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Flexible wave energy converters (FlexWECs) are increasingly recognized for their potential to improve efficiency,
reliability, and survivability in extreme ocean conditions. This study explores two strategies to enhance FlexWEC
performance: customizing material properties and optimizing structural configuration. A structural sheet ma-
terial with a specific pattern was developed to increase device power output under lower external loading, while
membrane pre-stretching was investigated to tune the system’s natural frequency and improve dynamic
response. The material’s mechanical behaviour was characterized through uniaxial tests, and a hyper-elastic
YEOH model was applied to describe its nonlinear response. High-fidelity fluid—structure interaction simula-
tions were performed to compare the performance of a flexible oscillating water column wave energy converter
(WECQ) using the newly developed structural sheet material against conventional natural rubber, with a focus on
fluid dynamics, membrane deformation, stress distribution, and power output. The results indicate that,
compared to natural rubber, the structural sheet material increases membrane deformation by 143%, reduces
maximum stress by 14% at resonance, and boosts power output by 245%. Additionally, pre-stretching signifi-
cantly increases the WEC system’s natural frequency, promotes a more uniform stress distribution, which reduces
fatigue risk, and increases power output by 54%. These findings highlight the potential of these strategies to
enhance FlexWEC efficiency and reliability, offering valuable insights for adapting such systems to complex and
variable marine environments.

1. Introduction rubber-like elastomeric composite structures are gaining increasing

attention [1,5-8]. FlexWECs offer several advantages over traditional

Conventional wave energy converter (WEC) designs typically utilize
rigid body systems to interface with waves, transferring mechanical
motion to a point-load power take-off (PTO) system [1]. This often in-
volves mechanical turbomachinery driving an electromagnetic gener-
ator, similar to those used in wind and tidal energy systems [2].
However, the deployment of rigid-body systems with complex energy
harvesting chains in marine environments faces significant challenges.
High loads and corrosive conditions adversely affect metallic machin-
ery, leading to premature fatigue failures. Consequently, these designs
are large, heavy, and often overly robust to meet reliability standards,
resulting in high costs and limited adaptability to varying wave climates
[3,4].

To address the reliability and survivability challenges of conven-
tional WEC designs, flexible wave energy converters (FlexWECs) using
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WECs. The integration of flexible structures simplifies the overall system
design, particularly through the incorporation of dielectric elastomer
generators (DEGs) into the working surface [3,9]. This integration re-
duces the complexity of the PTO system and enhances system reliability.
Moreover, DEGs shorten the energy harvesting chain by allowing direct
conversion of wave energy into kinetic energy via the primary mover,
bypassing the mechanical conversion required in traditional turboma-
chinery designs and thereby improving efficiency [10,11]. Additionally,
flexible structures can withstand high loads in marine environments
through passive deformation, and the use of rubber-like flexible mate-
rials improves corrosion resistance [3]. These features increase the
adaptability and survivability of FlexWECs in harsh marine conditions.

Among the numerous WEC designs, the oscillating water column
(OWQ) is one of the most attractive and extensively studied [12-14].
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This is primarily due to its simple structural design and minimalist
layout. The OWC WEC system consists of a submerged hollow structure,
open at the bottom to incoming waves and closed at the top by a circular
diaphragm DEG. The device contains both a water column and an air
column. As waves impact the semi-submerged structure, the resulting
inflation and deflation of the DEG occur. By properly charging and
discharging the DEG during its cyclical deformation, the OWC WEC
converts ocean wave energy into electricity [4].

A number of experiments and numerical studies have been con-
ducted to validate the concept of DEG-based OWC and investigate the
performance of this novel FlexWEC design under various wave condi-
tions. Rosati et al. [13] proposed a theoretical model for DEG-based
PTO, establishing a reduced, dynamic model for inflated circular dia-
phragm DEG, which accounts for dielectric elastomer viscoelasticity.
This computationally simple model can be easily integrated into wave-
to-wire models of OWCs for fast analysis and real-time applications
[15]. Subsequently, Vertechy et al. [12] introduced a promising concept
of a DE-based WEC, the Polymeric Oscillating Water Column (Poly-
OWCO), and analysed the viability of using DE generators as PTO systems
through a simplified hydraulic-electro-hyper-elastic model. Further
research by Moretti et al. [16] and Gastone et al. [17] demonstrated that
the DEG system could convert wave energy carried by the OWC into
electricity in a wave-flume facility. A DEG-based PTO prototype, built
using a commercial polyacrylate film, achieved a maximum power
output of 0.87 W at resonant frequency. Building on this, Moretti et al.
[18] proposed an improved architecture, known as the polymer-based
axial-symmetric OWC (Poly-A-OWC), featuring an axial-symmetric U-
shaped collector with a circular diaphragm DEG at its top. They devel-
oped a novel lumped-parameter nonlinear numerical model of the Poly-
A-OWC to design and size its geometry. A small-scale prototype was
built and tested in a wave tank facility to demonstrate the concept and
validate the numerical models. Furthermore, Moretti et al. [19] con-
ducted theoretical and experimental studies on a WEC combining the U-
oscillating water column (U-OWC) and DEG PTO concepts. The lumped-
parameter mathematical model was used for the theoretical study, and a
small-scale prototype was preliminarily tested in a real-sea environ-
ment. The results demonstrated that the overall power output perfor-
mance of this system is comparable to that of more conventional, costly,
and complex PTO technologies. Moreover, Abda et al. [20] conducted
dry tests to evaluate the material properties of various flexible materials
and further investigated the fluid-structure interaction (FSI) behaviour
of a flexible OWC WEC through 1:20 scale model experiments. The in-
fluence of flexible materials on the dynamic response of the system was
explored.

To maximize wave energy capture, DEG-based OWC systems need to
be designed such that their natural frequency closely matches the pre-
vailing ocean wave frequencies. However, the variable nature of marine
wave environments makes it challenging to meet this requirement. To
overcome this limitation, Righi et al. [21] proposed a pressure differ-
ential WEC design consisting of a submerged air chamber with a hori-
zontally mounted circular DEG at its top, which directly interacts with
wave pressures. Experimental and numerical studies have shown that
this design can achieve significant power output across a wide range of
wave frequencies. Besides this, research aimed at enhancing the power
output of DEG-based OWC WECs remains limited.

Building upon existing research, this study explores two strategies to
enhance the power output of flexible OWC WECs. The first strategy in-
volves adjusting the pre-stretching applied to the DEG membrane to
optimize system stiffness. The second approach focuses on the devel-
opment of advanced materials for the DEG membrane to improve its
structural response. These two strategies aim to enhance the overall
performance of flexible WECs from both structural and material
perspectives.

Structurally, the system’s natural frequency can be dynamically
adjusted by varying the pre-stretching applied to the DEG membrane,
aligning it with the frequency of incoming waves to achieve near-
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resonant responses and thus higher power output. While the primary
function of pre-stretching is to enhance the stability of the DEG mem-
brane and reduce hysteresis, it also significantly affects system stiffness
and, consequently, the resonance frequency.

From a materials perspective, developing a new material for the DEG
membrane that deforms more under smaller pressures and less under
higher pressures could enhance power output while preventing exces-
sive deformation-induced failure. This seemingly contradictory
requirement is feasible with structured sheet materials. Structured sheet
materials, consisting of an isohedral pattern of elastic rods, offer a
tailored mechanical response governed by the pattern’s configuration.
As the sheet deforms, its stiffness increases in accordance with the
alignment of the rods to the applied force, enhancing deformability and
stress distribution [22]. By customizing structured sheet materials to
meet the deformation demands of FlexWECs, converter performance can
be significantly optimized [23-25].

To validate the proposed strategy, this study examines the impact of
pre-stretching the DEG membrane and using structural sheet materials
on the FSI responses and power output of flexible OWC WECs. A struc-
tured sheet material made from natural rubber is developed and char-
acterized through uniaxial tests, with the material properties
subsequently used in the FSI simulation of a flexible OWC WEC. To
obtain accurate results and detailed information on the flow field and
structural dynamics, we utilize a computational fluid dynamics (CFD)-
finite element analysis (FEA) analysis tool developed in our previous
work for FlexWECs [26]. The OWC WEC with structured sheet materials
is simulated under regular waves, considering a small pre-stretching of
10 % on the flexible membrane to fine-tune the system’s stiffness. The
results evaluate the membrane deformation, stress distribution, flow
field, and power output, providing insights into the potential perfor-
mance enhancements offered by structured sheet materials and pre-
stretching in FlexWECs.

This paper is structured as follows: Section 2 introduces the devel-
oped structured sheet material and the material characterization tests.
Section 3 describes the numerical simulation methods and computa-
tional settings. Section 4 presents the FSI responses of the flexible OWC
WEC with structured sheet material and pre-stretching, investigating the
impact from the perspectives of flow field, structural response, and
power output. Finally, the conclusions are summarized.

2. Structural sheet material

To enhance the power output of the FlexWEC while preventing
structural failure due to excessive membrane deformation, a structured
sheet material was developed using natural rubber (NR) with a specific
pattern 937 designated as NR937. This material underwent uniaxial
tests to determine its stress—strain curve. Subsequently, a hyper-elastic
model was fitted to accurately capture its nonlinear properties for use
in further numerical simulations.

2.1. Material characterization

As shown in Fig. 1(a), the structured sheet material NR937 features a
planar network of interconnected elastic rods with a rectangular cross-
section. This design is selected for its zigzag arrangement, which func-
tions like springs. When stretched, the unfolding of these “springs”
generates a significantly stiffer elastic response. At this point, the ma-
terial aligns with the load path, substantially increasing its stiffness. This
behaviour indicates that the structured sheet exhibits anisotropic and
nonlinear in-plane stiffness.

The natural rubber used to create the structured sheet material was
provided by Coruba UK [27]. According to the datasheet, it has a
thickness of 3 mm, a hardness of 38° Shore A, a strength of 23.5 MPa, a
failure strain of 810 %, a density of 980 kg/m3, and a Poisson’s ratio of
0.5. The structured sheet material sample made from this rubber is
shown in Fig. 1(b).



Y. Huang et al.

(a) Pattern 937 ﬁMam direction

N

“Springs”

(b) 1

Energy Conversion and Management 333 (2025) 119794

(V]
o0

mim

-7
Gripping section

127mm

/';;_‘7

AA section

.IS mm
-

3mm

Grippirig section

Fig. 1. (a) Structural pattern 937; (b) Structural sheet material NR937 sample.

The mechanical behaviour of NR and NR937 was characterized
under uniaxial conditions using a computer-controlled Testometric
500X-50 universal servo-electric test machine, equipped with a cali-
brated 50 kN load cell [28,29]. Each elastomer was evaluated with at
least five samples.

2.2. Hyper-elastic model

The experimental results for the uniaxial tests of NR and NR937 are
presented in Fig. 2. Overall, NR937 exhibits lower stiffness compared to
NR, particularly at lower strain levels (10 % < ¢ < 40 %), which is the
strain range primarily encountered in the current numerical simulations.
In this range, the “stiffness” (Aco/A¢) of NR937 is approximately 9 % to
64 % of that of NR. As the strain increases, the difference in stiffness
between the two materials decreases. This indicates that under lower
external forces, NR937 deforms more than NR due to its lower stiffness,
thereby enhancing the power output of the FlexWEC.

Additionally, the stress-strain curves for both materials display
evident nonlinear behaviour. To accurately describe these nonlinear
properties, the YEOH hyper-elastic model based on a strain energy po-
tential is adopted [30].
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where I signifies the modified first invariant of the Cauchy-Green
deformation tensor, while C; and D; are material constants ascertained
through experimental results. The hyper-elastic constants are derived by
fitting the stress-strain curves obtained from the experimental data
using Abaqus, assuming material incompressibility and employing a
third-order strain energy potential. The fitted results, which align well
with the experimental data, are shown in Fig. 2. The parameters for the
YEOH model used to describe the material properties are listed in
Table 1.

It is important to highlight that, unlike NR, NR937 is an anisotropic

Table 1
Hyper-elastic constants of YEOH model for NR and NR937.
Materials C10(MPa) Coo(MPa) C30(MPa)
NR 2.40E-01 —4.14E-03 1.83E-04
NR937 3.63E-02 2.50E-02 —1.64E-03
2.0 r . .
—— NR937-Exp. (b)

—-—-NR-Exp.

Fig. 2. Strain-stress curves of natural rubber (NR) and structured sheet material (NR937).
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material. The uniaxial tests conducted only characterize its properties in
the primary loading direction, which does not fully capture its behaviour
under symmetrical loading conditions. However, in practical applica-
tions, the membrane at the top of the OWC WEC is subjected to sym-
metrical loads. As a result, NR937 cannot be directly applied to the
flexible membrane of an OWC WEC.

To address this, we assume the existence of a structural sheet ma-
terial that satisfies the following criteria: (a) It is an isotropic, homo-
geneous, solid flexible material. (b) Its stress—strain behaviour matches
the experimentally measured stress-strain response of NR937 in its
primary loading direction.

Theoretically, such a structural sheet material can be realized by
appropriately modifying the structural pattern. For convenience, we
continue to refer to this new isotropic structural sheet material as NR937
throughout this study, which is the flexible material employed in our
numerical simulations.

Additionally, the structural sheet material features a perforated
design, requiring a thin solid layer to cover both its upper and lower
surfaces when applied to the OWC WEC. To simplify the calculations,
only the stiffness of the structural sheet material is considered. There-
fore, in the subsequent numerical simulations, we model it as an
isotropic, homogeneous, solid flexible material, assuming its hyper-
elastic properties to be equivalent to those of NR937.

3. Numerical set up
3.1. FSI analysis tool

In our previous work, we developed a coupled FSI analysis tool that
integrates CFD and FEA for simulating complex FSI problems
[26,31-33]. To verify the reliability and accuracy of this tool, we con-
ducted simulations on various benchmark cases, including a 3D flexible
plate in uniform water current, the deformation of a floating elastic disk
in regular ocean waves, and the FSI responses of both flexible OWC
WECs and flexible tube WECs. The results demonstrated good agreement
with experimental data and other numerical studies [26]. Given this
extensive prior validation, we have not repeated the validation process
in this work. Instead, this tool is directly employed to simulate the FSI
responses of flexible OWC WECs incorporating structured sheet mate-
rials. A brief overview of the FSI tool is provided in this sub-section.

3.1.1. Governing equations
The transient viscous flow around the WEC is governed by the three-
dimensional incompressible Navier-Stokes equations:

vVUu=0 2)

d(pU)
ot

+V-(p(U-U,) ) U= —Vpg—gxVp+V-(uVU)+ (VU)-Vu+f,
3)

where U represents the flow velocity, U, denotes the mesh grid velocity,
p stands for the mixed density of the air and water phases, p, signifies the
dynamic pressure, g is the gravitational acceleration vector, y indicates
the dynamic viscosity, and f, refers to the surface tension term.

The finite volume method (FVM) is employed to discretize the gov-
erning equations in the fluid domain, while the volume of fluid (VOF)
method [34] is used to capture the free surface dynamics. Pressure-
velocity coupling is handled using the PIMPLE algorithm [35], which
iteratively solves the nonlinear equation system. For temporal dis-
cretization, the second-order Crank-Nicolson scheme is applied,
ensuring accuracy in time-dependent computations. The convective
terms are discretized using a second-order upwind scheme, while the
gradient terms are approximated using a second-order cell-limited Gauss
linear scheme to enhance numerical stability and accuracy.

Additionally, considering the wave frequencies of 0.3 ~ 0.9 Hz and

Energy Conversion and Management 333 (2025) 119794

the small wave amplitude of 0.05 m in this study, we estimated the
Reynolds number across the computational domain, with results
remaining below 1 x 10*. Furthermore, analysis of the flow field shows
no significant free surface breaking, no large-scale flow separation, and
no vortex shedding induced by fluid-structure interaction. Therefore,
using a laminar model is acceptable for this study.

The governing equations for structural dynamics are the weak form
of the momentum balance equations, expressed as:

DU,
Pipa = VP E Q]
P=C:E E=1(FTF—6) )
‘E, 5

where p; denotes the material density, and Us is the displacement vector.
The term P represents the second Piola-Kirchhoff stress tensor, while f
indicates the body forces. The material’s elasticity is characterized by
the tensor C, and E denotes the Green-Lagrange strain tensor. Further-
more, F is the deformation gradient, and § is the identity tensor.

The finite element method (FEM) is employed to discretize the
governing equations in the solid domain. The Newmark-# method is
used for implicit time integration, incorporating geometric nonlinearity
to accurately capture the structural response.

3.1.2. Coupling strategy

The FSI analysis tool employed in this study integrates OpenFOAM
[36] for fluid dynamics, CalculiX [37] for structural response analysis,
and preCICE [38] for coupling the fluid and solid components. A par-
titioned coupling scheme is adopted due to the use of different numerical
methods for the fluid and solid domains. As illustrated in Fig. 3, the fluid
and structural solvers independently compute the flow field and struc-
tural deformation while exchanging data at the fluid-structure interface.

To enhance numerical stability, a strong coupling strategy is imple-
mented. Additionally, an implicit scheme is utilized, allowing for larger
time steps while maintaining numerical stability and reducing compu-
tational costs. Furthermore, an improved IQN-ILS method [39] is
incorporated to stabilize and accelerate the coupling iterations.

Given the differences in the fluid and solid meshes, data exchange
between the two domains is facilitated through data mapping and
interpolation at the fluid-solid’s interface. For data transfer, an inter-
polation method based on radial basis functions (RBF) is employed to
transfer nodal forces from the fluid to the solid domain, while vertex
displacements are transferred in the opposite direction [40]. Two
distinct mapping schemes, conservative and consistent, are imple-
mented within the RBF interpolation. To ensure energy balance at the
interface, the conservative scheme, which ensures that the sum of the
data values on both sides remains equal, is applied for force mapping,
while the consistent scheme is adopted for displacement mapping.

To assess the convergence of the FSI coupling towards a monolithic
solution, the discrete l,-norm of the difference between solutions from
consecutive iterations is computed. The simulation advances to the next
time step once the l;-norm satisfies the prescribed convergence criterion
or when the maximum iteration limit is reached.

3.2. Geometry model

The Poly-A-OWC model proposed by Moretti et al. [18] is selected for
the numerical simulations. As shown in Fig. 4(a), this model features an
axis-symmetric U-shaped collector and a circular diaphragm dielectric
elastomer generator (CD-DEG) as the PTO. In our CFD simulations, the
CD-DEG PTO is modelled as a flexible membrane. It is noted that the
electric field applied to the PTO can reduce the material stiffness and
increase the system’s damping. However, limited by the capability of the
FSI tool, the influence of the electric field is ignored in the simulation.
The flexible membrane has a diameter of 0.4 m and an initial thickness
of 2 mm. The main geometric parameters are presented in Fig. 4(a), with
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Fig. 3. Coupling strategy of the FSI simulation for the flexible OWC WEC.
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Fig. 4. (a) Longitudinal section of the Poly-A-OWC model; (b) Computational domain.

more detailed information available in the literature [18].

3.3. Computational parameters

As shown in Fig. 4(b), the model is fixed at the centre of the cubic
computational domain, 2 m from both the inlet and outlet boundaries,
and 1 m from the front and back boundaries. The water depth in the
computational domain is 2 m. Notably, the active wave absorption
technique is adopted [41,42], which prevents wave reflection and
significantly reduces the length of the computational domain, thereby
decreasing the total number of required grids. Additionally, four
monitoring points (MP1 ~ MP4) are designated to track the incident
wave, water elevation in the collector, air chamber pressure, and
membrane tip displacement.

To accurately capture the fluid-structure interaction response of the
flexible membrane, the grid around the flexible membrane and the free

surface is refined, with minimum cell sizes of 2.5 x 102 m and 5 x 1073
m, respectively. The computational domain contains 1.21 million grid
cells, with the grid distribution shown in Fig. 5. For the structural
analysis, as shown in Fig. 6(a), the membrane’s edges are fixed, and it
undergoes periodic deformation under internal and external pressure
differences. The flexible membrane is modelled using 660 twenty-node
brick elements (C3D20) [43], as depicted in Fig. 6(b). To improve the
stability of the FSI simulation, Rayleigh damping with @ = 0.02 and g =
0.05 is applied.

In this study, regular waves with various frequencies are considered
using Stokes’ second-order wave theory to generate incident waves.
Additionally, scenarios with and without a 10 % pre-stretching of the
structured sheet material are investigated to understand the influence of
pre-stretching 4,, which is defined by the following equation:

Ap = (dp — do)/do O
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Fig. 5. Grid distribution near the OWC model: (a) overview; (b) near mem-
brane; (c) near free surface.

Fig. 6. (a) Schematic diagram of a flexible membrane; (b) Structural mesh.

Where d is the initial diameter of the flexible membrane, and d, is the
diameter after pre-stretching. The specific simulation conditions are
summarized in Table 2. Notably, in cases where pre-stretching is
applied, the thickness and diameter of the stretched flexible membrane
are 2 mm and 0.4 m, respectively, consistent with the membrane di-
mensions in cases without pre-stretching.

The boundary conditions for the computational domain are defined
as follows: At the inlet, the velocity is specified according to the incident
wave parameters. A zero-gradient condition is applied at the outlet
boundary, while the top boundary is set as a pressure outlet, and a no-
slip condition is enforced at the bottom boundary. Furthermore, sym-
metry conditions are imposed on the front and back boundaries.

4. Results and discussions

This section presents the simulation results of the flexible OWC WEC
with natural rubber and structured sheet material under various wave
frequencies. Subsection 4.1 focuses on the FSI responses of the WEC,
including flow field, structural dynamics, and power estimation. Sub-
section 4.2 compares the FSI responses and power output of the WEC
with structured sheet material and natural rubber. Subsection 4.3 in-
vestigates the influence of pre-stretching on the WEC’s FSI responses and
power output.

4.1. Grid and time step convergence test

To ensure the accuracy and stability of numerical simulations, grid

Table 2
Summary of simulation conditions.

Lode case Wave frequency Wave amplitude Material Pre-stretching
fw(Hz) Aw(m) o

LC1 0.30 ~ 0.70 0.05 NR937 0

LC2 0.40 ~ 0.80 0.05 NR 0

LC3 0.40 ~ 0.90 0.05 NR937 10 %
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and time step convergence tests are conducted. Three sets of grids with
different mesh resolutions, named coarse, medium, and fine, are used.
The minimum grid sizes are 1.25 x 102D, 6.25 x 10D, and 3.125 x 10°
3D (D is membrane diameter), respectively, with total grid numbers of
0.85 million, 1.21 million, and 1.86 million. Additionally, three
different time step sizes At = 1 x 103 s, 2 % 103 s, and 4 x 103 s are
evaluated for time step sensitivity using the medium mesh. The medium
time step size is approximately 1.6 x 10> times of the smallest wave
period. Regular waves with a period of 2.0 s and amplitude of 0.05 m
were selected for these tests. The Poly-A-OWC WEC with structured
sheet material NR937 was simulated using these different mesh reso-
lutions and time step sizes, and the results are shown in Fig. 7. The
predicted deformation of the membrane centre point showed small
discrepancies between the medium and fine meshes, and the discrep-
ancies among the three time-step sizes are also small. Considering the
enhanced stability of the present FSI analysis tool with smaller time
steps, the smallest time step of 1 x 10 s and the medium mesh were
chosen for the subsequent numerical simulations.

Additionally, to verify that the wave tank adopted in this work is
sufficiently large to generate the desired regular waves, we analysed the
temporal variation of wave elevation at different locations, e.g. x =-1.5
m, —1.0 m, —0.5 m, 0 m, 0.5 m, 1.0 m, 1.5 m, along the wave propa-
gation direction. The results, shown in Fig. 8, demonstrate that both the
wave period and height closely match the prescribed values, indicating
that the current domain size is adequate for generating the required
waves.

4.2. FSI responses of flexible OWC WEC

To better understand the mechanism and complex FSI response of the
flexible WEC, we analyse a case in which the WEC reaches its resonance.
Under this condition, the membrane deformation reaches its maximal,
occurring at a specific wave period of 1.82 s. The wave height is 0.05 m,
and the membrane is composed of structured sheet material NR937,
with no pre-stretching applied.

4.2.1. Fluid field

As shown in Fig. 9, the interaction between the flexible membrane
and waves at different time points within one wave cycle is presented.
The free surface and air chamber are coloured based on wave elevation
and dimensionless pressure (p —p,)/(pgAw), where p, is atmospheric
pressure, p is the density of water. It can be observed that as the incident
wave passes through the collector, pressure variations caused by
changes in wave height drive the oscillation of the water column inside
the collector. This oscillation compresses and stretches the “air spring”,
leading to periodic pressure fluctuations in the air chamber that cause
the flexible membrane to deform upward and downward due to the
internal and external pressure differences.

Additionally, the instantaneous pressure distribution in the air
chamber is uniform, so a point located 0.5D (D is membrane diameter)
below the centre of the membrane in the air chamber is selected as the
monitoring point for time-history analysis, as shown in Fig. 10(c). The
maximum pressure fluctuation amplitude in the air chamber is
approximately 1714 Pa. Using the ideal gas law, we can estimate the air
volume changes in the air chamber following pressure variations, based
on the formula provided in [4].

1/r
Pa
= 7
. (p +p) @

where, v and vy represent the air volumes inside the air chamber when
the pressure difference between the air chamber and the external
environment is p and 0, respectively. The specific heat ratio for air isy =
1.4. Based on the numerical simulation, the maximum pressure fluctu-
ation in the air chamber leads to a volume change of approximately 1.2
%, which is negligible. Therefore, the air is considered incompressible in
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this study.

Furthermore, Fig. 10 presents the time-history curves of membrane
tip displacement (d,), water elevation inside the collector (1), and wave
elevation 1 m in front of the OWC WEC (1,). All these variables exhibit
sinusoidal periodic variations. It can be observed that the wave eleva-
tion outside the collector is 90 degrees out of phase with the water
elevation inside the collector, indicating that the incident wave drives
the OWC’s oscillation. Additionally, the phase of the OWC’s motion, the
air chamber pressure, and the membrane tip displacement are nearly
identical. For traditional mechanical PTO systems, this implies that the
work done by the air chamber pressure on the flexible membrane is
entirely dissipated, rather than converted into electrical energy. How-
ever, for DEG-based PTO systems, this is expected, as energy conversion
occurs through capacitance changes caused by membrane deformation,
independent of pressure phase. A detailed analysis of energy extraction
in the OWC WEC will be provided in subsequent sections.

To gain a deeper understanding of the flow dynamics within the
OWC WEC, we visualize the velocity and vorticity distributions inside
the air chamber at different moments over one wave period, as shown in
Figs. 9 and 10. Due to the diameter difference between the collector and
the air chamber, a step forms at the transition, causing significant ve-
locity variations as the air flows through. An interesting phenomenon
occurs during the upward deformation of the membrane from its lowest
position. The fluid velocity in the central region of the air chamber
moves downward, while the velocity near the cylinder wall moves up-
ward, as indicated in Fig. 11 (t = 0 Ty, 0.125 Ty, 0.75 Ty, 0.875 Ty).
This is primarily caused by the greater deformation at the membrane’s
centre compared to its edges. Consequently, a distinct vortex structure
forms within the air chamber. As illustrated in Fig. 12, these vortex
structures rise along the cylinder wall, highlighted by red dashed circles.
Such complex flow phenomena are not captured by reduced-order

models based on potential flow theory, offering deeper insight into the
intricate flow field dynamics within the air chamber.

4.2.2. Structure dynamics

Fig. 13 visually presents the deformation of the flexible membrane at
different instants during a wave cycle. Overall, the deformation exhibits
radial symmetry about the centre, with identical deformation at points
equidistant from the centre, fixed edges, and maximum deformation at
the centre. The membrane primarily deforms in the first mode, but near
the equilibrium position, it displays characteristics of the second mode,
as seen in Fig. 13 att=0 Ty, and t = 0.5 Ty. Additionally, the membrane
cross-sectional deformation in Fig. 15 further highlights this behaviour.
When the deformation is small, the system behaves nearly linearly,
allowing higher-order modes, such as the second mode, to emerge. As
the deformation increases, nonlinearity becomes more prominent, and
the lower-order modes, such as the first mode, dominate the system’s
response.

Furthermore, Fig. 14 illustrates the stress distribution on the mem-
brane surface. As the membrane deformation increases, the corre-
sponding stress gradually rises. Radially, from the centre to the edge, the
stress first decreases and then increases, with the maximum stress
occurring at the edge, followed by the central region. However, for the
second-mode deformation observed at t = 0 T, the stress distribution
differs, showing an initial increase from the center to the edge, followed
by a decrease, and then a subsequent increase near the edge.

For DEG-based PTO systems, the membrane’s thickness variation is
directly related to the power output. Here, we selected two instances
with larger and smaller membrane deformations to plot the cross-
sectional deformation and stress distribution, as shown in Fig. 15. As
the membrane deformation increases, its thickness decreases. Notably,
compared to the case with smaller deformation (t = 0 Ty,), the thickness
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Fig. 9. Wave-flexible membrane interaction at different instants within one wave period (LC1: f, = 0.55 Hz).

non-uniformity is more pronounced during larger deformation (t = 0.75
Ty). In particular, the membrane’s thickness is reduced in the centre and
edge regions, as highlighted by the red dashed lines in Fig. 15(a), indi-
cating stronger tensile forces and corresponding higher stresses,
consistent with the results shown in Fig. 15(b). This thickness non-
uniformity during deformation affects the charge distribution and
power output. However, in the reduced-order model proposed by Ver-
techy et al. [44], the membrane’s thickness is assumed to be uniform. In
contrast, the current FEA simulation more accurately captures the
detailed deformation behaviour of the membrane.

4.2.3. Power estimation

Unlike traditional mechanical PTO systems, which rely on fluid
forces to drive a turbine or other mechanical devices to generate elec-
tricity, the flexible OWC WEC employs a DEG membrane for energy
conversion. As shown in Fig. 16(a), the membrane undergoes thickness
variation during deformation. By covering the membrane with elec-
trodes and applying an electric charge, the DEG membrane acts as a
variable capacitor. With an appropriate control circuit, the elastic po-
tential energy released during the membrane’s contraction can be con-
verted into electrical energy. Fig. 16(b) illustrates the voltage-charge
curve during different deformation stages of the membrane. OA repre-
sents the charging phase, where the membrane reaches maximum
deformation. AB corresponds to the energy output as the membrane
returns to its flat state, while BO indicates the discharge of the

membrane by the control circuit. The shaded area, W,,, corresponds to
the energy output per cycle. Detailed information on the DEG mem-
brane’s energy generation process and control methods can be found in
references [15,17,18].

In the current FSI simulations, the PTO system is not considered, and
the influence of the electric field on the structural response of the DEG
membrane is also neglected. However, we can estimate the power
output of the flexible OWC WEC based on the time-history curves of the
membrane deformation. To calculate the energy output per cycle from
the DEG membrane, we use the reduced model proposed by Rosati et al.

[13].
Amin
W, = {Vd—Q—E (1 CVZ) }d/l (8

i di da\2
Where, Q and V represent the charge and voltage applied to the mem-
brane, respectively, while C denotes the capacitance of the DEG mem-
brane. These variables can be expressed as functions of the prevalent
equi-biaxial stretch 1 at the membrane’s centre.

h? +e?
A= 9
0
nlreee; [, e e?
=— UV +—1+— 10
36 ( +eo +802) (10)
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V= Emaxtoj-i2 an
Where, ey represents the initial radius, e denotes the radius after pre-
stretching, h is the vertical displacement at the center, t; is the initial
thickness, nl represents the number of DEG layers, ¢ is the dielectric
constant of the membrane, and En.x is the maximum electric field
strength the membrane can withstand.

For the current flexible OWC WEC, assuming the use of DE acrylic
elastomer VHB-4910 as the reference material, with ¢ = 3.9825 x 10"
g /m and Emax = 65 MV/m [17], and considering a single DEG layer,
the maximum time-averaged power, based on the membrane deforma-
tion obtained from the FSI simulations, is 12.4 W. At a 1:20 scale, using
Froude’s scaling law, the projected full-scale power output of the device
is estimated to reach 445 kW, highlighting its considerable potential for
energy generation.

4.3. Impact of structured sheet material

Compared to NR, the structural sheet material NR937 has lower
stiffness at low strain, as shown in Fig. 2. This allows the DEG membrane
to undergo greater deformation under lower pressure, enhancing the
power output of the WEC system. To better understand the impact of the
structured sheet material on WEC performance, we conducted a
comparative analysis of the flow field, structural response, and power
output of WECs with NR937 and NR under different wave frequencies.

4.3.1. Air-chamber pressure and OWC amplitude
Fig. 17 presents the RAO of the OWC and the pressure variation
amplitude within the air chamber at different wave frequencies for

flexible OWC WECs using NR and NR937 materials. The RAO of the
OWC is defined as A, /A, where A, is the amplitude of the OWC. When
the membrane uses NR, both the RAO and air chamber pressure increase
with wave frequency, peaking at f,, = 0.55 Hz, indicating the resonant
frequency of the WEC system. A similar trend is observed with NR937,
with the peak frequency also around 0.55 Hz. Although NR937 has
much lower stiffness compared to NR, the material stiffness remains
significantly smaller than the hydrodynamic stiffness of the WEC system,
resulting in minimal impact on the system’s resonant frequency.
Furthermore, a comparison of the fluid dynamics at the resonant fre-
quency shows that the pressure amplitude in the air chamber with
NR937 is only 41 % higher than with NR, while the RAO with NR937 is
143 % greater than with NR.

We further compare the detailed flow fields, including velocity and
vorticity, within the air chamber at different time instants at the reso-
nant frequency for OWC WECs using different materials. Fig. 18 shows
the results for NR, while the flow field response for NR937 is already
presented in Figs. 9 and 10. Compared to NR, the use of NR937 results in
larger OWC amplitudes, leading to higher fluid velocities in the air
chamber, more distinct vortex structures, and more pronounced flow
field variations.

4.3.2. Membrane deformation and stress distribution

The material significantly impacts the structural response of the
flexible membrane. As shown in Fig. 19, we plot the deformation
amplitude at the membrane centre and the maximum stress in the
membrane under different wave frequencies. The deformation ampli-
tude and maximum stress exhibit a similar pattern to the OWC’s RAO,
increasing with wave frequency, reaching a peak, and then decreasing.
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Fig. 11. Velocity distribution in the air chamber at various instants within one wave period (LC1, f,, = 0.55 Hz).

The peak frequencies for both NR and NR937 occur at 0.55 Hz.

In terms of magnitude, there are notable differences between NR and
NR937. In the frequency range 0.3 Hz < f,, < 0.6 Hz, the deformation
amplitude of the membrane with NR937 is 1.94 to 2.36 times greater
than with NR, while the maximum stress is only 36 % to 86 % of that
with NR. This demonstrates the advantage of using structural sheet
material, which significantly increases deformation while maintaining
lower internal stress. This enhances the WEC system’s power output and
reduces the risk of structural failure, improving overall system
reliability.

Unlike simply using a more flexible material, structural sheet mate-
rial offers further benefits. It allows the customization of material
properties by adjusting the pattern, making it easier to achieve the
desired characteristics. Additionally, the perforated design of the
structural sheet material reduces weight and lowers material costs,
which is crucial for scaling up flexible WEC systems.

We further plot the maximum deformation and stress distribution
contours of the flexible membrane with different materials, as shown in
Figs. 20 and 21. In terms of deformation shape, whether using NR or
NR937, the circular membrane forms a nearly spherical cap, which

10

aligns with the experimental observations [18,19].

For stress distribution, the maximum stress occurs at the membrane
edges for both NR and NR937. However, the edge stress is higher with
NR compared to NR937, while in the central region, the stress is lower
with NR than with NR937. This indicates that although the membrane
deforms more with the structural sheet material (NR937), the stress
distribution is more uniform across the membrane. This helps reduce
potential fatigue loads and lowers the risk of material failure, improving
the durability of the system.

4.3.3. Power output

The power output of the OWC WEC at different wave frequencies for
both NR and NR937 materials is estimated based on the deformation of
the flexible membrane and calculated using Egs. (8)-(11). Additionally,
a 1:20 scale ratio is applied to project the full-scale power output of the
WEC system, as shown in Fig. 22. Compared to NR, the peak frequency
of the WEC system’s power output remains around 0.55 Hz when using
NR937. However, the maximum power output increases significantly,
with the output in the frequency range of 0.3 Hz to 0.6 Hz rising by
approximately 3.2 to 3.9 times. According to Froude’s similarity law, at
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Fig. 13. Vertical deformation (d,) of the membrane normalized by wave amplitude (A,,) at different instants during one wave period (LC1, f,, = 0.55 Hz).

full scale, the theoretical maximum power output of the WEC system
increases from 135 kW to 445 kW when switching from NR to NR937,
indicating a substantial improvement. This suggests that FlexWEC holds
significant potential for future development.

4.4. Impact of pre-stretching on membrane

In flexible OWC WEC systems, pre-stretching is commonly applied to

11

the flexible membrane to enhance power generation efficiency. This is
because DEGs exhibit significantly improved charge storage capacity
under pre-stretched conditions. Additionally, pre-stretching increases
the membrane’s stiffness, mitigating excessive deformation under
external forces and enhancing mechanical stability. The resulting stiff-
ness modification also shifts the system’s natural frequency, allowing it
to better align with the incident wave frequency and thereby improving
wave energy capture efficiency.
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Fig. 19. Structural responses of the circular membrane with NR937 and NR at various wave frequencies (LC1 and LC2): (a) membrane centre deformation amplitude;
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Fig. 21. Stress distribution on the circular membrane at the maximum deformation position (LC1 and LC2): (a) NR937; (b) NR.

In practical applications, pre-stretching can be implemented using it does not allow for real-time adjustments.
either fixed mechanical frames or adaptive tensioning mechanisms. The Alternatively, actively tunable pre-stretching systems could be inte-
most straightforward approach involves applying a predefined pre- grated to dynamically adjust membrane tension in response to varying
stretch during installation by securing the membrane within a rigid wave conditions. This could be achieved using pneumatic/hydraulic
structural frame or clamping system, ensuring consistent tension actuators or smart materials (such as shape-memory alloys or electro-
throughout operation. While this method is simple and widely adopted, active polymers) to regulate tension in real time. Such an approach

14
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Fig. 22. Power estimation of the OWC WEC system (LC1 and LC2): (a) model scale; (2) full scale.

would enable the system to adapt to different sea states, optimizing
resonance conditions and maximizing energy conversion efficiency.
However, the practical implementation of tunable pre-stretching poses
challenges due to increased structural complexity, energy consumption,
and control requirements.

To assess the impact of pre-stretching on the performance of flexible
OWC WEC systems, including fluid dynamics, structural responses, and
power output, we conduct a comparative analysis of systems with and
without a fixed pre-stretching.

4.4.1. Air-chamber pressure and OWC amplitude

Fig. 23 presents the RAO of the OWC (A,/Ay) and the pressure
variation amplitude (A) within the air chamber at different wave fre-
quencies, considering a pre-stretching (4,) of 0.1 and without it. In both
cases, A, and A, initially increase and then decrease as the wave fre-
quency rises. However, the peak frequencies differ significantly between
the two scenarios. When 4, = 0, the peak frequency occurs at 0.55 Hz,
while with 4, = 0.1, the peak frequency shifts to 0.8 Hz. This shift is
attributed to the increased stiffness of the flexible membrane due to pre-
stretching, which raises the system’s natural frequency. This finding
suggests a potential method for dynamically tuning the resonance fre-
quency of OWC WEC systems to better adapt to irregular wave condi-
tions. Comparing the peak values of RAO and A, under different pre-
stretching conditions indicates that when the 1, increases from 0 to
0.1, the peak A, decreases by approximately 7 %, while the peak RAO
decreases by about 41 %. This confirms the significant increase in system
stiffness due to membrane pre-stretching.

The flow field within the air chamber, including velocity and
vorticity fields under different pre-stretching conditions, is shown in
Figs. 11, 12, and 24. Compared to the case with no pre-stretching, when
Ap = 0.1, the velocity differences across various regions of the air
chamber at the same time are minimal, and the temporal variations are
also reduced. Consequently, the vorticity magnitude decreases
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significantly, preventing the formation of distinct vortex structures. This
indicates that the flow field within the air chamber becomes more stable
when 1, = 0.1.

4.4.2. Membrane deformation and stress distribution

To investigate the impact of pre-stretching on the structural dy-
namics of the flexible membrane, the deformation amplitude at the
membrane centre and the maximum stress in the membrane at different
wave frequencies are extracted and presented in Fig. 25. As 1, increases
from O to 0.1, the peak frequencies of membrane deformation and
maximum stress shift significantly from 0.55 Hz to 0.8 Hz due to the
increased stiffness of the WEC system. However, the peak values of
membrane deformation and maximum stress show small variation.
Compared to the case without pre-stretching, at 4, = 0.1, the membrane
deformation amplitude increases by approximately 9 %, while the
maximum stress decreases by about 15 %.

The contour plots of maximum deformation and stress distribution
for the flexible membrane under different pre-stretching conditions at
the peak frequency are shown in Figs. 26 and 27. As 4, increases from
0 to 0.1, the membrane’s deformation shape deviates from a spherical
cap. This is primarily due to the significant increase in stress at the
membrane edges caused by pre-stretching, as shown in Fig. 27, which
leads to a marked increase in out-of-plane stiffness in that region and a
corresponding reduction in deformation amplitude. It is noteworthy that
such a deformation pattern was not observed in the study by Moretti
et al. [18], likely because they considered much larger deformation
amplitudes. Additionally, Rosati et al.’s [13] reduced-order model as-
sumes a spherical shape for the deformed membrane, a simplification
that is clearly not applicable in the present case.

In addition, compared to the case with A, = 0, the flexible membrane
experiences lower stress at both the edge and centre when 1, = 0.1.
However, due to pre-stretching, stress in other regions increases signif-
icantly, even though the vertical deformation amplitude in these areas
remains relatively small. Overall, the stress distribution across the
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Fig. 23. Fluid dynamics under various wave frequencies (LC1 and LC3): (a) RAO of OWC in the collector; (b) pressure amplitude in the air-chamber.
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Fig. 24. Flow field in the air-chamber at different instants during one wave period (LC3, fi, = 0.8 Hz, 4, = 0.1): (a) velocity field; (b) vorticity distribution.

membrane is more uniform at 4, = 0.1, which is beneficial for reducing
material fatigue loading.

4.4.3. Power output

The power output of the OWC WEC at different wave frequencies for
Jp = 0and 4, = 0.1 is calculated and shown in Fig. 28. Similar to the
variation in the OWC’s RAO with wave frequency, the peak power
output occurs at f,, = 0.55 Hz for 4, = 0 and at f,, = 0.8 Hz for 4, = 0.1.
As 4, increases from 0 to 0.1, the maximum power output of the WEC
system rises from 445 kW to 686 kW, an increase of approximately 54 %.

These results indicate that pre-stretching not only significantly alters
the natural frequency of the WEC system but also enhances its power

16

output, highlighting its potential as a dynamic tuning strategy for
FlexWEC to better adapt to complex and variable sea conditions.

Additionally, it is important to note that the current method for
estimating the OWC WEC system’s power output, as defined by Eq. (8),
assumes that the deformed membrane adopts a spherical shape. How-
ever, as illustrated in Fig. 26, when 4, = 0.1, the membrane no longer
approximates a spherical shape, implying that the estimated power
output is an approximation rather than an exact value. To accurately
determine the electrical power generated by the DEG PTO system, a fully
coupled fluid-structure-electricity model is required.
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Fig. 25. Structural responses of the circular membrane with and without pre-stretching under various wave frequencies (LC1 and LC3): (a) membrane centre

deformation amplitude; (b) maximum Von Mises stress.
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5. Conclusions

In this study, a structural sheet material with pattern 937 is devel-
oped for application in the flexible OWC WEC. Uniaxial tests are con-
ducted to characterize the material’s behaviour, and the hyper-elastic
YEOH model is employed to describe its nonlinear response. The YEOH
model constants are derived by fitting the stress—strain curves from
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experimental data. Furthermore, using a high-fidelity FSI tool, the
response of a flexible OWC WEC model utilizing the structural sheet
material is simulated and compared with the performance of the system
using conventional flexible material, natural rubber. The effects of
membrane pre-stretching on the FlexWEC’s performance are also
investigated. The analysis focused on the flow field within the air
chamber, the structural response of the flexible membrane, and the
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Fig. 28. Power estimation of the OWC WEC system (LC1 and LC3): (a) model scale; (2) full scale.

power output of the OWC system, leading to several key conclusions
from the numerical results.

Compared to natural rubber (NR), the perforated design of the
structural sheet material (NR937) significantly reduces material usage
and overall weight, leading to cost savings and facilitating the scaling up
of FlexWEC systems. Additionally, the structural sheet material exhibits
much lower stiffness, particularly at lower strain levels. This reduction
in stiffness has minimal impact on the natural frequency of the WEC
system. At resonance, the membrane deformation amplitude increases
by approximately 143 % when using the structural sheet material, while
the air chamber pressure amplitude only increases by about 40 %. This
indicates that the structural sheet material enables greater membrane
deformation under relatively lower pressure, resulting in a 245 % in-
crease in the WEC system’s power output. Moreover, despite the
increased deformation, the maximum membrane stress at resonance
decreases by about 14 %, and the stress distribution becomes more
uniform across the membrane, indicating reduced fatigue loading and a
lower risk of material failure. On the other hand, a small membrane pre-
stretching of 10 % increases the natural frequency of the WEC system
from 0.55 Hz to 0.8 Hz. While the air chamber pressure amplitude de-
creases by about 7 %, the membrane deformation amplitude increases
by approximately 9 %, leading to a 54 % increase in power output.
Additionally, pre-stretching reduces the maximum membrane stress by
about 15 % and results in a more uniform stress distribution, although
the deformed membrane shape is no longer approximately spherical.
Pre-stretching offers a potential strategy for dynamically tuning Flex-
WEC to better capture energy under complex and variable sea
conditions.

The present work is significant for enhancing the power output of
FlexWECs and optimizing the structural response of the flexible mem-
brane. Additionally, it offers new insights into the dynamic control of
FlexWEC systems to better adapt to marine environments. However, the
current numerical simulations do not account for the DEG PTO, thus
neglecting the influence of the electric field on the structural response of
the flexible membrane. Although a reduced model is used to estimate the
power output of the WEC system, this approach has certain limitations.
Therefore, future work will focus on conducting fluid-structure-electric
coupling simulations for FlexWEC to further improve the understanding
of its complex responses and power output performance.
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