4KxKy= 289 (12)

For N discrete strain measurements, the model can be written in matrix form as

ε = Aβ+ e (13)

where ε ∈ RN is the vector of measured strain values, A ∈ RN×P is the Fourier design
matrix, β ∈ RP is the vector of unknown Fourier coefficients, and e represents the fit-
ting residual.

The Fourier coefficients were determined by minimizing the squared reconstruc-
tion error:

β̂ = argminβ∥Aβ− ε∥2
2 (14)

which corresponds to the least-squares solution implemented in MATLAB. Once the co-
efficients were obtained, the strain field at an arbitrary spatial location (x,y) was recon-
structed as

ε̂(x, y) = ϕ(x, y)β̂ (15)

where ϕ(x, y) denotes the corresponding Fourier basis vector.
The physical basis for using Fourier expansion is that the spatial strain field can be

decomposed into components with different spatial frequencies. Low-order Fourier terms
describe slowly varying global strain distributions, whereas higher-order terms represent
progressively finer spatial variations. The two-dimensional basis also allows the coupled
spatial variation in the x- and y-directions to be represented through the cross terms.
Accordingly, the Fourier least-squares model provides a smooth analytical approximation
of the discrete strain field and enables continuous strain-field reconstruction at arbitrary
spatial locations.

The strain contour results obtained using the three methods are shown in Figure 4. As
shown in Figure 4c, the 5th-order polynomial fitting fails to clearly identify the location of
the applied load, which is not conducive to optimal sensor placement. The resulting strain
field deviates significantly from the original distribution. The polynomial-fitted surface
appears relatively rough and exhibits limited capability in capturing local abrupt variations.
It is also highly sensitive to outliers, leading to substantial information loss. In addition,
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color variations at sampling points are not pronounced, and the strain response at the
loading location is not properly reflected. When higher-order polynomials (5th–6th-order)
are used, the risk of overfitting increases and the condition number deteriorates, leading to
numerical instability.

 

 

Figure 4. Case under static loading: (a) original strain field; (b) strain field reconstructed using
least-squares fitting; (c) strain field obtained by polynomial fitting; (d) strain field reconstructed using
Fourier least-squares fitting; (e) residual comparison between least-squares fitting and polynomial
fitting; (f) residual distribution of Fourier series fitting.

From a numerical analysis perspective, polynomial fitting is also affected by measure-
ment noise, including random errors introduced by experiments or numerical simulations.
Furthermore, the accuracy is limited by iterative convergence tolerance and floating-point
precision. Although absolute errors still persist mainly due to high-frequency components
induced by local loads, the Fourier method significantly outperforms both linear interpola-
tion and polynomial fitting even with a negative R2. This demonstrates its superiority in
capturing the global trend of the strain field. Moreover, the value R2 is already the highest
achievable while retaining the optimal measurement points for feature recognition.

In contrast, the Fourier series-based fitting results exhibit smooth surfaces with contin-
uous and gradual color transitions, enabling the capture of more local features and subtle
variations. In terms of visualization, the reconstructed field is closer to an ideal continuous
physical field. Therefore, the Fourier least-squares fitting method provides a more accurate
and physically consistent representation of the strain field.

3.3. Strain Field Analysis Under Dynamic Loading

Building upon the static loading case, the strain-field reconstruction and sensor place-
ment analysis have been further examined under a time-varying transient loading condition.
A line load waqws applied along the connection of three points on the CFRP plate, namely
(100, 100, 3), (225, 350, 3), and (350, 100, 3) mm. The load was applied in the negative
Z-direction, perpendicular to the XOY plane, with a magnitude of 500 N/m. The load was
monotonically increased over a duration of 1 s using a ramp function. Therefore, this case
represents a transient monotonic ramp-loading condition rather than a periodic vibration
response. The material is modelled as linear elastic orthotropic with constant properties.
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Strain-rate-dependent effects and material non-linearities are not considered, as the loading
rates and magnitudes remain within the elastic regime.

To characterize the spatial strain response during the terminal stage of loading, the
strain fields within the final 0.1 s of the loading history were extracted for subsequent
analysis. The final loading interval was selected to represent the developed strain state after
the load had been progressively applied. The corresponding stress and strain distributions
are shown in Figure 5. The numerical model assumes linear–elastic orthotropic material
behavior with constant material properties. Strain-rate-dependent effects, material nonlin-
earity, and damage evolution were not considered, as the present analysis was restricted to
the elastic response regime.

 

(a)  (b) 

Figure 5. (a) Stress contour and (b) strain contour under dynamic loading.

The strain-field reconstruction was subsequently performed using interpolation and
fitting-based methods. For each extracted strain field, the discrete numerical results were
used as input data to reconstruct the continuous spatial strain distribution. The original
strain field and the reconstructed fields obtained using linear interpolation and bicubic
spline interpolation are presented in Figure 6.

As observed in Figure 6, significant differences exist between the COMSOL data and
the interpolated fields. In Figure 6b,c, the contours of the dynamic load are difficult to
discern. Figure 6d shows the absolute deviations of linear interpolation and bicubic spline
interpolation from the COMSOL reference field, respectively. Therefore, the strain fields
reconstructed by these two interpolation methods are not suitable as preprocessing tools
for optimal sensor placement.

The fitted strain contour maps under dynamic loading are presented in Figure 7.
Among the three fitting methods, the strain contour map obtained using the Fourier
series least-squares fitting method exhibits the highest similarity to that derived from the
original data. This observation indicates that the Fourier series least-squares approach can
effectively reconstruct the strain field under both static and dynamic loading conditions
when only a limited number of measured data points are available.

When measurement points are distributed only within the interior of the plate and no
data are available near the boundaries, local interpolation methods (e.g., natural neighbor
interpolation) may produce NaN values or unreliable extrapolated results outside the
convex hull of the sampled points. In contrast, the Fourier series method is based on
global basis functions and can provide physically meaningful predictions even in regions
with sparse measurement data, although the uncertainty associated with extrapolation
increases as the distance from the measured points grows. This characteristic is partic-
ularly advantageous for finite element model validation and the preliminary design of
sensor layouts.
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Figure 6. Results under dynamic loading: (a) original data distribution; (b) contour map obtained
by linear interpolation; (c) contour map obtained by bicubic spline interpolation; and (d) difference
between the two interpolation methods.

As shown in Figure 7, only the Fourier series least-squares fitting method generates
a strain contour map that closely matches the one obtained from the original data, while
also producing a smoother and more physically consistent strain field. To further evaluate
the performance of the three fitting approaches, a residual analysis is conducted in the
following section.

As shown in Figure 8, the maximum residual obtained by the least-squares fitting
method is 1.914 × 10−4, while the polynomial fitting method yields a maximum residual of
1.912 × 10−4. In comparison, the Fourier series least-squares fitting method produces the
smallest maximum residual, only 1.446 × 10−4. These results demonstrate that the Fourier
series least-squares fitting method provides the highest fitting accuracy among the three
approaches and is therefore the most suitable method for strain field reconstruction.

In addition to its superior fitting performance, the Fourier series representation is an
analytical function. Its first-order derivatives (strain gradients) and second-order deriva-
tives (curvatures) can be obtained directly by differentiating the basis functions, resulting in
closed-form expressions without the need for numerical differentiation. This characteristic
is particularly important for algorithms that rely on strain gradient information to optimize
sensor placement and measurement point selection.

Furthermore, the strain contour map reconstructed using the Fourier series fitting
method exhibits a smooth surface with continuous color transitions, closely resembling an
ideal continuous physical field. Compared with the other fitting approaches, it is capable of
revealing more local features and subtle variations in the strain distribution. Therefore, the
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Fourier series least-squares fitting method not only provides higher reconstruction accuracy
but also offers a reliable basis for sensor placement and measurement point layout design.

   

   

Figure 7. Strain distributions under dynamic loading: (a) original strain contour map; (b) least-squares
fitted strain contour map; (c) polynomial-fitted strain contour map; and (d) Fourier least-squares
fitted strain contour map.

Figure 8. Residual strain maps under dynamic loading: (a) residual strain map of the polynomial and
least-squares fitting methods relative to the original data; and (b) residual strain map of the Fourier
series fitting method relative to the original data.
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3.4. Investigation on the Optimal Sensor Placement Algorithm

Regions exhibiting the most significant strain variations, such as stress concentration
zones, structurally weak areas, or locations with pronounced physical phenomena, are
selected as candidate monitoring regions. A hybrid strategy combining local optimization,
uniform sampling, and boundary exclusion is adopted.

First, the data are imported and preprocessed. The simulation results are extracted
from COMSOL, including the coordinates and the corresponding first principal strain (ε)
for each node. If multiple nodes possess identical coordinates, the arithmetic mean of their
strain values is calculated and assigned as the final strain value at that location:

ε =
1
k

k

∑
j−1

ε j (16)

where (k) denotes the number of duplicated nodes. This operation ensures a unique
strain value for each spatial coordinate and avoids interpolation errors caused by repeated
data points.

To identify the target plane for sensor placement, a histogram analysis of the Z-
coordinates of all finite element nodes with a bin width of 0.5 mm is performed. A dynamic
tolerance δ = 0.03 mm, corresponding to 1% of the plate thickness, is adopted to cluster
nodes lying on approximately the same plane. The interval containing the largest number of
nodes, denoted by

[
Zlow, Zhigh

]
, is selected, and its midpoint is defined as the target plane:

Ztarget =
Zlow + Zhigh

2
(17)

A dynamic tolerance is introduced to account for geometric variations, δZ = α ·
(Zmax − Zmin), where (α) is typically chosen between 0.01 and 0.05. All nodes satisfying
Equation (18) are extracted to form a two-dimensional dataset (Xi, Yi, εi):∣∣Zi − Ztraget

∣∣ ≤ δZ (18)

To reconstruct a continuous strain field, a structured grid is generated over the selected
plane. Natural Neighbor Interpolation is employed to map the discrete strain data onto the
grid nodes: (Xm, Yn)

Emn = Natural Interp((Xi, Yi, εi), (xm, yn)) (19)

where Emn denotes the interpolated strain value at the grid node (Xm, Yn). This in-
terpolation method preserves local data characteristics and provides smooth strain-
field reconstruction.

The strain gradients in the x- and y-directions are calculated using the central differ-
ence method:

∂E
∂x

∣∣∣∣
m,n

≈ Em+1,n − Em−1,n

2∆x
,

∂E
∂y

∣∣∣∣
m,n

≈ Em,n+1 − Em,n−1

2∆y
(20)

where ∆x = xm+1 − xm, ∆y = yn+1 − yn represent the grid spacing in the corresponding
directions. The strain-gradient magnitude is then evaluated as

Gm,n =

√(
∂E
∂x

)2
+

(
∂E
∂y

)2
(21)
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A larger value of Gm,n indicates a more rapid spatial variation in the strain field and,
therefore, a region of higher monitoring importance. To eliminate the influence of boundary
interpolation errors, a boundary exclusion zone is introduced. A boundary width ratio β

(typically β = 0.1) is defined, and only the interior region is considered for sensor selection:

mstart = [βM], mend = [(1 − β)M]

nstart = [βN], nend = [(1 − β)N]
(22)

Within the valid search region, the grid points corresponding to the largest strain-
gradient values are selected as candidate sensor locations

{(xmk, ynk)}K
k=1 = arg maxGm,n

interior zone
(23)

To prevent excessive clustering of sensors, a minimum-distance constraint is imposed.
The Euclidean distance threshold is defined as dmin = 2

√
∆x2 + ∆y2. If the distance

between a candidate point and any previously selected sensor is smaller than dmin, the
candidate point is discarded and replaced by the next highest-ranked point. This iterative
process continues until the required number of sensors is obtained.

The proposed approach simultaneously considers strain-gradient information and
spatial distribution uniformity. Consequently, the selected sensor locations not only capture
critical regions with significant strain variations but also ensure adequate spatial coverage,
thereby improving the accuracy of full-field strain reconstruction while maintaining sensor
deployment efficiency.

To further improve the robustness and engineering applicability of the sensor layout,
four predefined measurement points were incorporated into the optimized sensor network.
The specified coordinates were (10, 80, 3), (440, 80, 3), (440, 370, 3), and (10, 370, 3). For
each predefined location, the strain value was obtained from the interpolated strain field
by selecting the nearest grid point within the interpolation mesh. These points were
subsequently added to the final measurement-point set.

As a result, a total of sixteen measurement points were obtained, consisting of twelve
interior points selected by the optimization algorithm and four predefined points located
near the structural supports. To verify the robustness of the selected grid resolution, a
grid sensitivity analysis was conducted by varying the grid resolution from 5 mm to
0.5 mm. The results show that when the grid resolution is refined beyond 2 mm, the drift
of the final selected sensor coordinates is less than 2 mm, indicating that the current grid
setting of 2 mm × 2 mm is sufficiently robust and does not introduce significant bias in the
optimization results. Further refinement to 0.5 mm yields only marginal improvements
in coordinate stability, while the computational cost increases substantially. Therefore,
the adopted 2 mm grid resolution provides a balanced trade-off between accuracy and
computational efficiency. Among the 12 interior points, 6 points were selected from regions
with high strain gradients to capture critical local variations, while the remaining six were
uniformly distributed throughout the plate to ensure adequate spatial coverage. The
selected points were marked by using distinct symbols in both the original data scatter
plots and the interpolated strain contour maps, and their coordinates and corresponding
strain values were recorded for further analysis.

The proposed sensor placement strategy first processes the strain fields obtained from
finite element simulations under both static and dynamic loading conditions. By identifying
regions with significant strain gradients, such as stress concentration zones and potential
damage initiation areas, the algorithm provides a scientific basis for the placement of FBG
sensors on CFRP plates. Sensors installed in these locations can more sensitively detect
structural abnormalities and improve the effectiveness of structural health monitoring.
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The optimization algorithm combines greedy selection with uniform sampling. The
greedy strategy prioritizes regions with large strain gradients, thereby ensuring that crit-
ical structural features are captured, whereas the uniform sampling strategy promotes a
balanced spatial distribution of measurement points within the structure. This approach
prevents excessive sensor clustering and avoids overlooking important monitoring regions.
Consequently, effective structural monitoring can be achieved with a limited number of
sensors, reducing both installation costs and wiring complexity.

Unlike conventional sensor placement approaches, which often rely on engineering
experience or trial-and-error procedures, the proposed method is directly guided by the
physical strain field. This characteristic is particularly advantageous for CFRP composite
structures, whose anisotropic and laminated nature leads to complex strain distributions
that require scientifically informed sensor deployment strategies. Furthermore, comparison
between experimentally measured FBG strain data and the corresponding finite element
predictions at the selected locations provides an effective means of validating the finite
element model. The measured data can also be used to update material parameters and
boundary conditions, thereby establishing a closed-loop framework of simulation-guided
sensor placement and measurement-based model calibration, ultimately enhancing the
reliability of structural health monitoring.

Additional measurement points were intentionally placed near the four fixed supports
located at (10, 370, 0), (10, 80, 0), (440, 80, 0), and (440, 370, 0), corresponding to the
connection regions between the anchoring fixtures and the CFRP plate. Under both static
and dynamic loading conditions, these regions exhibit relatively high strain magnitudes and
large strain gradients, as indicated by the strain contour maps. Therefore, they represent
primary candidates for optimal sensor placement. In CFRP composite structures, stress
concentrations near supports frequently lead to early-stage damage mechanisms such as
matrix cracking, delamination, and fiber fracture. Since such damage often initiates at
boundaries or constrained regions, continuous monitoring of these critical areas is essential
for early damage detection and warning.

The greedy selection component of the optimization algorithm inherently favors
locations with high strain gradients, which are typically concentrated near the supports.
Consequently, supplementing the algorithmically selected points with additional support-
region sensors further enhances the effectiveness and reliability of the monitoring system.

To justify the selected 16-sensor configuration (12 adaptive interior points + 4 fixed sup-
ports), sensor-number and distribution-ratio sensitivity analyses are conducted. Figure 9a
presents the variation in global reconstruction RMSE with the total number of sensors N
(from 8 to 40 in steps of 2). Overall, RMSE decreases monotonically with increasing N,
indicating that more sensors improve the global reconstruction accuracy. However, the
rate of decrease slows notably after N = 16: the RMSE drops from 2.09 × 10−4 at N = 8 to
1.91 × 10−4 at N = 16 (an 8.6% reduction), while from N = 16 to N = 40, it reduces by only
about 10.5%. This suggests diminishing marginal returns from additional sensors.

Figure 9b shows the marginal improvement rate of the critical-region error (defined
as the mean absolute error within the top 10% strain-gradient region), calculated as the
percentage reduction when adding two sensors. At N = 16, the critical-region improvement
reaches approximately 9.7%, one of the highest values across the tested range; thereafter it
gradually declines, falling below 5% after N = 24. This indicates that N = 16 is particularly
effective in capturing high-gradient features.

To quantitatively assess the trade-off between accuracy and sensor cost, we defined a
performance–cost index

J(N) = NRMSE(N) + λ · N
Nmax

, with λ = 0.1 and Nmax = 40. (24)
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(a)  (b) 

 
(c)  (d) 

Figure 9. (a) Variation in global reconstruction root-mean-square error (RMSE) with the total number
of sensors N (from 8 to 40, step size 2). (b) Marginal improvement rate of the critical-region error
versus the total number of sensors N (improvement defined as the percentage reduction in critical-
region MAE when adding two sensors). (c) Performance–cost index J(N) = NRMSE(N) + λ·(N/Nmax)
as a function of the number of sensors N, with λ = 0.1 and Nmax = 40. (d) Reconstruction performance
for different ratios of high-gradient to uniformly distributed interior points at a fixed total sensor
number (N = 16).

Figure 9c shows that J(N) reaches its minimum around N = 16, demonstrating that
this configuration offers the best compromise between reconstruction fidelity and sensing
complexity. Hence, N = 16 was selected as the final configuration, rather than based on
empirical preference or minimum error alone.

Figure 9d further examines the effect of the ratio of high-gradient to uniformly dis-
tributed interior points (fixed N = 16) on reconstruction performance. The results show
that the 6:6 configuration yields an NRMSE of 0.08, comparable to 4:8 and 8:4, but with a
significantly lower critical-region error (0.09) than 4:8 (0.22). Its composite cost J (0.09) is
substantially better than 0:12 (0.45) and 12:0 (0.50). Although 8:4 gives a slightly lower J
(0.05), the 6:6 configuration provides a more balanced performance between critical-region
resolution and global spatial coverage. Therefore, the original 6:6 ratio was retained as the
final design.

Based on the proposed optimization procedure, the coordinates of the twelve opti-
mal measurement points under static loading conditions were obtained, as presented in
Table 2 and Figure 10. These errors are calculated as the absolute deviations between the
reconstructed strains at the selected sensor locations and the reference strains.
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Table 2. Optimal arrangement under static loading (mm).

No. X mm Y mm µε

FBG 1 36.7347 73.4694 800
FBG 2 36.7347 367.3469 600
FBG 3 36.7347 110.2041 300
FBG 4 238.7755 220.4082 400
FBG 5 73.4694 91.8367 200
FBG 6 73.4694 220.4082 400
FBG 7 110.2041 36.7347 600
FBG 8 36.7347 156.1224 100
FBG 9 36.7347 284.6939 100
FBG 10 36.7347 404.0816 500
FBG 11 156.1224 36.7347 100
FBG 12 156.1224 156.1224 300

(a)  (b) 

 
(c) 

Figure 10. (a) Original data of the optimal CFRP plate layout under static load; (b) optimal CFRP
plate layout scheme; (c) error analysis of the optimal CFRP plate layout scheme.

As illustrated in Figure 10, the proposed algorithm successfully identified the critical
regions associated with the three concentrated loads applied in the finite element model.
Specifically, measurement points were accurately selected in the vicinity of Points 4, 6,
and 12, which correspond to the loading locations. Since two loads were applied in the
left region of the CFRP plate and one load was applied near the center, the majority of
the optimized measurement points were distributed in areas exhibiting relatively large
strain gradients on the left side. For the remaining regions, the algorithm strategically
allocated measurement points to estimate the average strain within local subdomains,
thereby enabling an effective representation of the overall strain field.
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To further evaluate the effectiveness of the proposed sensor placement strategy, the
absolute error distribution and error statistics of the optimal sensor layout under static
loading conditions were analyzed, as shown in Figures 3–13. The comparison reveals that
the four measurement points selected near the supports are located in regions experiencing
the highest stress (or strain) levels, and therefore can effectively capture the peak strain
response of the structure. However, full-field strain reconstruction methods, such as
interpolation or fitting techniques, require a sufficient number of spatially distributed
samples to accurately characterize the variation in the strain field. Although these four
points are positioned in high-strain regions, they provide limited information regarding
the strain distribution in areas distant from the measurement locations, such as the plate
center and the opposite boundary. Consequently, the interpolation process introduces
significant extrapolation errors in these poorly constrained regions, resulting in a relatively
large global root mean square error (RMSE).

 
(a)  (b) 

Figure 11. (a) Absolute error distribution of the optimal sensor placement scheme for the CFRP plate
under static loading; (b) statistical comparison of strain reconstruction errors for the optimal sensor
placement scheme under static loading.

In contrast, the twelve measurement points selected using the combined greedy and
uniform placement algorithm are determined based on both strain-gradient characteristics
and spatial distribution requirements. Although not all of these points are located in
regions of maximum stress, they effectively cover areas with significant strain variations
while maintaining a relatively uniform spatial distribution across the entire plate surface.
This optimized arrangement provides more comprehensive information about the strain
field and significantly improves the accuracy of full-field reconstruction. As a result,
the proposed 12-point layout achieves lower reconstruction errors and superior overall
performance compared with the conventional 4-point configuration.

As shown in Figure 12, the reconstruction errors at the prescribed points are generally
larger than those at the interior points. The four predefined measurement points located
near the supports are situated in regions experiencing the highest stress (or strain) levels,
and therefore exhibit relatively large strain values. However, full-field strain reconstruction
methods, such as interpolation and fitting techniques, require a sufficient number of
spatially distributed sampling points to accurately characterize the spatial variation in
the strain field. Relying solely on four measurement points, even when they are located
in peak-strain regions, is insufficient to constrain the strain distribution in areas far from
these locations, such as the plate center and the opposite boundaries. Consequently, the
interpolation process introduces significant extrapolation errors in these unsampled regions,
leading to an increase in the global RMSE.
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(a)  (b) 

 
(c) 

Figure 12. Optimal sensor placement of the CFRP plate under dynamic loading: (a) original dynamic
response data; (b) optimized sensor placement scheme; (c) error analysis of the optimized sensor
placement scheme.

 
(a)  (b) 

Figure 13. (a) Absolute error distribution of the optimized sensor placement scheme for the CFRP
plate under dynamic loading; (b) statistical comparison of strain reconstruction errors for the opti-
mized sensor placement schemes under static and dynamic loading conditions.

In contrast, the twelve measurement points selected using the combined greedy and
uniform distribution algorithm are determined according to optimization criteria that
consider both strain-gradient characteristics and spatial uniformity. Although these points
are not necessarily located exclusively in regions of maximum stress, they effectively cover
areas with high strain gradients while maintaining a uniform spatial distribution over the
entire plate surface. The additional measurement points provide more comprehensive
information about the strain field, enabling a more accurate reconstruction of the full-field
response and consequently reducing the overall reconstruction error.

https://doi.org/10.3390/photonics13080747

https://doi.org/10.3390/photonics13080747


Photonics 2026, 13, 747 23 of 36

The optimal sensor placement strategy under dynamic loading conditions is subse-
quently investigated. Four predefined measurement points are first placed near the fixed
supports, corresponding to the connection regions between the anchorage fixtures and the
CFRP plate, with coordinates of (10, 80, 0), (440, 80, 0), (440, 370, 0), and (10, 370, 0). Based
on the dynamic-response data obtained from COMSOL simulations, these locations exhibit
significant dynamic responses and are therefore retained as priority monitoring points.

In this study, the dynamic loading is characterized by a time-varying load that in-
creases within 1 s. For fatigue-loading applications, measurement points with high am-
plitudes at the dominant frequencies should be preferentially selected, as they are more
sensitive to structural vibrations at those frequencies. If a particular frequency band is
of interest, corresponding measurement locations should be prioritized for monitoring.
Subsequently, measurement points with high contributions identified through Principal
Component Analysis (PCA) are selected, as they are most representative of the overall
dynamic deformation patterns of the structure. Finally, a greedy selection algorithm is
employed to balance point importance and spatial coverage, thereby avoiding excessive
clustering of measurement points.

By combining the local optimization algorithm with the uniform distribution strategy,
the optimal sensor placement scheme is obtained. The resulting sensor coordinates are
listed in Table 3, and the corresponding sensor distribution is illustrated in Figure 12.

Table 3. Optimal Sensor Placement Scheme under Dynamic Loading Conditions (Z = 3 mm).

No. X Y µε

FBG-1 136.73 73.47 170
FBG-2 404.18 73.47 120
FBG-3 36.73 376.53 100
FBG-4 404.20 377.64 100
FBG-5 36.73 110.21 100
FBG-6 385.71 36.73 100
FBG-7 36.75 36.75 100
FBG-8 37.82 156.12 10
FBG-9 37.63 284.70 10
FBG-10 156.12 36.73 90
FBG-11 156.12 156.24 60
FBG-12 156.12 284.70 30

As shown in Figure 13, the reconstruction errors at the predefined measurement points
are larger than those at the interior points. This phenomenon can be attributed to the
highly localized strain gradients near the supports, where the strain varies significantly
over a short spatial distance. Consequently, even small deviations in the reconstructed
strain field may result in relatively large local errors in these regions. A detailed discussion
of the error characteristics and underlying causes has been presented in the preceding
section. The reconstructed strain interpolation results at these coordinates are obtained via
the Fourier fitting algorithm. The purpose is to intuitively show the magnitude of strain
response at that location to justify its selection. The proposed algorithm does not guarantee
a mathematically global optimum. Rather, it provides a practically optimal solution that
achieves a good balance between reconstruction accuracy and spatial coverage, as validated
by error analysis and experimental comparison.

4. Experimental Validation and Analysis
To further verify the feasibility and general applicability of the proposed algorithm,

experimental investigations were conducted on a CFRP plate instrumented with externally
bonded multi-point FBG sensors under both static and dynamic loading conditions.
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4.1. Description of the Experimental Model

The CFRP laminate plate had dimensions of 450 mm × 450 mm and was fab-
ricated from T700 2K CFRP prepreg. The laminate was stacked in the sequence of
[0/90/0/90/0/90], resulting in a total thickness of 3 mm and a weight of 832 g. The four
corners of the laminate were fixed using mechanical fixtures, providing locally clamped
boundary conditions along the plate edges. The arrangement of the multi-point FBG sens-
ing network is shown in Figure 14. Prior to the dynamic loading tests, additional sensing
points were installed on the CFRP plate, increasing the total number of measurement points
from 8 to 14 and resulting in a denser FBG sensor network. The FBG signals were acquired
using an SI-155 FBG interrogator. Prior to testing, the CFRP plate has been inspected
visually and loaded with small step loads to confirm the absence of significant defects (e.g.,
delamination, voids, or foreign inclusions).

Since all experiments were conducted indoors and over a relatively short duration, the
influence of temperature variation was neglected [26]. The strain values were obtained from
the wavelength signals measured by the interrogator. Specifically, the wavelength increment
was calculated by subtracting the initial wavelength from the measured wavelength, and
the corresponding strain was determined by dividing the wavelength increment by a
constant strain sensitivity coefficient of approximately 1.2 pm/µε. For the static loading
tests, metal cylindrical weights of different masses were applied at a location 20 mm to
the left of the plate center, generating static loads ranging from 10 N to 100 N. For the
dynamic loading tests, a motor-driven actuator was employed to apply fatigue loading
at the center of the CFRP plate, with a maximum load amplitude of 100 N. Photographs
of the experimental setup are presented in Figure 14e. The coordinate information of
the measurement points used in the static loading experiments is listed in Table 4, while
the coordinate information of the measurement points employed in the dynamic loading
experiments is provided in Table 5. The 37 FBG sensors shown in Figure 14 represent the
pre-existing experimental sensing configuration, which was designed and installed before
the present study. The present work does not claim to optimize the top–bottom surface
assignment of these experimentally deployed sensors.

Table 4. Coordinates of Experimental Measurement Points under Static Loading.

Measurement Point X (mm) Y (mm) Z (mm) Fiber Angle θ (deg)

SFBG-1 260 205 3 −45
SFBG-2 245 205 3 90
SFBG-3 75.5 367.5 3 90
SFBG-4 67.5 365 3 −45
SFBG-5 60 375 0 90
SFBG-6 60 75 0 90
SFBG-7 75 375 0 −45
SFBG-8 75 75 0 −45

Table 5. Coordinates of Experimental Measurement Points under Dynamic Loading.

Measurement Point X (mm) Y (mm) Z (mm) Fiber Angle θ (deg)

DFBG-1 245 205 3 90
DFBG-2 260 205 3 −45
DFBG-3 225 275 3 0
DFBG-4 268 250 3 −60
DFBG-5 268 200 3 60
DFBG-6 225 175 3 0
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Table 5. Cont.

Measurement Point X (mm) Y (mm) Z (mm) Fiber Angle θ (deg)

DFBG-7 182 200 3 −60
DFBG-8 182 250 3 60
DFBG-9 60 375 0 90
DFBG-10 75 375 0 −45
DFBG-11 60 75 0 90
DFBG-12 75 75 0 45
DFBG-13 75 75 3 −45
DFBG-14 75 375 3 −45

 

 

 

Figure 14. Experimental device of CFRP laminates: sensor layout on (a) top surface and (b) bottom
surface under static loading; sensor layout on (c) top surface and (d) bottom surface; (e) practical
testing models.
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4.2. Deformation Characteristics of the CFRP Plate Under Static Loading

To investigate the deformation characteristics of the CFRP plate under static loading,
the time-history responses of several local measurement points were analyzed, as shown
in Figure 15. When a compressive load of 100 N was applied to the CFRP plate, the strain
data obtained from SFBG-1 and SFBG-2 exhibited stable and regular trends overall. Minor
local fluctuations were observed, which may be attributed to indoor temperature variations
and measurement noise.
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Figure 15. The strain time–history responses of two local measurement points.

Based on the strain information collected from the local measurement points, a strain
contour map was reconstructed using the Fourier least-squares fitting method, as illustrated
in Figures 15 and 16. The strain field reconstructed from the experimental data served
as the basis for evaluating the accuracy of the sensor placement scheme and for further
correcting the reconstructed strain contours, as shown in Figure 16b–d.

   
(a)  (b) 

   
(c)  (d) 

Figure 16. (a) Reconstructed strain contour map; (b) three-dimensional strain surface; (c) strain
distribution in the lower-left corner region; (d) strain distribution in the lower-right corner region.
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As can be observed from Figure 16, the regions with relatively high strain are concen-
trated on the left side of the plate, which is consistent with the actual loading condition.
This result further validates the accuracy and effectiveness of the Fourier least-squares fit-
ting approach for strain-field reconstruction. Owing to the limited number of measurement
points, certain discrepancies exist between the reconstructed and actual strain distributions.
Nevertheless, the current results are capable of clearly identifying the loading location
and capturing the primary deformation characteristics of the structure. A more accurate
strain contour map could be achieved by increasing the number of measurement points
and improving the spatial density of the sensing network.

4.3. Response Characteristics of the CFRP Plate Under Dynamic Loading

The cyclic loading frequency was set to 0.75 Hz, corresponding to a loading period of
approximately 1.33 s. The strain time histories recorded by 14 FBG measurement points
were analyzed to evaluate the spatial variation in the strain response and identify regions
with relatively high monitoring importance.

The raw strain signals were first detrended to eliminate baseline drift. Subsequently, a
fourth-order low-pass Butterworth filter with a cutoff frequency of 0.3 Hz was applied to
suppress high-frequency noise. Key response characteristics were then extracted from both
the time and frequency domains, including the root mean square (RMS) strain, peak strain,
total strain energy, and dominant frequency amplitude [28,29].

Figures 17 and 18 present the processed strain time histories and corresponding
frequency spectra of the 14 measurement points. The RMS strain values ranged from 0.41
to 0.64 µε, whereas the peak strain values ranged from 1.75 to 3.11 µε. The strain-energy-
related index also exhibited clear spatial differences among the measurement points. The
dominant low-frequency components were mainly distributed between 0.05 and 0.11 Hz.

Figure 17. Time–history strain responses of the 14 measurement points.

To ensure consistency among the different response metrics, the same signal-
processing procedure was applied to all measurement points. First, the raw strain signals
were detrended to remove the baseline drift. The detrended signals were then processed
using a fourth-order Butterworth low-pass filter with a cutoff frequency of 0.3 Hz, yielding
the low-frequency strain response

∼
ε i(t) for the i-th measurement point:

∼
ε i(t) = L0.3[εi(t)− trend(εi(t))] (25)

https://doi.org/10.3390/photonics13080747

https://doi.org/10.3390/photonics13080747


Photonics 2026, 13, 747 28 of 36

where L0.3 denotes the fourth-order Butterworth low-pass filtering operation with a cut-
off frequency of 0.3 Hz. The subsequent RMS, peak-strain, strain-energy-related, and
frequency-domain metrics were all calculated from this same filtered signal. Therefore,
the reported low-frequency characteristics represent the slowly varying strain response
extracted from the original time histories rather than the instantaneous 0.75 Hz load-
ing waveform.

Figure 18. Frequency spectra of the strain responses at the 14 measurement points.

The RMS strain of the i-th measurement point was calculated as

RMSi =

√√√√ 1
N

N

∑
n=1

∼
ε

2
i (tn) (26)

The peak strain was defined as

Peaki = max1≤n≤N

∣∣∣∼ε i(tn)
∣∣∣ (27)

To characterize the cumulative magnitude of the strain response, a strain-energy-
related index was calculated as

Ei =
N

∑
n=1

∼
ε

2
i (tn)∆t (28)

Because only strain measurements were available at the FBG locations, Ei is used as a
strain-energy-related response index rather than a strict mechanical strain-energy quantity
requiring stress information.

Frequency-domain response metric: The frequency-domain characteristics were ob-
tained by applying the discrete Fourier transform to the same filtered strain signal:

εi( f ) =
∣∣∣FFT

[∼
ε i(t)

]∣∣∣ (29)

The dominant frequency and corresponding spectral amplitude were defined as

f ∗i = arg max f∈[0,0.3]Ei( f ), A∗
i = Ei( f ∗i ) (30)
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The dominant frequencies identified in the present analysis were distributed mainly
within the 0.05–0.11 Hz– range. These frequencies should not be interpreted as the exter-
nal loading frequency of 0.75 Hz. Instead, they represent the dominant low-frequency
components of the filtered strain response. The 0.75 Hz frequency describes the applied
cyclic load, whereas the 0.05–0.11 Hz components characterize the slower variation in the
measured strain response after low-pass filtering.

Because no single response metric can fully describe the monitoring importance of
a measurement point, the four dynamic response metrics were normalized before being
combined. For a generic metric Qi, min–max normalization was performed as

Qnorm
i =

Qi − min(Q)

max(Q)− min(Q)
(31)

The composite importance score was then defined as

Si = 0.30 · RMSnorm
i + 0.25 · Peaknorm

i + 0.25 · Enorm
i + 0.20 · A∗norm

i (32)

where the weighting coefficients were selected as 0.30, 0.25, 0.25, and 0.20, respectively. The
measurement points were ranked according to Si, with larger values indicating greater
response importance according to the defined multi-metric criterion. In addition to the
composite response score, PCA was independently performed to evaluate the representa-
tiveness of each measurement point with respect to the overall response variation in the
monitored plate. The PCA result was not directly combined with the above composite
score. Instead, it was used as an independent dimensionality-reduction-based assessment
of the spatial distribution of the dominant response variation.

The first principal component explained the largest proportion of the total variance,
and Measurement Point 4 accounted for approximately 14.0% of the total variance contri-
bution. This result indicates that Point 4 provides a relatively representative description of
the dominant variation within the monitored response dataset.

Figure 19 presents the processed strain time histories and corresponding frequency
spectra of the 14 measurement points. The RMS strain values ranged from 0.41 to 0.64 µε,
whereas the peak strain values ranged from 1.75 to 3.11 µε. The strain-energy-related index
also exhibited clear spatial differences among the measurement points. The dominant
low-frequency components were mainly distributed between 0.05 and 0.11 Hz, with an
overall maximum spectral response observed near 0.05 Hz at Measurement Point 4.

Based on the composite score, the five highest-ranked measurement points were
Points 4, 2, 9, 3, and 12. The results indicate that measurement points near the constrained
boundary and loading region exhibit relatively greater response importance. Accordingly,
these regions should receive higher sensor density in subsequent sensor-layout design,
whereas regions with lower response variation can be instrumented more sparsely.

The primary purpose of these importance scoring methods is, first and foremost, to
examine the measurement points—specifically, the high-efficiency points among the exist-
ing sensor layout. They can be used to validate the accuracy of the algorithm-based point
selection and to assist in supplementing additional points. During the validation process,
spatial candidate points are generated according to the strain-gradient distribution and
spatial coverage requirements, and the dynamic importance scores are then employed as
additional weighting factors to prioritize regions that exhibit significant dynamic responses.
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(a)  (b) 

   
(c)  (d) 

Figure 19. Dynamic-response characteristics of the measurement points: (a) RMS values, (b) peak
strain values, (c) strain energy values, and (d) dominant frequency amplitudes.

4.4. Finite Element Validation Analysis

Finite element analysis was conducted to verify whether the measurement points
selected in the experiments corresponded to the optimal sensor locations. The experimen-
tal loading conditions were reproduced numerically, and the first principal strain was
extracted from the simulation results. The same number of measurement points as those
used in the static and dynamic experiments was selected, and the proposed optimization
algorithm was applied to determine the optimal sensor locations. Error analysis was subse-
quently performed to evaluate the accuracy and feasibility of the experimentally selected
measurement points.

For the static loading condition, stress and strain contour maps were generated through
finite element simulations. The proposed sensor placement algorithm was then employed
to identify the optimal measurement point configuration while maintaining the same
number of measurement points as used in the corresponding experiments.

The finite element model was established in COMSOL Multiphysics according to the
following procedure:

(1) Geometry modeling: An accurate geometric model was created based on the actual
dimensions and geometry of the CFRP plate.

(2) Material property definition: The elastic modulus and Poisson’s ratio of the CFRP
material were specified, and fixed boundary conditions were applied at the four
corner supports.

(3) Mesh generation: The geometric model was discretized using an appropriate mesh.
Sufficient mesh refinement was adopted in critical regions to ensure computational
accuracy while avoiding excessive computational cost.

(4) Load application: Loading conditions identical to those used in the experiments were
applied to the finite element model.
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(5) Solver configuration: Appropriate numerical methods and solver settings were se-
lected. A stationary study was first performed, followed by a transient analysis with
suitable solution steps and time increments.

(6) Post-processing: Strain extraction.

Since FBG sensors measure axial strain along the fiber direction, direct compari-
son with the first principal strain is physically inappropriate. Instead, the FE-predicted
strain tensor must be projected onto the FBG fiber orientation. For a given FBG with
fiber direction angle θ relative to the X-axis, the projected axial strain is computed as
εFE

FBG = εxxcos2θ + εyysin2θ + γxysinθcosθ, where γxy = 2εxy is the engineering shear strain.
For the special case where the FBG is aligned with the X-axis (θ = 0). By applying this
projection at each measurement point, the FE-predicted axial strains were obtained and
compared with the FBG measurements. Combined with the sensor placement optimiza-
tion algorithm, the strain contour maps and the optimal sensor placement scheme were
obtained, as illustrated in Figure 20.

Figure 20. Static loading condition: (a) simulated strain contour; (b) optimal sensor placement scheme
obtained from the finite element model.

The optimal measurement point layout obtained from the finite element simulation
under static loading is presented in Table 6. Four measurement points were located near
the support regions, where relatively high stress concentrations occurred. Since the applied
static load was positioned slightly to the left of the plate center rather than at the geometric
center, the stress and strain distributions at the four corner supports were not identical. The
proposed algorithm successfully identified the loading location and accurately allocated
measurement points near the load application region, thereby capturing the dominant
strain response of the structure.

Table 6. Finite Element-Based Optimal Measurement Point Layout under the Same Static Loading
Condition as the Experiment.

Measurement Point X (mm) Y (mm) Z (mm)

FBG-1 427.38 81.40 0
FBG-2 20.36 85.29 0
FBG-3 432.91 370.85 0
FBG-4 22.98 370.95 0
FBG-5 216.68 219.07 3
FBG-6 164.98 180.07 3
FBG-7 247.81 99.7 3
FBG-8 99.43 257.43 3
FBG-9 207.5 350.41 3
FBG-10 86.6 200 3
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A comparison between the experimental and finite element measurement point layouts
under identical loading conditions is shown in Figures 21 and 22. The comparison reveals
two major deficiencies in the experimental sensor arrangement: insufficient sensor coverage
in the support regions and excessive sensor density in the central region of the plate.

 

 

Figure 21. Comparison between the Finite Element and Experimental Measurement Point Layouts.

 

Figure 22. Comparison between measured and reconstructed strain data at the measurement.

In the four corner support regions (X: 0–10 mm, Y: 0–40 mm, and the corresponding
symmetric regions), only one measurement point was installed in the experimental con-
figuration, while the two supports on the right side were not monitored at all. However,
finite element analysis indicates that the support regions exhibit the largest strain gradients
and significant stress concentrations, resulting in highly localized strain variations. The
lack of sufficient measurement points in these critical regions limits the ability to accurately
capture the strain distribution and consequently increases the reconstruction error.

In contrast, the central region of the plate contains an excessive number of measure-
ment points, with adjacent sensor spacing in some areas being less than 15 mm. Since
the strain gradients in this region are relatively small and the strain field varies smoothly,
such a dense sensor arrangement provides redundant information [30]. This not only leads
to inefficient utilization of sensing resources but may also increase the risk of overfitting
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during the interpolation and reconstruction process. The finite element-based sensor lay-
out determined by the strain-gradient-driven greedy algorithm exhibits a more rational
distribution pattern. Additional measurement points are allocated in the support regions
to accurately capture the strain peaks associated with stress concentrations, while a sparser
arrangement is adopted in the central region to maintain sufficient spatial coverage. This
strategy of “dense deployment in high-gradient regions and sparse deployment in low-
gradient regions” enables the finite element-based layout to characterize the full-field strain
distribution more accurately with the same or even fewer measurement points.

A comparison between the finite element simulation results and the experimental
strain measurements is presented in Figures 21 and 22. As shown in Figures 21 and 22, the
finite element predictions exhibit good agreement with the experimental measurements in
the loaded region near the center of the plate.

However, more pronounced discrepancies were observed in the locally clamped
regions near the four corners of the plate. In these areas, the strain values predicted by the
finite element model were generally higher or lower than the experimentally measured
values, with the maximum absolute error reaching 9.2 µε. The primary reasons for these
differences can be summarized as follows:

(1) Idealization of boundary conditions. In the finite element model, fully fixed bound-
ary conditions were assumed, with both translational and rotational degrees of free-
dom constrained. In contrast, the mechanical fixtures or adhesive constraints used in
the experiments inevitably exhibited a certain degree of elastic deformation. Since
the stress concentration near the supports is highly sensitive to boundary conditions,
even small variations in constraint stiffness can lead to significant differences in the
strain response. Conversely, the central region of the plate is located farther from
the boundaries and is therefore less affected by boundary-condition uncertainties,
resulting in better agreement between simulation and experiment.

(2) Complexity of contact conditions. In the experimental setup, slight slippage or small
gaps may exist between the supports and the CFRP plate, whereas the finite element
model assumes ideal contact conditions. Such discrepancies can alter the local stress
distribution and consequently affect the strain response near the supports.

(3) Geometric and material nonuniformities. The actual CFRP plate may exhibit
manufacturing-induced imperfections, such as thickness tolerances, initial warpage,
or local variations in material properties. These effects tend to be amplified in regions
close to the supports, leading to additional deviations between the numerical and
experimental results.

Overall, despite the discrepancies observed near the support regions, the finite element
model demonstrates satisfactory predictive capability for the strain distribution of the
CFRP plate and provides a reliable basis for sensor placement optimization and strain-
field reconstruction.

The discrepancies between the FE predictions and experimental measurements near
the support regions are attributed primarily to the idealization of the boundary conditions.
In the FE model, the clamped regions are assumed to be perfectly fixed (UX = UY = UZ = 0),
whereas the actual mechanical fixtures have finite stiffness and may exhibit micro-slip.
Future work will incorporate contact modelling to improve the accuracy of the boundary
condition representation.

Based on the comparison between the finite element analysis results obtained using the
greedy algorithm and the experimental measurement point layout, several improvements
can be proposed. Under the constraint of a fixed number of acquisition channels, it is
recommended to increase the number of measurement points in the vicinity of the supports,
where strain gradients are relatively large. Meanwhile, the density of measurement points
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in the loading region can be reduced appropriately by increasing the spacing between
adjacent sensors. Such an optimized sensor distribution would improve the spatial coverage
of critical regions and enhance the accuracy of full-field strain reconstruction.

5. Conclusions
Based on the previously proposed adaptive sampling algorithm—which integrates

criteria such as strain gradient, strain curvature, and spatial distribution uniformity, and
combines local optimization algorithm with K-means clustering—this paper designs an
optimal sensor placement scheme for CFRP plates, and draws the following conclusions:

(1) The Fourier least-squares fitting method achieves the reasonable reconstruction fidelity.
Whether under static or dynamic loading, the method can reproduce the real strain
contour from finite element software with reasonable fidelity, providing a practical
preprocessing basis for selecting optimal sensing points. The Fourier series least-
squares fitting offers improved global smoothness and noise suppression compared
to local interpolation methods, and extrapolation capability. For low-order fitting
(order = 1 or 2), only 9–25 coefficients are needed to describe the full-field strain, and
it naturally satisfies periodic/zero boundary conditions. In regions outside the convex
hull of sensing points, Fourier extrapolation produces fewer “NaN” or spurious
values than natural neighbor interpolation, making it more suitable for strain field
estimation at the preliminary design stage.

(2) The proposed algorithm provides a quantitative sensor placement scheme: for static
loading tests, 16–20 sensing points are recommended (2–3 at each corner, 4–6 in the
central region, and uniformly distributed along edges). For dynamic load monitoring,
priority should be given to locations with high RMS, high energy, and large dominant
frequency amplitude; the sensor frequency response should be at least five times the
loading frequency.

(3) The strain gradient near the supports can be more than two orders of magnitude
higher than that in the interior region. A positioning deviation of ±1 mm or a sensor
size of 2 mm can cause a strain reading error exceeding 30%; by contrast, the same
deviation in the interior region leads to an error of less than 3%. This explains why
the error at “prescribed points” is always larger than that at interior points.

In summary, the adaptive sensor optimization algorithm based on strain gradient
and dynamic feature weighting proposed in this study can scientifically and efficiently
guide the sensor placement of CFRP plates under static and dynamic loads, significantly
improving full-field strain reconstruction accuracy and resource utilization efficiency, and
providing a reliable theoretical foundation and practical tool for structural health moni-
toring of composite materials. The current method relies on offline finite element prior
fields. Future work may introduce Bayesian optimization or reinforcement learning to
dynamically adjust sensor weights using real-time monitoring data, and gradually replace
sensors with the lowest information entropy in subsequent experiments, achieving a closed-
loop optimization of “increasing accuracy with measurement”. This direction has shown
potential in small-scale validations and deserves further investigation.
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