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Abstract

This study investigates the topology optimisation of a composite wind turbine blade with
the objective of improving its structural performance under static and dynamic con-
straints. Two distinct optimisation strategies—based on static deformation limits and
modal frequency enhancement—are employed to achieve mass reduction while maintain-
ing or improving mechanical performance. The optimisation process incorporates modal
characterisation of the first ten natural frequencies and a detailed static stress analysis.
Results indicate that the optimised designs achieve a notable increase in the fundamental
natural frequency of the blade—from 2.32 Hz to 2.99 Hz—and reduce the overall mass by
approximately 49%, lowering it from 4.55 x 105 kg to around 2.34 x 105 kg compared to the
original configuration. In particular, the optimised geometry offers improved stiffness and
a more uniform stress distribution, especially in the flapwise bending and torsional
modes. Higher-order torsional frequencies remain well-separated from typical excitation
sources, minimising resonance risks. These findings highlight the effectiveness of con-
straint-driven topology optimisation in enhancing structural performance and reducing
material usage in wind turbine blade design.

Keywords: topology optimisation; composite wind turbine blades; structural
performance; modal analysis; stress analysis; structural design

1. Introduction

Wind turbine blades are essential components in harnessing wind energy, transform-
ing it into mechanical power. As the wind power industry develops, there is a growing
demand for larger and more efficient blades. Designing and optimising these blades pose
significant engineering challenges. Critical aspects of wind turbine blade design include
the selection of materials, aerodynamic and structural considerations, and optimisation
techniques. Various blade types and materials are employed, such as fibreglass-reinforced
composites, carbon fibre, and aluminium, with designs ranging from flat to curved or
gull-wing tips. Blades are subjected to lift, drag, centrifugal, and gravitational forces. The
size of the blades is a critical factor influencing the power output of wind turbines, which
can range from small units generating 10 kW to large turbines producing up to 15 MW.

The structural design of wind turbine blades aims to enhance structural performance,
reduce weight, and lower costs through innovative configurations and optimisation
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techniques. Topology optimisation applied to a 45 m blade resulted in a non-prismatic
shape that reduces stress and increases stiffness, demonstrating the effectiveness of offset
spar cap topology and trailing edge reinforcement in material reduction and cost savings
[1]. The coupled multi-objective shape and topology optimisation framework for Hori-
zontal-Axis Wind Turbine blades simultaneously optimise internal structural arrange-
ment and external blade shape, achieving a 16-41% reduction in structural compliance
and a 4% increase in rotor power coefficient, thus enhancing power output and structural
performance [2,3].

Finite element analysis has been extensively used to assess fatigue life cycles and the
performance of composite materials in wind turbine blades. Studies utilising finite ele-
ment software evaluated materials like glass fibre-reinforced plastic (GFRP), carbon fibre-
reinforced plastic (CFRP), titanium and aluminium alloys. Findings indicate that while
CFRP exhibits maximum stress and the least deformation, GFRP and aluminium offer
similar stress levels and may be more cost-effective for small wind turbine blades (blade
lengths under 30 m), pending further fatigue testing [4,5]. Comparisons of composite ma-
terials such as carbon and graphite epoxy suggest that carbon epoxy composites are opti-
mal due to their low mass and favourable stress distribution, enhancing blade perfor-
mance [6,7].

Strategies incorporating flow control devices and biomimicry have been explored to
improve aerodynamic, structural, and aero-acoustic properties, emphasising the im-
portance of factors like Reynolds and Strouhal numbers and the role of turbulence models
and optimisation algorithms in sustainable wind turbine design [8]. Studies have also ex-
amined the aerodynamic optimisation of icing-related power losses in small turbine
blades, illustrating how environmental factors can be integrated into the optimisation pro-
cess [9]. Research on the effects of 3D blade geometry on performance provides insights
into trade-offs in blade design, with principles that could benefit larger blades [10]. Finite
element analysis on composite laminated plates highlighted the advantages of composites
due to their high strength-to-weight ratio and vibration resistance, crucial for blade design
and reliability [11-13]. Modal analyses under various wind speed scenarios suggest de-
sign changes to reduce stress concentrations and enhance structural integrity in wind tur-
bine towers [12,14,15].

Structural analyses under severe wind loading conditions using ANSYS and
NuMAD revealed that most blade components can sustain high loads, with recommen-
dations to optimise aerofoil, ply layup, and blade geometry for improved performance
and integrity [16]. Utilising higher-order triangular meshing has been shown to improve
the aerodynamic efficiency of wind turbine blades, enhancing the precision of perfor-
mance forecasts and aiding in effective shape optimisation [17]. Studies on flow-induced
vibrations in vertical-axis wind turbine blades emphasise the need to consider natural fre-
quencies and vibratory stresses in blade design, with carbon epoxy composites showing
promising performance [18-20]. Finite element analyses aimed at optimising material con-
sumption in fibreglass composite blades evaluated natural frequencies, twisting deflec-
tions, and static bending to design strong, lightweight, and cost-effective blades, suggest-
ing future research on dynamics and structural mechanics [21]. Analytical beam models
provide simpler methods for dynamic analysis and aid in understanding scaling effects
and material selection [11,22-28].

Topology optimisation methods have effectively reduced blade mass and enhanced
stiffness, with evolutionary algorithms addressing practical challenges in manufacturing
constraints and model validation [29,30]. Advanced manufacturing processes, such as 3D
printing and additive manufacturing, have been employed to create high-performance,
lightweight blades, demonstrating significant mass reductions and potential applications
in blade optimisation [31-35]. Reviews of aviation engine resin matrix composite fan



Wind 2025, 5, 23

3 of 18

blades emphasise integrating mechanical design, cost-effective manufacturing, and pre-
cise damage detection for broader adoption in aerospace applications, which could inform
wind turbine blade development [36].

Computational simulations and fluid—structure interaction analyses have evaluated
blade performance under various conditions, highlighting the importance of considering
structural flexibility, aerodynamic stresses, and aeroelastic responses in design and anal-
ysis [37-40]. These studies emphasise that integrating advanced materials, topology opti-
misation, and aerodynamic considerations can significantly improve blade performance,
structural integrity, and efficiency, contributing to the development of more effective and
sustainable wind energy systems.

Recent studies have explored advanced optimisation strategies to enhance wind tur-
bine performance. In [41], a Darrieus-type vertical axis wind turbine (VAWT) was im-
proved using auxiliary blades and deflectors, resulting in a 73% increase in efficiency at
high tip-speed ratios. Building on this, ref. [42] proposed a dual-shaft hybrid Darrieus—
Savonius VAWT, mitigating high-TSR inefficiencies and achieving a 35% efficiency gain
in the low-TSR regime. Ref. [43] conducted a 3D-CFD analysis to evaluate the effects of
rotor parameters such as overlap ratio, spacing, and arc angle on the aerodynamic perfor-
mance of Savonius turbines. Their optimised configuration significantly boosted the
power coefficient. Meanwhile, ref. [44] applied optimisation methods including Kriging
and RSM to a small-scale horizontal axis wind turbine (HAWT) and achieved up to an
11% improvement in power coefficient using the QBlade platform.

The aim of this study is to perform and evaluate topology optimisation for wind tur-
bine blade design, with a focus on improving structural integrity and dynamic perfor-
mance. Existing studies on blade optimisation often prioritise aerodynamic shape design,
while fewer address structural material distribution within fixed geometries, particularly
using constraint-driven topology optimisation. To bridge this gap, the present work tar-
gets a horizontal-axis wind turbine blade and integrates finite element analysis with struc-
tural topology optimisation, while preserving the original aerodynamic outer surface. Un-
like previous works that focus solely on mass minimisation or natural frequency enhance-
ment, this study incorporates both static and modal constraints to evaluate their influence
on structural response. A comprehensive characterisation of the first ten natural frequen-
cies and a static stress assessment are conducted to assess the impact of the optimisation
strategies. By maintaining aerodynamic integrity and focusing on internal material redis-
tribution, this study offers a practical approach to improving stiffness, stress distribution,
and vibrational performance. The findings contribute to the growing body of research on
the structural optimisation of renewable energy systems and highlight how constraint-
based internal reconfiguration can improve structural efficiency in composite wind tur-
bine blades. The novelty of this work lies in the dual-path optimisation strategy, allowing
for a comparative evaluation of static- and dynamic-driven design objectives within a uni-
fied framework. This approach provides deeper insight into the trade-offs and synergies
between mass reduction, vibrational safety, and stress control, which are often treated in
isolation in the existing literature.

2. Description of the Wind Turbine Blade
2.1. Geometry of the Blade

The selected wind turbine blade geometry has a total length of 30.27 m. At the root,
the blade has a circular cross-section with a diameter of 2.47 m, transitioning through a
round disc attachment. This root section extends over 2.06 m before tapering into the mid-
section. The midsection spans 9.9 m and features a streamlined transition towards the
blade’s tip. The remaining 18.31 m represent the tapered tip, where the blade narrows to
improve aerodynamic performance. This design optimises the blade’s structural and
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aerodynamic properties, improving energy efficiency. The blade has a composite skin that
covers the core. These components are rigidly tied to each other to maintain the assembly
in the model. The blade geometry model is shown in Figure 1 and some geometric features
are shown in Table 1.

Total 30.27m

A

Table 1. Geometric dimensions and original mass of the wind turbine blade used in this study.

Root
206 m

— ¥y

Mid 9.9 m Tip 1831m

Figure 1. Wind turbine blade model.

Parameter Value
Blade Length 30.27 m
Root Diameter 247 m
Original Mass 4.553 x 105 kg

2.2. Mechanical Properties of the Materials

Building on the features of carbon fibre discussed in the initial static structural anal-
ysis, the mechanical properties of the composite material are explored in further detail.
CFRP is an ideal material for wind turbine blade applications due to its significant rigidity
and strength-to-weight ratio. Due to its anisotropic nature, the mechanical properties of
CFRP can be optimised in specific directions to enhance blade performance. In line with
values reported in the literature for carbon fibre—epoxy laminates [45], a fibre volume frac-
tion of approximately 60% was considered. Each ply thickness was taken as 0.327 mm,
and the composite skin was modelled as a laminate comprising approximately 100 plies,
giving a total shell thickness of 32.7 mm. A representative stacking sequence of
(0/45/90/-45/0) was repeated throughout the layup, following classical laminate notation.
The fibre volume fraction, number of plies, and orientation critically impact the compo-
site’s overall performance, particularly affecting fatigue resistance, tensile strength, and
flexural modulus. For the analysis, the composite skin is homogenised into an isotropic
material with the following properties: density of 2000 kg/m3, Young’s modulus of 110
GPa, and Poisson’s ratio of 0.3 [11]. The ply properties are summarised in Table 2

Table 2. Properties of a ply used in the composite shell of the blade.

Property Value Units
Ply thickness 0.327 mm
Density 1.76 g/cm?
Fibre volume fraction ~60 %
Longitudinal modulus, E: 141 GPa
Transverse modulus, E2 8.7 GPa
Shear modulus, Gi2, G13 5.6 GPa
Shear modulus, G23 3.7 GPa
Poisson’s ratio, viz, vi3 0.3 -

Poisson’s ratio, v23 0.4 -
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2.3. Exploring the Mechanical Characteristics of the Blade

An initial structural analysis is conducted using ANSYS Workbench to evaluate the
mechanical characteristics of the selected blade geometry. The blade model is imported
into the software for finite element analysis. To construct a set of self-consistent modelling
conditions, a fixed support is applied at the root end of the blade, representing its attach-
ment to the hub. Load cases are implemented to assess the blade under different condi-
tions, including pressure distributions representing aerodynamic loads with magnitudes
of 10,000 Pa, 20,000 Pa, and 30,000 Pa [46,47]. Even though it would be expected that the
pressure acting on the blade should not be constant, for this particular study, it is seen
that this simplification of loads is representative of the operational conditions.

The aerodynamic pressure values of 10,000 Pa, 20,000 Pa, and 30,000 Pa were selected
to represent a range of realistic loading conditions experienced by large-scale wind tur-
bine blades during different wind events. These values correspond to typical operational
and extreme gust scenarios, covering a broad spectrum of structural responses. Although
fluid—structure interaction (FSI) is not addressed directly in this study, the chosen pres-
sure levels provide a representative spectrum of aerodynamic loads suitable for evaluat-
ing and comparing the effectiveness of different optimisation strategies.

The structural analysis determines the blade’s response to the applied loads by eval-
uating key parameters such as structural deformation, directional deformation, von Mises
stress, and maximum elastic strain. Structural deformation assesses the overall deflection
to ensure it remains within acceptable limits, while directional deformation provides in-
sights into the blade’s behaviour along specific axes under load. The von Mises stress
analysis identified areas of high-stress concentration that could indicate potential failure
points under predefined loads.

3. Topology Optimisation of the Wind Turbine Blades

The primary objective of this study is to optimise the topology of a wind turbine
blade by reducing the size of its aluminium core without compromising structural integ-
rity or dynamic performance. Both static and modal analyses are employed using ANSYS
Workbench to achieve this goal. The optimisation aims to minimise compliance under
static loading conditions and increase the first natural frequency in modal analysis.

3.1. Initial Design and Constraints
3.1.1. Blade Geometry, Mesh Structure and the Numerical Model

The wind turbine blade model used in this study is shown in Figure 2. A finite ele-
ment mesh was generated with a maximum element size of 0.2 m, yielding a total of
101,627 nodes and 64,410 elements. A hybrid meshing strategy was adopted: quadrilateral
elements were applied in the hub region to better accommodate the geometry’s regular
topology and structural attachment interfaces, while triangular elements were employed
along the blade’s length, particularly towards the tip, to allow for flexibility in capturing
complex curvatures and varying cross-sectional transitions. This meshing approach en-
sured an adequate balance between geometric fidelity and computational cost. Further-
more, a mesh convergence study was conducted to confirm that the selected mesh density
results in stable and reliable outputs for both static and modal analyses.

It is also essential to note that the mesh independence study is conducted and the
selected mesh —consisting of 64,410 elements and 101,627 nodes with a maximum element
size of 0.2 m—was confirmed to produce consistent and stable results for both static and
modal analyses, indicating that further mesh refinement would not significantly alter the
outcome.
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Figure 2. Finalised mesh of the numerical model.

3.1.2. Boundary Conditions and Load Cases

To simulate realistic operational conditions, a rotational velocity of 22.3 RPM (equiv-
alent to an angular velocity of 2.33 rad/s and wind speed of approximately 10 m/s, for a
30 m blade radius and a tip-speed ratio of 7) is selected based on typical operating speeds
and tip speed ratios for a 30-metre blade. This rotational speed corresponds to a blade tip
speed of approximately 70 m/s, which falls within the standard range for this size of wind
turbine. The influence of rotational motion is reflected in the centrifugal stiffening of the
blade structure, particularly along the span, contributing to improved bending stiffness
in the axial direction.

A fixed boundary condition is applied to the disc face at the root of the blade to rep-
resent its attachment to the hub, thereby constraining all degrees of freedom. Pressure
loads are applied to the pressure side of the blade surface to simulate aerodynamic forces.
Initial analyses are conducted with pressure magnitudes of 10,000 Pa, 20,000 Pa, and
30,000 Pa to understand the structural response under various operating scenarios. For
the optimisation phase, the pressure load is increased to 50,000 Pa to account for more
severe loading conditions. This higher pressure magnitude introduces a conservative
safety margin into the design process, representing extreme but plausible wind condi-
tions.

3.2. Optimisation Process with Static and Modal Constraints

The topology optimisation of the wind turbine blade is carried out using the struc-
tural optimisation module within ANSYS. The optimisation process is conducted sepa-
rately for static and modal analyses rather than as a single integrated procedure to permit
comparison of the resultant geometry under each constraint type. Consequently, the re-
sults and analyses for each case—static and modal —are presented individually.

3.2.1. Objective Function and Constraint Formulation

The optimisation process focuses on minimising the mass of the wind turbine blade
while satisfying specific performance constraints in both static and modal analyses.

In the static analysis, the primary objective is to reduce the mass of the blade while
imposing a constraint on the maximum allowable displacement. This approach ensures
that, despite the reduction in mass, the blade maintains sufficient stiffness to limit deflec-
tions under the applied loads. Controlling displacement is critical to prevent excessive
deformation that could impair the blade’s functionality or lead to structural failure during
operation.

In the modal analysis, the objective remains mass minimisation, but the constraint
shifts to the fundamental natural frequency of the blade. The optimisation seeks to ensure



Wind 2025, 5, 23

7 of 18

that the first natural frequency does not fall below a predetermined threshold, targeting
at least a 20% increase from the initial frequency [46]. Maintaining or increasing the natu-
ral frequency is essential to avoid resonance with operational excitations, thereby preserv-
ing the dynamic performance of the blade.

This optimisation approach does not involve a multi-objective analysis; instead, it
employs a single objective—mass minimisation —with different constraints applied in two
separate analyses. By addressing these constraints separately in the static and modal anal-
yses, the optimisation process allows for targeted improvements in each performance as-
pect. This sequential method ensures that the blade’s structural and dynamic require-
ments are met while achieving the overall goal of reducing mass, leading to a more effi-
cient and effective blade design.

3.2.2. Convergence Criteria

Convergence in the optimisation process is monitored by evaluating the objective
and constraint response functions for both static and modal analyses. The optimisation
iterations continue until the objectives are met within predefined tolerances, ensuring that
the blade design satisfies all specified performance requirements.

In the static analysis, convergence is achieved when further iterations result in negli-
gible reductions in mass, indicating that an optimal material distribution has been reached
within the displacement constraint. The change in mass between successive iterations falls
below a specified threshold, and the maximum allowable displacement is not exceeded.
This ensures that the blade maintains sufficient stiffness to limit deflections under the ap-
plied loading conditions while achieving mass reduction.

In the modal analysis, convergence is attained when the first natural frequency has
increased by the targeted 20%, and additional iterations do not yield significant frequency
enhancements [46]. Shifting the first natural frequency reduces the risk of resonance at
targeted operational conditions. The optimisation continues until the mass cannot be fur-
ther reduced without violating the natural frequency constraint. Maintaining or increas-
ing the natural frequency is essential to avoid resonance with operational excitations,
thereby preserving the dynamic performance of the blade.

4. Results and Discussion
4.1. Mesh Convergence Study

Mesh convergence analysis was conducted to verify the independence of the results
from the discretisation density. Table 3 demonstrates the coupled convergence behaviour
of maximum displacement and the fundamental natural frequency under mesh refine-
ment. With a coarse mesh, the frequency is artificially overestimated due to excessive stiff-
ness representation, while the corresponding displacement is underestimated. As the
mesh is refined, the displacement gradually increases and the natural frequency de-
creases, with both quantities stabilising at mesh level 3—4. This behaviour is consistent
with the variational nature of the finite element method, where eigenfrequencies obtained
from coarse discretisations act as upper bounds that reduce towards the true solution,
while displacements converge smoothly from below. The final mesh of 64,410 elements
and 101,627 nodes was therefore selected as a mesh-independent model, balancing accu-
racy and computational cost.
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Table 3. Mesh convergence study showing coupled convergence of displacement and natural fre-

quency.
Mesh Level Max-. Element No. of Elements Max. Displace- Rela.tive Error Fundamental Relative Error
Size (m) ment (m) Disp. (%) Frequency (Hz) Freq. (%)
1 0.5 15,200 5.4 x 107 8.5 3.17 6
2 0.35 31,600 5.65 x 107 4.2 3.08 3
3 0.25 47,900 5.8 x 107 17 3.01 0.7
4 (Final) 0.2 64,410 5.9 x 107 0 2.99 0

4.2. Analysis of the Initial Geometry

To establish a baseline for the subsequent optimisation process, the initial geometry
of the wind turbine blade was subjected to a series of static analyses under varying aero-
dynamic pressure loads. Table 4 summarises the key structural responses—total defor-
mation, von Mises stress, maximum principal elastic strain, flapwise direction defor-
mation, and the fundamental natural frequency —recorded for pressure magnitudes of
10,000 Pa, 20,000 Pa, and 30,000 Pa.

Although, in practice, the aerodynamic pressure acting on a wind turbine blade var-
ies along its span, this study, similar to the approach adopted in [46], demonstrates that
assuming a constant pressure load provides a sufficiently representative simplification of
the operational loading conditions for the purposes of structural optimisation.

The results indicate that the structural response of the blade scales linearly with the
applied aerodynamic pressure. Under a load of 10,000 Pa, the maximum total deformation
was found to be approximately 5.90 x 107 m. When the pressure was doubled to 20,000
Pa, the deformation increased to 1.18 x 10-6 m, and a further increase in pressure to 30,000
Pa resulted in a maximum deformation of 1.77 x 106 m. This near-linear trend confirms
that the initial design is operating within the elastic regime, where the material response
is predictable and reversible.

Similarly, the maximum von Mises stress follows a proportional increase with the
applied load —from 12.242 MPa to 24.483 MPa and finally 36.725 MPa. Such a uniform
scaling in stress suggests that the load is being distributed evenly throughout the blade
structure, thereby reducing the likelihood of localised stress concentrations that might
otherwise lead to premature failure.

The maximum principal elastic strain, albeit reported in small magnitudes, also
demonstrates a linear relationship with the increasing pressure. Recorded values of ap-
proximately 3.94 x 108, 7.89 x 108, and 1.18 x 10 for the three test cases confirm that the
composite material remains well within its elastic limits, which is crucial for maintaining
the blade’s structural integrity under operational conditions.

In addition to the overall deformation, the flapwise direction deformation —which is
particularly critical for aerodynamic performance —was evaluated. The observed values
(4.06 x 107 m, 8.13 x 107 m, and 1.22 x 10-° m) reinforce the trend noted in the total defor-
mation data. The proportional increase in flapwise deflection further substantiates the lin-
ear elastic behaviour of the blade, ensuring that the aerodynamic load does not induce
excessive bending that could compromise performance.

Finally, the fundamental natural frequency exhibited only marginal changes across
the three load cases, with values ranging from 2.3217 Hz at the lowest pressure to 2.3508
Hz at the highest. This minor variation suggests that the dynamic properties of the blade
are largely independent of the static load conditions, thereby confirming the design’s sta-
bility in terms of resonance and dynamic performance.
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Table 4. Preliminary tested values of total deformation.

Analysis Characteristics 1st Test 2nd Test 3rd Test
Aero-pressure magnitude 10,000 Pa 20,000 Pa 30,000 Pa
Total Deformation (Maximum) 5.9004 x 107 1.1801 x 107 1.7701 x 10-¢
Von Mises stress (Maximum) 12,242 24,483 36,725
Maximum principle Elastic strain (Maximum) 3.9426 x 108 m 7.8851 x 108 m 1.1828 x 107 m
Flapwise Direction Deformation (Maximum) 4.0642 x 107 m 8.1284 x 107 1.2193 x 107 m
Fundamental Natural Frequency 2.3217 Hz 2.3342 Hz 2.3508 Hz

4.3. Topology Optimisation Studies

Following the baseline assessment of the initial geometry, topology optimisation was
conducted under two primary constraints: (1) a static analysis targeting minimum mass
subject to a maximum displacement constraint, and (2) a modal analysis aiming to raise
the blade’s fundamental natural frequency above a specified threshold. Figures 3 and 4
illustrate the resulting optimised structures from these two independent approaches.

0000 3500 7.000(m)
]

1750 5.250

Figure 3. Topology-optimised internal structure of the blade based on static loading constraints.
Material retention is concentrated near the root where bending stresses are highest, while significant

internal cavities are formed along the mid-span and tip to reduce mass.

0.000 3500 7.000(m)
)

1750 5250

Figure 4. Topology-optimised internal structure of the blade based on modal (frequency) con-
straints. Material is retained in regions that contribute significantly to bending and torsional stiff-
ness, particularly along the lengthwise edges, resulting in an efficient mass reduction without com-

promising dynamic performance.
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In Figure 3, corresponding to the static-optimised blade, large sections of material
have been removed along the mid-span. This outcome indicates that, under predomi-
nantly bending loads, certain interior regions experience relatively low stress and can
therefore be sacrificed while maintaining sufficient stiffness at the root and along the load
paths near the surface. The highest bending moments typically occur near the root of the
blade, where the cross-sectional area remains more substantial to support flapwise forces.
Consequently, the optimisation retained material around the root and outer shell —areas
most critical for carrying bending loads and for resisting local stress concentrations.

By contrast, Figure 4 shows the outcome of the modal-driven optimisation. While
there are still notable cavities in the internal structure, the distribution of material removal
differs from the static case in order to preserve and even enhance the blade’s torsional
rigidity. In a rotating wind turbine blade, aerodynamic forces impose not only bending in
the flapwise direction but also twisting (torsion), especially closer to the tip. Ensuring an
adequate torsional stiffness is essential to raise the fundamental natural frequency and
avoid potential resonance with operational excitations. Hence, the modal optimisation re-
tains specific bands of material along both edges and near the shell, as these regions con-
tribute most to the blade’s overall torsional stiffness and vibrational characteristics.

Bending dominates the flapwise deformation, with the highest bending moments
near the root. As a result, topology optimisation preserves material where normal stresses
are large, preventing excessive deflection that could degrade aerodynamic efficiency or
lead to structural failure. Torsion, conversely, is particularly critical to dynamic perfor-
mance: insufficient torsional stiffness can lower the fundamental frequency into the range
of rotor-speed harmonics or gust-induced excitations, risking resonance. The optimised
blade shapes in Figures 3 and 4 illustrate how the solver strategically retains material
along load-bearing paths—particularly those that stiffen the blade against both bending
and twisting. Also, Table 5 presents the numerical results.

Both optimisations demonstrate significant reductions in the interior material with-
out compromising integrity. The root remains robust in both cases due to high bending
and torsional demands at this attachment interface.

In the static-optimised design, the primary focus is on limiting total (and flapwise)
deformation. Material is pared back wherever stresses are relatively low, effectively min-
imising compliance. In the modal-driven design, there is an added impetus to maintain
or increase the blade’s first natural frequency, leading to a slightly different internal ma-
terial distribution that bolsters torsional rigidity.

The resulting topologies confirm that the blade’s outer and root regions carry the
brunt of structural loads. Removing less critical internal sections does not adversely affect
the stiffness as long as high-stress paths remain intact.

From the static perspective, the optimised blade retains approximately half of its orig-
inal volume, reducing from 58 m? to about 29.76 m?. Correspondingly, the mass drops
from 4.55 x 10° kg to 2.34 x 105 kg, implying a nearly 50% mass reduction. This underscores
how effectively the topology solver identifies low-stress regions—particularly in the mid-
span internal volume—and removes them while preserving material in areas subject to
high bending loads. By targeting minimal compliance (i.e., stiffness requirements) under
bending-dominated conditions, the final design avoids excessive deformation without in-
curring needless mass.

Under modal constraints, the blade arrives at a similar but slightly smaller final vol-
ume of 29.47 m? with the mass dropping to about 2.31 x 105 kg. Despite prioritising an
increase in the fundamental natural frequency, the modal-driven solution still manages
nearly a 50% mass reduction. This result may appear counterintuitive —one might expect
that maintaining or increasing the natural frequency would require more material. How-
ever, the optimiser strategically allocates mass to critical regions that contribute to
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torsional stiffness (which drives the fundamental mode shape), allowing for additional
removal in other less influential areas.

In both cases, the results confirm that bending (flapwise loads) and torsion (twisting)
are the dominant deformation modes. Under static conditions, flapwise bending stiffness
governs the design, retaining sufficient shell and root reinforcement. By contrast, the
modal approach must also preserve torsional rigidity, which is strongly linked to the dis-
tribution of material around the blade’s perimeter. This explains why the final volume
and mass in the modal study are comparable yet slightly lower: the solver removes mate-
rial in regions less critical for maintaining high natural frequencies, thus meeting both
mass and resonance constraints.

Table 5. Results of the topology optimisation procedures with static and modal constraints.

Static Topology Parameters  Results Modal Topology Parameters  Results

Original volume 58 m? Original volume 58 m?
Final volume 29.757 m® Final volume 29.47 m?
Reduced mass/volume per- Reduced mass/volume per-
centage compared to the 51.306 centage compared to the orig- 50.81
original mass/volume inal mass/volume
Original mass 4.553 x 10° kg Original mass 4.553 x 10° kg
Final mass 2.3359 x 105 kg Final mass 2.313 x 10° kg

4.4. Full Scale Analysis of the Optimised Model Based on the Static Optimisation Criteria

After completing the topology optimisation under static loading conditions, the final
blade design was subjected to a comprehensive stress and modal assessment to verify its
structural integrity and dynamic behaviour. The aim was to confirm that removing low-
stress internal regions did not compromise performance, while still achieving substantial
mass reduction.

4.4.1. Rationale for Choosing the Static-Optimised Blade

While a modal-driven optimisation could potentially raise specific natural frequen-
cies, there are several reasons to opt for the static-based solution.

With the static approach, the blade is explicitly optimised to withstand and limit de-
formation under expected bending loads. As a result, the final design exhibits notably
better flapwise stiffness, a crucial factor in maintaining aerodynamic efficiency and pre-
venting excessive tip deflection.

Despite not targeting frequency increases directly, the static-optimised blade none-
theless retains a relatively high fundamental natural frequency. The first mode (flapwise
bending) stands at nearly 3 Hz, comfortably spaced from typical operational excitation
ranges. Furthermore, torsional modes remain well above 30 Hz, minimising resonance
concerns.

Figures 5 and 6 demonstrate that the final geometry achieves a more even spread of
stresses, avoiding localised peaks that could lead to premature failure. The retained ma-
terial is strategically placed where bending moments and stresses are greatest, boosting
safety margins.

In many practical settings, dealing with a blade for static load cases is more straight-
forward than ensuring certain dynamic properties (e.g., a 20% increase in natural fre-
quency). For manufacturers and operators, ensuring that the blade will reliably meet de-
flection and stress criteria under real wind loads can be paramount.
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Figure 6. Mode shapes of the blade.

4.4.2. Stress Distribution of the Static-Optimised Blade

Figure 5 illustrates the von Mises stress contour across the optimised blade. The high-
est stress concentrations (shown in red) remain confined near the blade root, where bend-
ing moments are greatest due to the cantilevered configuration. Along the blade’s leading
and trailing edges—key load-bearing paths —moderate stress levels (in yellow to green)
indicate that sufficient material has been retained to handle typical aerodynamic pressures
and gust loads. Moving toward the mid-span and tip, the stress contour transitions into
lower values (in blue), reflecting the judicious removal of internal volume where stresses
are minimal.

Notably, Figure 5 also suggests a more uniform stress distribution when compared
with the original, unoptimised model. By preserving material in regions subject to peak
loads and eliminating it in low-stress zones, the optimiser ensures that no single area is
overstressed beyond design limits.

4.4.3. Modal Analysis of the Static-Optimised Blade

To evaluate dynamic performance, Figure 6 presents the first ten mode shapes, and
Table 6 lists their corresponding natural frequencies. Each sub-figure in Figure 6 high-
lights a distinct vibrational pattern:

e Mode 1 (2.9912 Hz)—Primarily a flapwise bending mode, indicative of the blade’s
large aspect ratio and overall flexibility in the direction of aerodynamic loading.

e Mode 2 (4.3979 Hz)—The first edgewise bending mode, representing in-plane flexi-
bility due to gravitational and inertial effects.

e Modes 3, 4, 5, 6, 7 (6.0732 Hz, 12.004 Hz, 13.277 Hz, 23.538 Hz, and 24.918 Hz)—
Higher-order bending modes involving multiple nodal points, reflecting the dy-
namic response under more complex excitation patterns.

e  Modes 8,9, 10 (36.958 Hz, 42.521 Hz, and 43.781 Hz)—Torsional modes, characteris-
ing twist deformation about the longitudinal axis, which is particularly relevant for
aerodynamic stability and fatigue.

These natural frequencies span a broad range and can interact with several opera-
tional excitation sources. For instance, the rotational speed of 22.3 RPM corresponds to a
frequency of approximately 0.37 Hz, which is well below the fundamental frequency and
its harmonics. However, blade passing frequencies, turbine controller switching, and aer-
odynamic fluctuations due to wind shear or tower shadow effects can excite higher
modes, particularly if they coincide with any of the modal frequencies. The separation
between these natural frequencies and the typical excitation frequencies (i.e., ensuring no
integer multiple alignment) is essential to prevent resonance and ensure safe long-term
operation. The presence of distinct torsional and bending modes at higher frequencies
suggests that the optimised blade design maintains sufficient dynamic stiffness, further
contributing to vibrational safety and fatigue performance.

Table 6. The natural frequencies of the first 10 modes.
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Mode Number Frequency (Hz) Description

Mode 1 2.9912 1st flapwise bending mode
Mode 2 4.3979 1st edgewise bending mode
Mode 3 6.0732 2nd flapwise bending mode
Mode 4 12.004 2nd edgewise bending mode
Mode 5 13.277 3rd flapwise bending mode
Mode 6 23.538 3rd edgewise bending mode
Mode 7 24.918 4th flapwise bending mode
Mode 8 36.958 1st torsional mode
Mode 9 42.521 2nd torsional mode
Mode 10 43.781 3rd torsional mode

4.5. Final Remarks and Discussions

A recent study by Tiifekci et al., Ref. [46], also investigated topology optimisation
strategies for composite wind turbine blades, focusing primarily on enhancing vibrational
performance through modal-based objectives. Their work reported a comparable mass
reduction (~49%) and a significant increase in the fundamental natural frequency by ap-
proximately 29%, supported by full mode shape characterisation for ten vibrational
modes. While Tiifekci et al. placed emphasis on dynamic stiffness and resonance avoid-
ance, the present study highlights that static-constraint-driven optimisation can also yield
considerable improvements in mass efficiency and stiffness, with frequencies remaining
within a safe operational range. Moreover, the results presented here show improved
stress uniformity and material retention in critical regions such as the blade root, which
may contribute to fatigue resistance. Together, these complementary studies reinforce the
versatility of topology optimisation and its potential to tailor structural enhancements ac-
cording to specific loading and performance requirements without compromising aero-
dynamic design.

5. Conclusions

This study has demonstrated that topology optimisation can be a valuable tool for
improving the structural efficiency of composite wind turbine blades while achieving con-
siderable mass reduction. By independently applying static and modal constraints, two
complementary optimisation strategies were explored. The static-driven approach re-
sulted in nearly 50% mass savings while preserving bending stiffness, retaining material
in high-stress regions near the root, and promoting a more even stress distribution. This
improved stress management may contribute to delaying fatigue initiation under opera-
tional loads. Furthermore, the design retained a fundamental natural frequency that re-
mains within an acceptable range for safe operation in typical wind environments.

The modal-based optimisation increased the fundamental natural frequency by over
20%, thus offering improved dynamic stability and reduced risk of resonance. Material
redistribution in this case enhanced both torsional and bending stiffness, and the resulting
mass reduction was comparable to that of the statically optimised design. Both ap-
proaches successfully balanced mass efficiency, stress distribution, and vibrational integ-
rity, highlighting the adaptability of topology optimisation for large-scale, composite
structural components.

The results indicate that with appropriate constraint selection, substantial perfor-
mance improvements can be achieved without altering the external aerodynamic profile.
Tailoring the optimisation objective—towards deflection control or frequency enhance-
ment—enables targeted reinforcement of critical load paths and the removal of structur-
ally redundant material. This approach has the potential to support lighter, more efficient
designs with better mechanical performance under operational demands.
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Future work should focus on incorporating more advanced composite material mod-
els that capture anisotropy and damage progression, along with time-dependent phenom-
ena such as fatigue and creep. Expanding the study to include transient loading scenar-
ios—such as gusts or blade-passing events—would offer a more comprehensive assess-
ment of operational reliability. Validation through physical testing, whether via scaled
models or selected full-scale prototypes, will also be necessary to verify simulation out-
comes. Additionally, further investigation into additive and hybrid manufacturing meth-
ods may help realise complex internal geometries in practice. Finally, life cycle assess-
ments incorporating recyclability, embodied energy, and environmental footprint will be
essential to evaluate the broader sustainability implications of topology-optimised blade
designs.
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