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Abstract

The increasing global demand for clean energy has established wind power as a lead-
ing solution for sustainable electricity generation. The efficiency and reliability of wind
turbines are strongly influenced by blade design, which governs both aerodynamic perfor-
mance and structural integrity. In this study, a wind turbine blade based on the National
Advisory Committee for Aeronautics (NACA) 4412 airfoil was developed for composite
manufacturing, with variations in laminate layers (4, 8, 12, and 16) to optimize stiffness,
strength, and weight. To reduce prototyping costs and development time, the structural
response under operational loads was simulated using ANSYS Workbench 2025 R1. The
Taguchi method was employed to minimize the number of experimental trials, considering
three factors at four levels each. A multi-objective optimization was then performed to
minimize tip deformation and maximum stress while ensuring a safe failure index. The
results indicated that force distance was the most influential factor, followed by laminate
configuration, while force magnitude had a comparatively smaller effect within the tested
range. The configuration with a force of 15 N, a force distance of 60 cm, and 12 laminate
layers achieved a composite desirability of 0.9413, leading to a significant reduction in
deformation and stress while maintaining structural safety. These findings validate the
effectiveness of the proposed design and optimization framework and provide practical
guidelines for the development of high-performance composite wind turbine blades.

Keywords: wind turbine blade; composite; modal analysis; natural frequency; vibration;
optimization

1. Introduction

Wind energy is one of the most mature technologies and fastest growing sources of
energy; it is highly scalable, has low operating costs and has little impact on the envi-
ronment during operation [1,2]. Wind turbines [3] are the key technology for capturing
this resource and have undergone major development in terms of design, materials, and
control techniques to achieve better performance and reliability in various locations and
climates [4-6]. During the last two decades, composites (glass fiber-reinforced polymers
(GFRPs) [7] and carbon fiber-reinforced polymers (CFRPs) [8]) have become the princi-
pal materials for blade construction because of their high strength-to-weight ratio and
high stiffness resistance to corrosion under harsh environmental exposure conditions [9].
The design of modern blades incorporates improved computational modeling, laminate
theory [10], and manufacturing techniques such as vacuum-assisted resin transfer molding
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or prepreg layup, with the result that even longer utility-scale turbines of over 80 m can be
produced with high quality and repeatability [11,12].

Bending [13] and torsion [14] coupling effects occur because of the anisotropic and
heterogeneous characteristics of fiber-reinforced laminates [15], making the prediction of
natural frequencies and mode shapes more difficult than that of isotropic structures [16].
Variable geometry designs [17], where the chord length, twist [18,19], and thickness vary
across the span, also affect the stiffness and mass distribution and shift the resonant proper-
ties of the blade [20]. The blades are exposed to a large spectrum of dynamic loads, such as
aerodynamic variations, gravitational forces, and, in certain instances, local forces that can
stimulate individual vibration [21] modes under normal operating conditions [22,23]. If
the excitation frequencies match the natural frequencies of the blade, there is a possibility of
excessive vibrations [24,25] that accelerate fatigue damage and shorten the service life [26].
Therefore, modal [27,28] and harmonic [29,30] analyses are needed to ensure accuracy, and
failure prediction strategies are needed to identify resonance hazards early in the design
stage. This requires the use of advanced numerical modeling, material customization, and
optimization techniques in modern composite blade design [31].

Numerical simulation [32,33] is now an inseparable part of contemporary wind tur-
bine blade engineering, as it helps to close the divide between concept design and a real
prototype [34]. Simulation provides a means to reduce the occurrence of unforeseen reso-
nance and material failure during service by accurately predicting natural frequencies [35,36],
mode shapes [37], harmonic response, and localized stress distributions [38,39].

In an effort to advance wind turbine technology, numerous studies have focused
on the integrated optimization of blade design. In a significant contribution to this field,
Yao et al. [40] conducted a comprehensive study on the aero-structural design and opti-
mization of a 50 MW wind turbine with blades exceeding 250 m. Their findings were
substantial, demonstrating that the optimized design could achieve a blade mass reduction
of over 25% and a cost reduction of 30%. The optimization of blade tip geometry has been
a persistent focus in aerodynamic research to mitigate tip vortex losses and enhance overall
turbine performance. Madsen et al. [41] presented a high-fidelity, CFD-based framework for
designing curved blade tips. Their results demonstrated that an optimized curved tip can
improve aerodynamic efficiency and power production without compromising the struc-
tural integrity of the blade. Cardamone et al. [42] proposed a novel design methodology
that integrates multi-fidelity analysis with surrogate-based optimization. Their approach
leverages low-fidelity models for rapid design space exploration and high-fidelity simu-
lations for refining the most promising candidates. To compare different modal analysis
methods, Teter and Gawryluk [43] conducted experimental and numerical modal analyses
on a fixed rotor with three active composite blades. The blades were made of a glass-epoxy
laminate, on which active macrofiber composite elements were mounted. Their results
showed very good agreement between the experimental data and the numerical simula-
tions, with the relative difference between the numerical and experimental results for the
complete rotor being approximately 6%.

While numerous studies have advanced the design, analysis, and optimization of
wind turbine blades, the majority have focused on configurations with fixed geometry,
examining parameters such as material composition, stiffness tailoring, or aerodynamic
performance in isolation. As a result, the specific effects of spanwise-varying geometry
(particularly blades incorporating progressive twists along their length) remain compara-
tively underexplored in the literature. The present work addresses this gap by investigating
a one-meter-long, variable-geometry GFRP blade in multiple thickness configurations,
realized through varying layer counts, and subjecting it to comprehensive modal and
harmonic response analyses.
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In this study, a wind turbine blade is designed based on the National Advisory
Committee for Aeronautics (NACA) 4412 airfoil profile [44], incorporating a spanwise
variation in cross-sectional dimensions and a progressive twist of 15° from the root to the
tip. The blade is modeled as a composite structure using GFRP with multiple thickness
configurations achieved through varying layer counts. High-fidelity finite element analysis
is employed to evaluate the blade under harmonic loading applied at different positions
along the span, accompanied by a modal analysis to determine natural frequencies and
assess resonance phenomena. The investigation integrates structural optimization to
minimize tip deflection and reduce peak stress while ensuring compliance with strength
and stability constraints.

2. Materials and Methods
2.1. Geometric Design of the Blade

In the present study, a custom wind turbine blade was designed based on the NACA
4412 airfoil profile, which was used as the reference cross-sectional geometry along the blade
span. The blade geometry was generated by varying the chord length and progressively
rotating the airfoil cross-sections from the root to the tip, with a total twist angle of 15° over
the blade span, to provide a suitable aerodynamic and structural configuration. The blade
has a total length of 100 cm, with the first 10 cm forming the neck section, which serves as
the interface for attachment to the turbine rotor or hub. The remaining 90 cm, extending
toward the tip, is divided into nine equal segments of 10 cm each.

The NACA 4412 airfoil was selected as the reference cross-sectional profile for the
blade design due to its well-established use in wind turbine and aerodynamic applications
and the availability of reliable geometric data and previous studies in the literature. The
airfoil coordinates were obtained from a publicly available airfoil database and used to
generate the blade cross-sections. The NACA 4412 profile itself was maintained along
the blade span; however, the cross-sectional geometry was scaled according to the span-
wise chord distribution and progressively rotated to introduce the prescribed twist angle.
Therefore, the custom blade developed in this study does not represent a uniform NACA
4412 extrusion. Instead, it is a three-dimensional blade geometry generated from the NACA
4412 reference profile through spanwise scaling and rotation, with the chord length and
twist angle varying from the root toward the tip, as specified in Table 1.

Table 1. Spanwise distributions of the twist angle, chord length, and measurement position along the
100 cm blade.

Spanwise Position (cm) Chord Length (cm) Twist Angle (°)
0 30 15
10 27.8 13.6
20 25.6 12.1
30 23.3 10.7
40 21.1 9.2
50 18.9 7.8
60 16.7 6.3
70 144 49
80 12.2 34
90 10 2
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The wind turbine blade was designed via SolidWorks 2025, and the resulting geometry
is illustrated in Figure 1. As shown, the blade consists of several distinct parts, including
the shell, neck, root, tip, and hub.

Neck

Hub

Figure 1. Geometry of the designed wind turbine blade based on the NACA 4412 airfoil profile.

2.2. Material Properties and Layup Configuration

In the present study, the blade structure utilized a unidirectional GFRP composite with
an epoxy resin matrix. Compared with woven fabrics, the glass fibers used are unidirec-
tional, with an area weight of 400 g/m?, which is selected for its superior tensile properties,
high stiffness in the fiber direction, and favorable handling during manufacturing. This
choice also offers a better strength-to-weight ratio and more predictable mechanical behav-
ior under uniaxial loading, making it particularly suitable for the primary load-bearing
regions of the blade. The mechanical properties of the epoxy resin and the glass fibers are
summarized in Table 2.

Table 2. Mechanical properties of glass fibers and epoxy resin.

Properties Glass Fiber Epoxy Resin
Density (gr/cm?) 2.54 1.15
Tensile Strength (MPa) 2300 60
Tensile Elastic Modulus (GPa) 90
Elongation (%) 3.9

To define the composite lamina in ANSYS ACP, the homogenized orthotropic material
properties were obtained using ANSYS Material Designer. In this approach, the constituent
properties of dry glass fiber and epoxy resin were introduced at the microscale, and a repre-
sentative volume element was generated to evaluate the equivalent lamina properties. A
fiber volume fraction of V¢ = 0.50 was assumed, which is consistent with the resin infusion
manufacturing route adopted in this study. The homogenization process provided the
effective orthotropic engineering constants required for finite element modeling, including
the elastic moduli, shear modulus, Poisson’s ratio, and density. These equivalent lamina
properties were then directly imported into the ANSYS ACP module for structural analysis.
The resulting homogenized properties are listed in Table 3.
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Table 3. Homogenized orthotropic engineering properties of the glass/epoxy lamina used in ANSYS
ACP, obtained from ANSYS Material Designer.

Property Symbol Value Unit
Longitudinal Elastic Modulus Eqq 47.28 GPa
Transverse Elastic Modulus Ex 10.95 GPa
In-plane Shear Modulus G 3.15 GPa
Major Poisson’s Ratio Vi 0.28 -
Density P 1845 Kg/ m3

The stacking sequence of composite laminates plays a critical role in determining their
mechanical performance, including stiffness, strength, and resistance to different loading
conditions. By strategically orienting fibers in different directions, laminates can be person-
alized to carry loads under multiple loading conditions and improve structural stability
under complex stress states. This study incorporates a 15° pre-twist and a specific stacking
sequence (0°, 90°, +45°, and —45° as showed in Figure 2) as fixed design parameters to
model a realistic turbine blade, while the optimization focuses on the influence of load
conditions and the number of laminate layers. This configuration was selected based on the
expected loading behavior of the blade, where the 0° and 90° layers primarily contribute to
resistance against bending and axial loading, while the +45° and —45° layers contribute
to torsional stiffness and resistance to shear and twisting. Four laminate configurations
were investigated, consisting of 1, 2, 3, and 4 repetitions of this sequence, corresponding to
total layer counts of 4, 8, 12, and 16 layers, respectively. The effect of increasing the number
of laminate layers on the structural stiffness and dynamic response was subsequently
evaluated through experimental tensile testing, finite element analysis, and modal and
harmonic response analyses.

%
G
90° o,
«
0(
+45° % £ -

/
—45°

4

Figure 2. Configuration of a four-layer laminate showing fiber orientations: Layer 1 at 0°, Layer 2 at
90°, Layer 3 at +45°, and Layer 4 at —45°.

For each laminate configuration, three specimens were fabricated using the same
layup pattern to ensure repeatability and reliability of the experimental measurements.
The specimens were subjected to uniaxial tensile testing using a 5-ton universal testing
machine in accordance with ASTM D3039, a standard test method for determining the
tensile properties of polymer matrix composite materials reinforced with high-strength
fibers. The test specimens had dimensions of 200 mm x 20 mm, with the thickness varying
according to the number of composite layers. During testing, 50 mm of each specimen at
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both ends was clamped using aluminum grips, leaving a 100 mm gauge length between
the grips. The tensile tests were conducted at a crosshead speed of 20 mm/min. The
experimental force-displacement responses obtained from the three specimens for each
laminate configuration were recorded and subsequently used for comparison with the
corresponding finite element simulation results to validate the numerical model.

The selected material system and layup configuration were designed to provide a suit-
able balance between stiffness, strength, and weight for the composite blade. The influence
of the laminate configuration on these structural characteristics was subsequently assessed
through the experimental and numerical analyses presented in the following sections.

2.3. Finite Element Model Setup

The numerical analysis was conducted using a sequential finite element framework
to evaluate the structural and dynamic response of the composite wind turbine blade
and to identify an optimized configuration. The overall numerical procedure consisted
of four main stages: (1) development of the composite blade model and definition of the
laminate layup in ANSYS ACP, (2) modal analysis to determine the natural frequencies and
corresponding mode shapes, (3) harmonic response analysis to evaluate the blade response
under the loading conditions defined by the Design of Experiments (DOE), and (4) multi-
objective optimization based on the obtained structural response parameters. The main
engineering response parameters considered in the numerical analyses were the maximum
stress and maximum tip displacement, while the failure index (FI) was subsequently
considered as an additional criterion in the optimization process. This framework was used
to investigate the effects of the number of composite layers, force magnitude, and force
application distance on the dynamic structural performance of the blade.

To evaluate the structural response of the wind turbine blade under aerodynamic and
harmonic loading, a finite element model was developed via ANSYS Workbench integrated
with the ACP (Ansys Composite pre-post) module.

The blade geometry, initially designed in SolidWorks, was imported into the ANSYS
Workbench environment for meshing and structural analysis. To enhance accuracy in the
critical connection region between the blade and the aluminum hub, a refined mesh was ap-
plied using the contact region feature, with a local element size of 5 mm. In the ANSYS ACP
Pre environment, the composite blade was modeled via layup sets consisting of 4, 8, 12, and
16 layers, following the orientation sequence of 0°, 90°, +45°, and —45°, respectively. In the
modal analysis setup within ANSYS, six fundamental mode shapes were targeted, and the
solver was configured to extract the first six natural frequencies. A fixed support boundary
condition was applied at the blade root, representing the connection point to the turbine
hub. Once the boundary conditions and composite layup were defined, modal analysis
was executed to obtain the natural frequencies and corresponding deformation modes.

In this study, DOE was employed to investigate the influence of the layer count,
applied load magnitude, and load position on the structural response of the composite
blade, enabling a more informed and optimized design process. The first input parameter
considered in the DOE is the magnitude of the applied force. On the basis of the specific
geometry of the blade, the following force levels were selected: 15N, 22.5N, 30 N, and
37.5 N. The second input parameter, referred to as force distance, represents the location at
which the external force is applied along the blade span. To capture the influence of the load
position on the structural response, four levels were defined: 0 cm, 30 cm, 60 cm, and 90 cm
from the blade root. The third input parameter is the number of layers, which is defined
at four levels: 4, 8, 12, and 16 layers. Given that the experimental setup involves three
input factors, each defined at four levels, the Taguchi method was selected as a suitable
approach for designing the experiments. Using the Taguchi method and defining the input

https:/ /doi.org/10.3390/wind6030042


https://doi.org/10.3390/wind6030042

Wind 2026, 6, 42

7 of 24

parameters within Minitab 18, the experimental design was constructed on the basis of an
L16 orthogonal array. The amplitude of the harmonic force and its application location
were defined according to the Force and Force Distance parameters specified in the DOE
matrix presented in Table 4.

Table 4. Taguchi L16 orthogonal array for the DOE.

Trial No. Force (N) Force Distance (cm)  Number of Layers
1 15 0 4
2 15 30 8
3 15 60 12
4 15 90 16
5 22.5 0
6 225 30
7 225 60 16
8 225 90 12
9 30 0 12
10 30 30 16
11 30 60 4
12 30 90
13 37.5 0 16
14 37.5 30 12
15 37.5 60
16 37.5 90 4

The designed experiments were developed specifically for implementation in the
harmonic response analysis, ensuring that all simulation conditions align precisely with
the defined DOE matrix. Accordingly, 16 simulation trials must be performed in ANSYS to
cover all the combinations specified by the Taguchi L16 array.

The harmonic response analysis was coupled with the results obtained from the
modal analysis and the composite layup defined in ANSYS ACP Pre. The frequency
ranges considered for the harmonic loading were selected based on the first six natural
frequencies obtained from the modal analysis for each blade configuration. Accordingly,
a frequency range of 0-200 Hz was considered for the 4-layer blade, while frequency
ranges of 0-250 Hz and 0-300 Hz were considered for the 8- and 12-layer blades and the
16-layer blade, respectively. These frequency ranges were selected to cover the relevant
natural frequencies identified from the modal analysis while limiting the computational
domain to the frequency range of interest, thereby reducing the computational time and
overall analysis cost. In the harmonic response analysis, a constant modal damping ratio
of 1% was assumed to account for the inherent damping of the glass/epoxy composite
structure. The amplitude of the applied harmonic force and its location were determined
based on the DOE results presented in Table 4. The fixed support condition at the blade
root, previously defined in the modal setup, was retained. Harmonic loads were applied
in the negative Y-direction at various spanwise positions along the blade, as specified
by the experimental design. The boundary conditions applied in the harmonic response
simulations are illustrated in Figure 3, in accordance with the Taguchi experimental design.
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Trial 1
Trial 5
Trial 9
Trial 13

Trial 2
Trial 6
Trial 10

Trial 3
Trial 7
Trial 11

30em Trial 4
Trial 8
Trial 12
Trial 16

60 cm

90 cm X

Figure 3. Boundary conditions and loading configurations applied in the harmonic response analysis,
based on the Taguchi experimental design. The fixed support at the blade root and force application
points along the span are illustrated.

The primary engineering response parameters (EDPs) extracted from the harmonic re-
sponse analysis were the maximum stress and maximum tip displacement in the Y-direction.
For each simulation trial, the maximum stress over the blade domain was recorded as Max
Stress (MPa), while the maximum deformation amplitude at the blade tip in the Y-direction
was recorded as Max Displacement (mm). These response parameters were subsequently
used to evaluate the dynamic structural performance of the blade and as objective responses
in the multi-objective optimization process.

In this study, the failure behavior of the composite blade under dynamic loading was
evaluated using the ANSYS ACP Post module. Two failure criteria, namely the Maximum
Stress criterion and the Tsai-Wu criterion, were considered to assess the integrity of the
composite plies under the applied loading conditions. The FI was used as a quantitative
measure of the proximity of the composite material to the corresponding failure criterion.
In general, an FI value below 1 indicates that the predicted stress state remains below
the defined failure limit, whereas an FI value equal to or greater than 1 indicates that
the corresponding failure criterion has been reached or exceeded, respectively. Therefore,
lower FI values represent a greater margin from the predicted failure condition and a
lower possibility of failure. For each simulation case defined by the DOE matrix, the
corresponding maximum FI value was extracted from the ANSYS ACP Post results and
recorded as an additional response parameter for the subsequent optimization process.

A target FI of 0.5 was selected as a conservative design target, corresponding to a
predicted failure index below the critical threshold of 1. This target was selected to maintain
a margin from the onset of the predicted failure condition while simultaneously allowing
the optimization to achieve low stress and displacement responses. The selection of an
intermediate FI target also prevents the optimization from focusing solely on minimizing
the FI at the expense of other structural performance criteria.
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To identify the most efficient configuration of the composite blade under dynamic
loading, a multi-objective optimization process was conducted via Minitab 18.

3. Results and Discussion
3.1. Validation of the Numerical Model

In the present work, the finite element model developed in ANSYS was validated
against experimental tensile test results. To achieve this goal, simple uniaxial tensile analy-
ses were performed on composite samples with four different laminate configurations (4, 8,
12, and 16 layers), replicating the geometry and boundary conditions of the physical tests.
For each case, the force-displacement response was extracted from the simulation and com-
pared directly with the corresponding experimental curve. The percentage error between
the numerical and experimental results was calculated to assess the model’s predictive
accuracy. The comparison, presented in Figure 4, demonstrates the level of correlation
between the finite element simulations and the laboratory measurements, forming the basis
for confirming the reliability of the numerical model for subsequent analyses.

Experimental vs Finite Element Tensile Test (8 Layers)

Sample 3 Exp FEM ——Sample 1 Exp  ——Sample 2 Exp  —— Sample 3 Exp FEM
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Figure 4. Comparison of experimental and finite element force-displacement curves for composite
tensile specimens with different laminate configurations: (a) 4 layers, (b) 8 layers, (c) 12 layers, and
(d) 16 layers.

For the error calculation, the peak force values were taken as the primary comparison
metric. Specifically, the peak forces obtained from the three experimental tensile tests were
averaged and compared with the peak force predicted by the finite element simulation.
For the 4-layer configuration (Figure 4a), the average peak force of the three experimental
samples was 8242.833 N, whereas the corresponding peak force from the numerical model
was 8113.3 N. This resulted in a calculated error of 1.57%, indicating excellent agreement
between the experimental measurements and the simulation for this configuration. For
the 16-layer configuration (Figure 4d), the average peak force obtained from the three
experimental samples was 32,615.8 N, whereas the corresponding peak force predicted
by the finite element simulation was 30,631 N. This results in a calculated error of 6.09%,
reflecting a good level of agreement between the numerical and experimental results and
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confirming the model’s ability to capture the tensile response of the thickest laminate
configuration tested.

Overall, since the calculated error for most configurations is less than approximately
10%, the finite element model can be considered sufficiently accurate, and its simulation
results can be considered reliable for further analysis. Figure 5 presents representative
images of the 4-, 8-, 12-, and 16-layer composite samples after tensile testing, illustrating
the fracture patterns observed and concluding the validation stage of this study.

Figure 5. Post-tensile test appearance of composite specimens: (a) 4 layers, (b) 8 layers, (c) 12 layers,
and (d) 16 layers.

3.2. Mesh Independence Study

The mesh independence analysis began with a coarse mesh size of 80 mm, which
was progressively refined to 70 mm, 60 mm, 50 mm, 40 mm, 30 mm, 20 mm, 10 mm,
5 mm, and finally 2.5 mm. The selected mesh type was a hexahedral (rectangular) element
configuration, chosen for its superior accuracy in capturing structural behavior compared
with tetrahedral elements in this geometry. The total number of elements corresponding to
each mesh size is presented in Figure 6.

Figure 6 shows the variation in tip displacement in the Y direction under a constant
load of 37.5 N applied at the blade tip in the negative Y direction for different mesh sizes.
As the mesh is refined from 80 mm down to 2.5 mm, the displacement values converge
toward a stable result. Significant changes are observed for coarse meshes, whereas beyond
a mesh size of approximately 10 mm, the variation in displacement becomes negligible.
This shows that the numerical solution has converged, and further refinement does not
significantly improve the accuracy. Therefore, a mesh size of 10 mm was selected as the
optimal choice, offering high accuracy while reducing the computational time compared
with that of finer meshes.

https://doi.org/10.3390/ wind6030042


https://doi.org/10.3390/wind6030042

Wind 2026, 6, 42 11 of 24

Mesh Independence

1.000
-1.7

235,000 125,000

172 £
174 £
176 +
178 +
18 +
182 £
-1.84 £
-1.86 +
-1.88 £

=2

XX
X5
K5

i

XX

%

X
0.9,
X
%

e

%
%55
5
55

X

(XX

(XX
%

2.5 mm

Displacement Along Y Direction

Number of Elements

Figure 6. Mesh independence based on tip displacement convergence under a 37.5 N tip load.

3.3. Modal Analysis Results

As shown in Figure 7, increasing the number of layers generally leads to a significant
increase in the natural frequencies. However, the trend is not strictly monotonic across
all six modes. According to Table 5, Modes 1 and 2 exhibit slight non-monotonic varia-
tions (e.g., the drop observed between 8 and 12 layers). This non-monotonic behavior is
attributed to the mode-dependent competition between the increase in structural stiffness
and the added mass, which is more noticeable in the lower-order modes. The most pro-
nounced growth is observed in the higher-order modes (Modes 5 and 6), where the overall
stiffness enhancement significantly outweighs the mass addition, resulting in a substantial
frequency increase.

The 16-layer configuration consistently results in the highest natural frequencies,
indicating the greatest resistance to dynamic deformation, whereas the 4-layer configuration
results in the lowest values, reflecting its reduced stiffness.

Modal Analysis
16 Layers 12 Layers 8 Layers m4 Layers

Mode Shapes

P S S RS S S S SN S S S ST S S HE USSR A S S S RS S S S RS S S RS S S S RS
T T T T T T

0 25 50 75 100 125 150 175 200 225 250 275
Natural Frequency (Hz)

Figure 7. First six natural frequencies for composite blade configurations with 4, 8, 12, and 16 layers,
illustrating the increase in modal frequencies with higher layer counts.
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Table 5. Natural frequencies (Hz) of the first six mode shapes for the composite blades with 4, 8, 12,
and 16 layers obtained from modal analysis.

Natural Frequencies
Mode Shape 4 Layers (Hz) 8 Layers (Hz) 12 Layers (Hz) 16 Layers (Hz)

1 17.71 17.39 16.77 18.08
2 24.09 26.32 25.83 28.24
3 59.70 71.55 72.17 78.89
4 82.80 90.25 93.79 104.37
5 104.27 151.05 163.64 181.88
6 129.67 194.96 220.28 248.27

The mode shapes corresponding to the first six natural frequencies for the composite
blades with different layer counts are presented in Figure 8. Figures 8a, 8b, 8c, and 8d
illustrate the deformation patterns for the 4-, 8-, 12-, and 16-layer configurations, respec-
tively. Each set contains six mode shapes, ranging from the fundamental bending mode
to higher-order bending and torsional modes. The color contours represent the relative
displacement magnitude, with blue indicating minimal displacement and red indicating

maximum displacement.

_____________________________________________________

Mode Shape 3
Mode Shape 5

Mode Shape 2

Mode Shape 4
Mode Shape 6

. Mode Shape 2
Mode Shape 4

Mode Shape 6

Mode Shape 4

Mode Shape 3

Mode Shape 1

. Mode Shape 3
Mode Shape 5

Figure 8. First six mode shapes of the composite blade for (a) 4 layers, (b) 8 layers, (c) 12 layers, and
(d) 16 layers, illustrating deformation patterns from the fundamental bending mode to high-er-order

Mode Shape 6

Mode Shape 2

Mode Shape 4

bending and torsional modes.
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The increase in natural frequencies with increasing layer count is primarily associated
with the enhanced stiffness of the composite blade. Although a higher natural frequency
does not directly indicate higher material strength, it reflects improved structural stiffness
and dynamic resistance. The increased stiffness reduces the blade deformation under
dynamic loading and shifts the resonance conditions toward higher excitation frequencies,
thereby reducing the susceptibility to excessive vibration when the operating frequency is
sufficiently separated from the natural frequencies. Therefore, the higher natural frequen-
cies observed in the thicker laminate configurations indicate improved dynamic structural
performance and resistance to resonance-induced deformation. The structural strength
and failure resistance, however, are further evaluated through the stress and FI results
presented in the subsequent sections.

3.4. Harmonic Response Results

In this section, the results are presented in terms of Max Stress, Max Displacement,
and corresponding excitation frequencies at which these peaks occur. These parameters
are compared across different layer configurations to assess the influence of the laminate
thickness on the blade’s dynamic performance and to identify configurations that minimize
resonance-induced amplification. The harmonic response results for the 4-layer composite
blade are presented in Figure 9. On the basis of the modal analysis, which identified
natural frequencies in the range of approximately 17 Hz-130 Hz, harmonic analysis was
performed over 0 Hz-200 Hz to ensure that all potential resonance peaks were captured.
Figure 9a shows the variation in Max Stress with frequency, whereas Figure 9b presents the
corresponding Max Displacement.

a 4 Layers Harmonic Response Analysis
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b 4 Layers Harmonic Response Analysis
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Figure 9. Harmonic response of the 4-layer composite blade: (a) Max Stress vs. frequency and
(b) Max Displacement vs. frequency, for an excitation range of 0-200 Hz.
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In Figure 9a, distinct peaks in the maximum stress response are observed near the
natural frequencies identified in the modal analysis, confirming the resonance behavior of
the structure. The highest stress peak occurs at the first natural frequency, with subsequent
modes producing smaller but still notable stress responses. Figure 9b reveals a similar trend
for the displacement amplitude, where the largest displacement occurs in the first mode
and decreases for higher modes due to increased stiffness and reduced modal participation.
The results indicate that the 4-layer configuration, which has the lowest stiffness among the
studied cases, experiences relatively high displacement amplitudes and significant stress
peaks at resonance. This makes it more prone to vibration-induced fatigue or failure if it
operates near its natural frequency.

The harmonic response results for the 8-layer composite blade are presented in
Figure 10. On the basis of the modal analysis, which identified natural frequencies within
the range of approximately 17 Hz-195 Hz, harmonic analysis was performed over a fre-
quency range of 0 Hz-250 Hz to capture all possible resonance peaks. Figure 10a shows
the variation in Max Stress with frequency, whereas Figure 10b presents the corresponding
Max Displacement.
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Figure 10. Harmonic response of the 8-layer composite blade: (a) Max Stress vs. frequency and
(b) Max Displacement vs. frequency, for an excitation range of 0-250 Hz.

In Figure 10a, the Max Stress response for the 8-layer composite blade shows that Trial
12 results in the highest stress amplitude among all the tested cases. The most prominent
stress peak occurs at the fourth mode shape, corresponding to the natural frequency of
90.247 Hz, indicating that this mode is the most critical for stress concentration in this
configuration. In contrast, Figure 10b reveals that the Max Displacement does not occur
in the same mode. Instead, the largest displacement is observed at the first mode shape,

https:/ /doi.org/10.3390/wind6030042


https://doi.org/10.3390/wind6030042

Wind 2026, 6, 42

15 of 24

corresponding to the natural frequency of 17.387 Hz. This behavior reflects the fact that
lower-order bending modes typically produce larger global deflections. In contrast, higher-
order modes (such as the fourth mode) can induce localized deformation patterns that result
in higher stress levels without necessarily causing the largest overall displacement. These
findings highlight the importance of evaluating both stress and displacement responses
in harmonic analysis, as the most critical mode for structural integrity (in terms of stress)
may differ from the mode producing the largest deflection. For the 8-layer configuration,
operational frequencies near 17.387 Hz and 90.247 Hz should be avoided to minimize the
risk of excessive vibration and potential damage.

The harmonic response results for the 12-layer composite blade are shown in Figure 11.
According to the modal analysis, the natural frequencies for this configuration range from
approximately 16 Hz (first mode) to 221 Hz (sixth mode). To ensure that all possible
resonance peaks were captured, harmonic analysis was performed over a frequency range
of 0 Hz-250 Hz.
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Figure 11. Harmonic response of the 12-layer composite blade: (a) Max Stress vs. frequency and
(b) Max Displacement vs. frequency, for an excitation range of 0-250 Hz.

In Figure 11a, which presents the Max Stress versus frequency, Trial 8 consistently
results in the highest stress amplitudes among all the tested trials. The most prominent
stress peak for Trial 8 occurs at a frequency corresponding to one of the higher mode
shapes, indicating a critical resonance condition for stress concentration in this configura-
tion. Figure 11b, which shows the Max Displacement, also identifies Trial 8 as producing the
largest displacement response. However, the Max Displacement occurs at the first mode
shape (approximately 16 Hz), which is typical for bending-dominated modes that produce
large global deflections. Higher-order modes, while generating smaller overall displace-
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ments, can still produce significant localized stresses, as shown in Figure 11a. This behavior
reinforces the importance of evaluating both stress and displacement in harmonic analysis:
the mode that governs the maximum stress is not necessarily the same as the mode that
produces the maximum displacement. For the 12-layer configuration, operational frequen-
cies near the first mode (~16 Hz) and the critical higher-order mode identified for stress
peaks should be avoided to minimize the risk of resonance-induced damage.

The harmonic response results for the 16-layer composite blade are shown in Figure 12.
According to the modal analysis, the natural frequencies for this configuration range from
approximately 18 Hz (first mode) to 249 Hz (sixth mode). To ensure that all possible
resonance peaks were captured, harmonic analysis was performed over a frequency range
of 0 Hz-300 Hz.
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0.001
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Figure 12. Harmonic response of the 16-layer composite blade: (a) Max Stress vs. frequency and
(b) Max Displacement vs. frequency, for an excitation range of 0-300 Hz.

In Figure 12a, which presents the Max Stress versus frequency, Trial 4 results in the
highest stress among all the tested trials. The most prominent stress peak for Trial 4 occurs
at the first mode shape (approximately 18 Hz), indicating that the fundamental bending
mode is the most critical for stress concentration in this configuration. Figure 12b, which
shows the Max Displacement, reveals a similar pattern: Trial 4 again produces the largest
displacement response, with the peak also occurring at the first mode shape. The alignment
of both Max Stress and Max Displacement at the first mode suggests that, for the 16-layer
configuration, the fundamental bending mode dominates the dynamic response. While the
increased stiffness of the thicker laminate reduces the overall amplitude compared with
that of the thinner laminate, operating near the first natural frequency (~18 Hz) should still
be avoided to prevent excessive vibration and potential fatigue damage.
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Compared with the other configurations, increasing the layer count generally reduced
both the displacement and stress at resonance, reflecting the greater stiffness of thicker
laminates. The 4-layer blade exhibited the highest displacement response and notable
stress peak, making it the most susceptible to resonance-induced damage. The 8-layer
configuration showed a balanced improvement, with reduced amplitudes and better re-
sistance to dynamic loading. The 12-layer blade further lowered the displacement but
still exhibited significant stress peaks in specific modes, highlighting the need for careful
frequency avoidance. The 16-layer configuration, with the highest stiffness, demonstrated
the lowest overall amplitudes; however, both the maximum stress and displacement still
occurred in the first mode (~18 Hz), underscoring that even the stiffest design remains
vulnerable if it is excited near its fundamental frequency.

3.5. Multi-Objective Optimization Outcomes

A multi-objective optimization approach was employed to improve multiple perfor-
mance criteria of the composite blade simultaneously. The optimization was formulated
with three primary objectives: (i) minimizing the Max Stress, (ii) minimizing the Max Dis-
placement, and (iii) targeting an intermediate value for the FL. The overall response values
obtained from the design of the experiments and subsequent simulations, which form the
basis for the optimization process, are summarized in Table 6.

Table 6. Summary of the simulation results for all the DOE trials, including the input factor levels
and corresponding output responses for Max Displacement, Max Stress, and FL

Trial No.  Force (N) Dli:sotzcrfce Nli?;e?s()f Displl\;[;:ment M?;/[it:f % FI (max)
(cm) (mm)
1 15 0 4 4.84 7.30 1.26
2 15 30 8 15.68 24.45 2.56
3 15 60 12 10.97 6.92 0.54
4 15 90 16 156.36 63.02 6.98
5 22.5 0 8 3.17 10.52 091
6 22.5 30 4 44.99 28.00 476
7 22.5 60 16 137.02 55.31 6.15
8 225 90 12 35.02 43.66 4.06
9 30 0 12 6.56 13.34 1.25
10 30 30 16 75.00 30.35 3.37
11 30 60 4 148.37 32.37 5.70
12 30 90 8 66.69 88.14 7.70
13 37.5 0 16 9.84 9.52 1.00
14 37.5 30 12 27.95 26.71 3.17
15 37.5 60 8 48.44 23.95 2.49
16 37.5 90 4 324.23 71.30 12.59

Following the Taguchi L16 design of experiments, 16 numerical simulations were
performed and the corresponding response parameters, including Max Stress, Max Displace-
ment, and FI, were obtained and summarized in Table 6. These three response parameters
were subsequently used in a multi-objective optimization process performed in Minitab
18. A General Linear Model (GLM) and analysis of variance (ANOVA) were employed
to evaluate the effects of the design factors on the response parameters and to support
the optimization process. The optimization was formulated to minimize Max Stress and
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Max Displacement while targeting an FI of 0.5. The resulting response models were then
used to determine the combination of force magnitude, force distance, and number of
layers that provided the highest overall composite desirability. The ANOVA results used to
evaluate the significance of the input factors and their effects on the response parameters
are presented in Table 7.

Table 7. ANOVA results showing the statistical significance and contribution of each factor to the
variability of the output response.

Analysis of Variance

Source DF Adj SS Adj MS F-Value p-Value
Force (N) 3 9.133 3.044 0.86 0.511
F Distance (cm) 3 93.665 31.222 8.81 0.013
Number of Layers 3 31.355 10.452 2.95 0.12
Error 6 21.26 3.543

Total 15 155.414

Following the multi-objective optimization process (aimed at minimizing both Max
Stress and Max Displacement while targeting a mid-range value for the FI), the optimized
results are presented in Figure 13.
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— . — . — i
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1 1 1 1 1 1 1 1 1
D: 0.9413 G i o i o
P i s o ; o Desirability = 0.9413
o 1 i i 1 [) i | i
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
) b ¢ R : ol g
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Target: 0.5 H—— e — H —o— ® —. ® —i— —+ —i{ Predicted Optimum Response Level
N i P i i '
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— T T— o) r— 1
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Figure 13. Response optimizer plot showing the optimum design condition of 12 laminate layers,
60 cm load application distance, and 15 N applied force, with a composite desirability of 0.9413.
Blue dashed lines indicate predicted optimum response levels, and gray shaded regions represent
zero-desirability ranges.

Figure 13 presents the multi-objective optimization output generated using Minitab 18.
The plot summarizes the optimal levels of the input factors and the corresponding predicted
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Peak Deformation Amplitude (mm)

responses, including Max Stress, Max Displacement, and FI, together with the individual
desirability values and the overall composite desirability. The optimization yielded a
composite desirability of 0.9413, indicating that the selected parameter combination satisfies
the defined objectives to a very high degree.

The optimal settings were force = 15 N, force distance = 60 cm, and number of layers = 12.
Under these conditions, the predicted Fl is 0.7460 (d = 0.97965), which is close to the target
value of 0.50 and remains within the safe operating range. The Max Stress is reduced to
10.8592 MPa, and the Max Displacement is lowered to 13.8934 mm, both of which represent
substantial improvements over the nonoptimized cases.

Figure 14 presents the optimization contour plot generated in Minitab 18, illustrating
the relationship between Max Stress and Max Displacement and the corresponding variation
in the FI within the investigated response space. The contour regions provide a visual
representation of the predicted response behavior and indicate areas associated with lower
or higher FI values.

Contour Plot of Failure Index vs Peak Deformation, Peak Max Stress
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Figure 14. Contour plot illustrating the relationship between Max Stress and Max Displacement amplitude,
with the FI represented by color gradients, highlighting safe and critical operating regions within the
design space.

The contour plot provides a visual map of how combinations of stress and deformation
influence the FI. The regions shaded in darker red correspond to Fls < 1.0, indicating safe
operating conditions. As the color transitions from orange, yellow, or green to blue, the FI
increases, indicating a progressively increased risk of structural failure.

From the plot, it is evident that:

e  The low-stress and low-deformation zones (bottom-left region) consistently yield FI
values below 1, representing the most desirable operating range.
e  High stress and/or high deformation zones (upper-right region) are associated with

FI values well above the safe limit, indicating critical conditions.

https:/ /doi.org/10.3390/wind6030042


https://doi.org/10.3390/wind6030042

Wind 2026, 6, 42

20 of 24

e  The gradient pattern confirms that both stress and deformation contribute jointly to
the failure risk and that controlling either parameter alone is insufficient for ensuring
safety (both must be maintained within acceptable limits).

The multi-objective optimization successfully identified a parameter combination
that achieves a high composite desirability (0.9413) by minimizing stress and deformation
while keeping the FI within the targeted range. The contour plot further validates these
results by visually confirming that the optimized point lies within the low-risk region of
the design space.

These findings demonstrate that a balanced approach (simultaneously addressing
stiffness, strength, and controlled failure risk) is essential for achieving an optimal com-
posite blade design. The integration of DOE, S/N analysis, ANOVA, regression model-
ing, and multi-objective optimization provides a robust framework for guiding future
design improvements and ensuring reliable structural performance under operational
loading conditions.

To clearly establish the novelty and scientific contribution of the present research,
Table 8 presents a comparative benchmarking of this study against recent literature regard-
ing methodology, structural evaluation, and optimization criteria.

Table 8. Summary of key contributions and methodological differences between the present work
and previous research.

s . . . Optimization & Key
Ref./Study Focus/Application Material/Modeling Analysis Method Failure Criteria Findings/Distinctions
Optimal configuration: a
12-ply laminate subjected
. toal5Nload ata
Harmonic Response .
& Failure Analysis distance of 60 cm. The
GFRP Modal, Harmonic results indicated that load
1 m SWT Blade o 10no o o X DOE & o
Current Study Obtimization 0°/90°/+45°/—45°/ Response & Failure Multi-obiective position was more
P ANSYS ACP Analysis -objec influential than load
Optimization. magnitude on the
Evaluated FI &n
structural response
within the investigated
range.
Focused on maximum
Modal & Extreme eust load load limits rather than
Cai et al. [45] 1 m SWT Blade Composite Laminates Aero-structural structuril limits optimizing layer
(FEM/CFD) thickness and load
position systematically.
Optimized ply angles
. (45°), but lacks
Harmonic Response Minimized comprehensive FI
Wang et al. [46] Wind Turbine Blade FRP Laminates Method dlsplacignire’l; via ply assessment and
& load-distance sensitivity
analysis.
Compared material
_— . - fatigue limits. Did not
Kumar et al. [47]  Small HAWT Blade Kevlar, GFRP, CFRP Vibrational Fatigue Pure mateljlal life perform structural
(FEM) comparison : .
thickness or geometric
load-point optimization.
Evaluated mode shapes
and natural frequencies.
Veludurthi and Modal & Harmonic Linear structural Missing structural failure
Bolleddu [48] SWT Blade GFRP + Foam Core (Num & Exp) resonance evaluation criteria and
multi-objective
optimization.
Ice mass alters natural
Lagdani et al Environmental frequencies. Focuses on
8 [49] ’ Offshore WT Blade Hybrid Composites Modal Analysis impact environmental added

mass rather than laminate
failure optimization.
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While the dynamic behavior of SWT blades has been widely studied, most of the
existing literature focuses either on pure material comparisons under fatigue loading
(Kumar et al. [46]) or basic linear modal and harmonic responses without integrating sys-
tematic structural failure criteria (Lagdani et al. [48]). Furthermore, studies that attempt
structural optimization often limit their scope to varying ply angles (Wang et al. [45])
without evaluating the coupled sensitivities of operational parameters. The present study
addresses this gap by combining ANSYS ACP modeling, modal/harmonic analysis, and
a rigorous DOE framework. By systematically evaluating the structural responses under
varying layer counts (4 to 16 plies), load magnitudes, and load distances, this research
identifies the critical role of load application distance as the dominant factor over force mag-
nitude. Ultimately, a multi-objective optimization approach was employed, pinpointing
the 12-layer GFRP configuration under a 15 N load at 60 cm from the root as the optimal op-
erational state (Composite Desirability = 0.9413), successfully balancing structural stiffness
with a safe FI.

4. Conclusions

This study presented an integrated numerical-statistical framework for the structural
analysis and optimization of a GFRP composite wind turbine blade based on the NACA
4412 airfoil. Finite element modal and harmonic response analyses were combined with
DOE, ANOVA, regression modeling, and desirability-based multi-objective optimization
to systematically investigate the effects of key design parameters on the dynamic and
structural performance of the blade. The primary response parameters considered were
Max Displacement, Max Stress, and the FI.

The main findings of this study can be summarized as follows:

e  Force distance was identified as the most influential parameter, showing statistical
significance at the 95% confidence level (p = 0.013). Increasing the distance from
the blade root increased the bending effect, resulting in higher stress levels, larger
deformation amplitudes, and increased FI values.

e  The number of laminate layers was the second most significant factor affecting struc-
tural performance. Increasing the layer count improved the blade stiffness and load-
carrying capability, while the 4-layer configuration exhibited comparatively lower
structural performance. The 12- and 16-layer configurations generally demonstrated
improved structural and dynamic behavior.

e  Force magnitude did not show a statistically significant independent effect within
the investigated range, although it contributed to variations in the stress and
deformation responses.

e  The multi-objective optimization identified an optimal configuration consisting of
12 laminate layers, a force magnitude of 15 N, and a force distance of 60 cm, achieving
a composite desirability of 0.9413. This configuration provided a balanced response
considering Max Stress, Max Displacement, and FI.

From a wind engineering and wind energy application perspective, the results demon-
strate that the structural and dynamic characteristics of composite turbine blades are
important for reliable operation under varying loading conditions. Increased blade stiffness
and appropriate control of the natural frequencies can reduce excessive deformation and
the probability of resonance-induced vibration, which may contribute to maintaining the
intended blade geometry and improving structural reliability during operation. Therefore,
the structural optimization of the blade is not only relevant to its strength and durability but
also provides an important basis for achieving reliable and efficient wind turbine operation.
The proposed optimization framework can consequently support early-stage blade design
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by identifying suitable structural configurations while considering the effects of loading
conditions and laminate architecture.

While the point load approach effectively isolates structural behavior for optimization
purposes, it is acknowledged that this does not capture the full range of dynamic, aero-
elastic, and operational loads experienced in-service.

Opverall, the optimized configuration provides a balanced trade-off between stiffness,
structural strength, and failure resistance and represents a practical basis for manufacturing-
oriented composite blade design rather than a purely theoretical solution. Future work
should extend the proposed framework by incorporating additional design variables, such
as fiber orientation, stacking sequence, and geometric modifications, together with more
realistic aerodynamic, fatigue, and transient dynamic loading conditions, supported by
further experimental validation.
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