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Ocean wave energy is a vast and largely under-used renewable resource with significant potential to contribute
to the global transition away from fossil fuels. This study presents a theoretical investigation of wave energy
conversion using submerged piezoelectric plates that incorporate a functionally graded graphene origami-
enabled auxetic metamaterial (FG-GOEAM) substrate. A fully coupled hydroelectromechanical model is used
based on Kirchhoff plate theory and linear potential flow, accounting for electromechanical coupling, fluid-
structure interaction, and circuit dynamics. The governing equations are solved using a hypersingular boundary
integral formation combined with a dry-mode expansion approach to capture diffraction, radiation, and
scattering effects. We conducted a parametric analysis to examine how energy absorption is impacted by
the folding degree and distribution of graphene origami, as well as the selection of piezoelectric materials,
submersion depth, and support conditions. The findings demonstrate the potential of functionally graded
graphene origami-enabled auxetic metamaterial substrates to tune the dynamic response of piezoelectric wave
energy converters and offer insights into their role in improving energy harvesting performance.

1. Introduction

The global demand for renewable sources of energy is ever present,
propelled by the desire to pivot away from traditional energy sources
such as oil and coal. Fossil fuels currently supply approximately 80% of
global energy demand (Singh, 2021), contributing to energy insecurity,
environmental degradation, and adverse impacts on human health.
The detrimental effects of these sources have been exhibited in the
ecological imbalance of fauna and flora. As such, improving green
and renewable energy is an effective way to ameliorate the energy
crisis and improve the standard of living of the global population
(Islam et al., 2022; Xu et al., 2022; Ramos et al., 2022). Renewable
energy sources such as ocean wave energy and wind energy can be
harnessed on a large scale. Specifically, ocean wave energy is relatively
insensitive to variations in weather conditions and is available for
exploitation while supplying clean and sustainable energy. In addition,
wave energy has been reported to have the second-highest potential
of ocean energy sources (Thorpe, 1999; Ilyas et al., 2014). One way
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to harness ocean wave energy is through the use of piezoelectric wave
energy converters (PWECs) (Liu et al., 2023; Lian et al., 2024). PWECs
convert mechanical energy to electrical energy via the piezoelectric
effect of piezoelectric materials. Their high voltage output, efficiency,
and simple design make them attractive solutions for their purpose. In
general, wave energy converters (WECs) can be classified based on op-
erational principles, wave propagation direction, distance from shore,
and power take off (PTO). Within this broader classification, several
notable piezoelectric harvesters have been reported in the literature,
including small-scale piezoelectric wave energy harvesters operating
on the acceleration-driven principle (Cai et al., 2022), piezoelectric
coupled buoys to harness energy from ocean waves (Viet et al., 2016)
and plate-wave energy converters moored in front of floating stationary
breakwaters (Zheng et al., 2021; Qiao et al., 2020). As a result of
their versatility and scalability, piezoelectric harvesting technology
continues to receive significant research attention and offers a viable
alternative to non-renewable energy sources, as well as a means of
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extracting power from the turbulent flow of oceans and seas (X.D. Xie
et al., 2014). Despite the developments in this field, large-scale deploy-
ment in real marine environments remains a challenging endeavour
(Chen et al., 2026; Li et al., 2024).

A piezoelectric energy harvester typically consists of a plate that
incorporates one or two layers of piezoelectric material, referred to as
unimorph and bimorph configurations, respectively (Erturk and Inman,
2008b). The harvester is attached to a vibrating structure, where the
resulting dynamic deformations in the piezoelectric layers induce an
alternating voltage across the electrodes, facilitating the conversion of
energy from mechanical to electrical energy (Erturk and Inman, 2009;
Erturk et al., 2010). Erturk and Inman (2008a) developed a distributed
parameter electromechanical model for cantilevered unimorph and
bimorph harvesters, using Euler-Bernoulli beam theory to analyse the
effects of base motion and damping. It provides closed-form expres-
sions for electrical output and explores the significance of electrode
placement and strain nodes in enhancing energy harvesting efficiency.
Kiran et al. (2020) reviewed recent advances in piezoelectric wave
energy conversion technologies and demonstrated that flexible de-
vices offer superior durability and power generation compared to their
rigid counterparts. Their review highlighted the importance of specific
piezoelectric effects (d;; and d;s) in enhancing energy output while
integrating mathematical models to optimise design configurations. In
addition, the necessary post-harvesting processes for effective energy
management from harvested AC power are discussed. Na et al. (2018)
studied a piezoelectric energy harvesting device that converts wave
kinetic energy into electrical energy through the impact force exerted
on a bimorph piezoelectric element. The multiphysical analysis aimed
at optimising performance through the configuration of its components,
including a triple-layer piezoelectric bender, thus enhancing energy
capture from wave motion. Renzi (2016) studied the hydroelectrome-
chanical dynamics of a piezoelectric wave energy converter, which
consisted of a flexible bimorph plate clamped at both ends and driven
by ocean surface wave motion. The analysis revealed that the coupling
effects generate both short and long-crested waves along the plate, with
the short crested flexural waves being particularly significant for power
generation. Wegert et al. (2026) extended the methodology reported by
Renzi (2016) by deriving the governing equations in dimensional form,
as opposed to non-dimensionalised form. Additionally, this work pre-
sented a three-dimensional derivation that accommodates poling angle
rotation within the piezoelectric layers, and includes formulations for
both surface mounted as well as submerged PWECs. Using piezoelectric
bimorphs in wave energy conversion can effectively harness mechanical
deformation caused by ocean waves to generate electrical energy. Their
design allows for flexibility and adaptability, which enhances durability
under varying stress conditions. Despite these advancements, most
existing PWECs rely on conventional substrates, which motivates the
exploration of auxetic metamaterials in wave energy harvesting.

In recent years, with research interest in mechanical metamaterials,
auxetic metamaterials have received significant attention to enhance
the efficiency and power output of piezoelectric energy harvesters.
Auxetic metamaterials possess the unique ability to expand in the
lateral direction upon tensile action in the longitudinal direction, re-
sulting in a negative Poisson’s ratio (NPR). Inspired by an ancient
Japanese art form, origami has been adopted as a scientific method
for developing systems with deployable and dynamic architectures,
some of which exhibit auxetic properties (Wang et al., 2026). Var-
ious studies have examined the influence of auxetic characteristics
on piezoelectric energy harvesters (Roy Chowdhury et al., 2021; Fey
et al., 2016; Topolov and Bowen, 2015). Li et al. (2017) introduced
a piezoelectric bimorph that uses an auxetic substrate to enhance
the energy harvesting of vibrations by increasing the transverse stress
in the piezoelectric layers. This innovative design resulted in signif-
icantly higher power output, with an average generation 2.76 times
higher than traditional bimorphs. Similarly, an auxetic cantilever beam
energy harvester excited by a harmonic acceleration of 1 m s=2 at
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3 Hz was able to produce 2.51 times more power than an equiv-
alent plain cantilever beam energy harvester (Farhangdoust, 2020).
The functionally graded (FG) graphene origami-enabled (GOE) auxetic
metamaterial is an advanced class of materials that combines the ex-
ceptional mechanical properties of graphene origami (GOri) structures
with functionally graded design principles (Li and Li, 2025; Yang et al.,
2025b). This innovative material exhibits unique auxetic behaviour
that significantly improves its energy absorption capacity and overall
flexibility (Yang et al., 2025a; Nguyen and Nguyen, 2026). Recent
advances in fabrication techniques and computational modelling have
optimised the mechanical performance of FG-GOEAMs. As a result,
these materials are increasingly being explored for diverse applications
in the aerospace (X. Zhang et al., 2026; Le et al., 2026; Chi Hai et al.,
2026), automotive (Vu and Tran, 2025) and structural engineering
(Liu et al.,, 2026) sectors. For example, a composite aerogel-based
metamaterial with excellent mechanical, electromagnetic, and thermal
properties was developed with extensive applications in the aerospace
sector (X. Zhang et al., 2026). A piezoelectric energy harvester with
an FG-GOEAM core was developed to determine the power output
enhancement relative to conventional harvesters. The study found that
the GOri architecture facilitates significant vibrational tuneability and
improves electromechanical coupling (Ebrahimi and Parsi, 2026b).
Ebrahimi and Parsi (2026a) developed a bimorph energy harvester con-
structed from PZT-5H piezoelectric layers and an FG-GOEAM substrate.
By optimising the graphene content and the degree of origami fold-
ing, the bimorph achieves tuneable resonant frequencies, significantly
improving electromechanical performance, notably a 14% increase in
output power compared to traditional copper (Cu)-based harvesters.
The FG auxetic structure enables controlled modification of stiffness
and strain distribution, which can lead to improved electromechanical
coupling and enhanced energy absorption (Krishnaswamy et al., 2020).
Additionally, Ren et al. (2026) discusses the adjustment of material
deposition to tune performance of a photothermal superhydrophobic
metamaterial. Despite these developments, research into piezoelectric
energy harvesters with auxetic cores is still in its nascent stage.

Contribution of this work to the field: In contrast to existing studies
related to PWECs that consider conventional substrates or surface-
mounted piezoelectric devices, this work introduces and analyses a
PWEC fundamentally re-engineered through the incorporation of an
FG-GOEAM as its structural substrate. Specifically, this study presents
the first fully coupled hydroelectromechanical formulation of a sub-
merged piezoelectric bimorph plate in which the load-bearing core it-
self is a functionally graded GOE auxetic metamaterial, thereby embed-
ding NPR behaviour directly into the PWEC architecture. Building upon
the hypersingular boundary integral approach proposed by Wegert
et al. (2026), the present work extends this methodology to explicitly
account for the metamaterial constitutive properties of the FG-GOEAM
substrate, obtained via a genetic programming-based material design
approach (Murari et al., 2024). This integration explores the influence
of auxeticity in PWEC models. By varying GOri content, folding degree
and distribution patterns, the substrate properties can potentially be
tailored to match specific wave environments, allowing optimisation
of performance for different deployment conditions. The auxetic be-
haviour promotes enhanced deformation under cyclic wave loading,
which, as reported (Krishnaswamy et al., 2020), may reduce stress
concentrations and improve structural resilience in dynamic marine
environments. Additionally, a comprehensive numerical investigation
is conducted to examine how the FG-GOEAM-based PWEC responds
when employing either lead zirconate titanate (PZT-5H) piezoelectric
or polyvinylidene fluoride (PVDF) layers, with particular emphasis on
comparative energy absorption performance.

2. Metamaterial and methods
2.1. Auxetic metamaterial-based bimorph plate wave energy converter

In this work, we use the hydroelectromechanical model described
in Wegert et al. (2026). Namely, we consider a bimorph plate wave
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Fig. 1. Schematic showing bimorph-fluid system and a detailed view of the piezoelectric bimorph showing the series configuration between the piezoelectric

layers.

energy converter with an auxetic metamaterial substrate located on
the xz—plane, as shown in Fig. 1. We assume that the plate is thin
and can be modelled using Kirchhoff plate theory. The 2D fluid do-
main is assigned as 2 = (R x (-H,0)) \ I, where I' = (-L,L) X
{—h} denotes the region occupied by the cross section of the bi-
morph plate. In order to apply linear water wave theory, we assume
a viscosity-free, constant-density, incompressible fluid undergoing irro-
tational flow. This formulation is valid provided the wave amplitude is
small compared to the wavelength, but it does not account for nonlinear
wave effects, viscous dissipation or wave breaking which come into
effect under larger amplitude waves (X. Zhang et al., 2026; Chiang
et al., 2005). The plate has a length 2L and thickness d, = d;+2d,,. The
FG-GOEAM core layer is sandwiched between two piezoelectric layers,
as shown in Section A of Fig. 1.

The thickness of the auxetic metamaterial is indicated as d, while
the thickness of each piezoelectric layer is indicated as d,,. The piezo-
electric layers are connected in series with vertical poling as shown
in Fig. 1. The resistance R; is connected to the piezoelectric layers.
We assume that all FG layers are perfectly bonded and that the elec-
trodes completely cover each piezoelectric layer. The bimorph plate is
immersed in a fluid to a depth A, and the total depth of the fluid is H.

By adopting a harmonic time-dependence ¢~ at the angular fre-
quency o, we can express the model of Wegert et al. (2026) as

Ap=0 (x,z) € 2,
d,=0 (x,z) eERx {H},

602
0.¢ = ?rb (x,2) € Rx {0},
0,¢ = —iow (x,z) €T,
D0 108+~ Lot powtw = e ¢l x,z)erl
11 11 oC + Gi x 0 =1wpy, s 5
[[0.¢1 =0 (x,2) €T,
{o.¢* Fik¢*} -0 x = o0,

@

with either clamped—clamped boundary conditions:

w=0,w=0 forx==+L, (2)
or simply supported boundary conditions:

w=0w=0 forx=x+L. 3

In the above, ¢ is the velocity potential; 4 = 02 + 92 is the Laplacian
operator for the xz-plane; g is gravity; p,, is the density of the fluid; w
is the complex-valued plate displacement; D?l is the bending rigidity
of the substrate; D” is the bending rigidity of the piezoelectric 1ayers-

(a'o +4d,)é3 is the piezoelectric coupling; C =
surface capacitance; G = dR; /dA denotes the surface conductance; I,
is the static moment of mass; [¢] indicates the potential jump across
the plate, defined as the difference between its upper (¢,) and lower
(¢_) values; ¢* = ¢ — ¢™" is the scattered wave potential where

in _ _ig A ikx
¢ ) = wcoshkH ©
denotes the velocity potential of a plane incident wave with A as the
amplitude; and k is the real and positive solution of the dispersion
equation

coshk(z + H), 4

2
ktanh(kH) = <. 5)
8

. dod ) )
In the above D/ =2d, 0 ey 0 ° QF, where QF is the stiffness

of the piezoelectric layers. For further details regarding the model, we
refer the reader to Wegert et al. (2026).

In the next section, we describe how the FG-GOEAM substrate can
be incorporated into the model using D‘l’l and I,.

2.2. GOri-enabled auxetic metamaterials

The substrate is comprised of a GOri-reinforced Cu matrix to gen-
erate a metallic Cu metamaterial. In order to define the distribution
and characterisation of the GOE auxetic metamaterial, we incorporate
the formations documented by Zhao et al. (2022). We consider four



B. Murari et al

GOri dispersions as illustrated in Section A of Fig. 1, namely, uniform
(Wgr-U), symmetrical (W;p-X, W;z-O) and asymmetrical (W;z-A)
distribution patterns, whose mathematical expressions are as follows

Yor: [2k-Np 1] WorV

Vor(k) = 2o NLL|2/<7;V -1 WorX (6)
Wer (1 - N—LL) W -0
VGR%’ Wer-A

where V;p(k) denotes the volume fraction of GOri in the kth layer
(k=1,2,..., Ny)and N, is the total number of layers. The total vol-
ume fraction of GOri in the plate is derived from the weight fraction as
Vor = Yar . @)
Wer + (0GR /pcu X1 = Weg)

Various metamaterial distributions are considered, namely, uniform
(Hgg-U), symmetrical (Hgg-X, Hgg-O) and asymmetrical (Hggz-A)
distribution patterns, whose mathematical expressions are as follows

Hgr, Hgg-U
Hgg cos(55), HgrX
Hgr(k) = 0 8
or (k) Heg(1 = cos(52),  Hgg-O ®
Hgg cos(ﬁ +3), Hgg-A

where Hgy is the GOri folding degree quantified as the hydrogen
(H) coverage (0%-100%). H;r = 0% denotes pristine graphene with-
out any folding, while higher H;y implies more GOri folding. We
incorporate the genetic programming (GP)-assisted micromechanics
models developed by Zhao et al. (2022). The GP method improves
the traditional Halpin-Tsai micromechanics model to determine the
effective elastic modulus (E.) by incorporating modification functions
FEpvw(Hgr Vor,T) that account for H coverage (Hgg), GOri volume
fraction (V) and temperature (7). In addition, enhancements are
made to the Rule-of-Mixtures to determine the effective Poisson’s ratio
(v.), density(p,) and thermal expansion coefficient («,) as

1+ EerNGRVGR

Ee=——,—— EcuXfe(Her-Vor. T). (9a)
16rVGR

pe = (prVGR + PcuVew) X f,(Var, 1), (9b)

. = (WgrVar + vcuVew) X fo(Her Vor- 1), (90)

a, = (agrVer + @cuVew) X foVar. 1), (9d)

where material (n5z) and size (5) coefficients are denoted, using the
length /; and thickness 75 of graphene as

EGR/ECu -1

NGR= 7+ 5> (10a)
R Egr/Ecy +&6r
I
Eop =28 (10b)
IGR

The modification functions are given by

e =111-1.22Vgg — 0.134(T/Ty) + 0.559Veg (T /T)

~5.5HgpVar + 38 Her(Vor)® — 20.6(Har Var)®- (11a)

f, =101 =0.0131(T /T;) — 2.01(Vgg)*., (11b)

f, =101 -143Vgg +0.165(T /Ty) — 16.8 Hgg Ve 110
~1L.1HGRVGr(T /Ty) + 16(HgrVer)?,

fo =0.794 — 16.8(Vgr)? — 0.0279(T /Tp)? + 0.182(T /To)(1 + Vgg).  (11d)

The functionally graded GOE auxetic metamaterial substrate ex-
hibits pronounced NPR characteristics, motivating a parametric inves-
tigation of GOri folding degree and metamaterial distribution patterns.

As shown in Fig. 2(a), low H coverage in the GOri reinforcement
reduces the Poisson’s ratio of the GOri/Cu layers. Increasing H cover-
age promotes the transition from a GOri/Cu layer to a GOE auxetic
metamaterial, resulting in a reduction in Young’s modulus. The effect
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of metamaterial distribution is shown in Fig. 2(b). The Hgx-X and
Hg-O metamaterial distribution patterns are symmetric, with auxetic
behaviour concentrated in the internal layers and edge layers, re-
spectively, whereas the Hy-U distribution exhibits auxetic behaviour
across all layers. Figs. 2(c) and (d) depict the influence of GOri weight
fraction and GOri distribution on the Poisson’s ratio and Young’s mod-
ulus of the FG-GOEAM substrate, respectively. Increasing GOri content
induces auxetic behaviour within the FG layers and increases Young’s
modulus, with W, = 2.5% resulting in the largest NPR magnitudes.
For the W;r-X distribution, auxetic behaviour is dominant in the edge
layers, whereas the internal layers exhibit positive Poisson’s ratio. In
contrast, the W;-O distribution exhibits NPR values in the internal
layers and positive Poisson’s ratios near the surfaces.

To incorporate the FG-GOEAM substrate into the hydroelectrome-
chanical model in Section 2.1 we define the plane-stress reduced stiff-
ness (Murari et al., 2023) of the FG-GOEAM substrate as

Ee 12)
1- vf’

0 _
Qll_

where E, and v, are the effective elastic modulus and Poisson’s ratio of
the functionally graded GOE auxetic metamaterial, respectively. From
the law of elasticity (Reddy, 2003), the normal stress o, is obtained as

on =0% e, (13a)
where strain ¢/, is given by
£ = —zdzw. (13b)

0

The dimensional bending stiffness D,

dimensionless bending stiff-
0 . . .
ness d}, and inertia I, are given by

do/2
Dy, =/ 0},7°dz, (14a)
—do/2
DY (1-v2)
) = —1— (14b)
ECudé
and
do/2 do/2+d,
Iy = / Pe dz+2/ ppdz, 15)
—dy/2 do/2

where p, is the density of the functionally graded GOE auxetic meta-
material as determined from Eq. (9b) and Py is the density of the
piezoelectric material. Eqs. (15) and (14a) can then be inserted into
the model given in Eq. (1). The novelty of the present study lies in
the introduction of an FG auxetic metamaterial substrate, which leads
to modified bending stiffness (d?l) and inertia (1)) parameters that are
not described in existing formulations such as Wegert et al. (2026).

Unlike the assumption of a homogeneous and isotropic silicone
substrate as considered by Wegert et al. (2026), the present work
considers a through-thickness variation of material properties governed
by the GOri volume fraction. This introduces layer-wise variations in
Poisson’s ratio, density and thermo-mechanical properties, as shown in
Egs. (6)—(9), which in turn modify the global structural response.

From a modelling perspective, the study integrates molecular dy-
namics and GP-informed modification functions into the modified
Halpin-Tsai and rule-of-mixtures models (Zhao et al., 2022), thus
enabling accurate prediction of FG auxetic metamaterial behaviour.
These relations culminate in modified expressions for the reduced
stiffness (Eq. (12)) and normal stress (Eq. (13a)), from which the
revised stiffness and inertia terms are derived. Importantly, the FG
layout introduces a tuneable structural response, allowing controlled
tuning of the dynamic behaviour of the PWECs, which is not attainable
with uniform substrates.

The influence of auxetic material properties on the dimensionless
bending d?] response is displayed in Fig. 3. The influence of Hg and
Wsr with various GOri distribution patterns on the bending stiffness
of an FG-GOEAM plate is shown in Fig. 3. The uniform metamate-
rial distribution pattern is used for illustration as NPR properties are
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Fig. 2. Layer-wise variation of the Young’s modulus and Poisson’s ratio of the functionally graded GOE auxetic substrate based on (a) GOri folding degree, (b)
metamaterial distribution patterns, (c) GOri content and (d) GOri distribution patterns, as determined by Egs. (9a) and (9¢).
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Fig. 3. Effect of the H coverage and GOri content on the dimensionless bending stiffness of an FG-GOEAM substrate with uniform metamaterial distribution
Hgg-U and various GOri distribution patterns, as determined from Eq. (14b).
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exhibited in all the layers as shown in Fig. 2(b). It can be observed
that a low GOri content (Wgg < 1.0%) reduces the bending stiffness
of the substrate due to the reduction in the Poisson’s ratio magnitude.
However, an adequate GOri (Wgz > 1.0%) increases the bending
stiffness due to the transformation of the composite (GOri/Cu) to a
GOE auxetic metamaterial which possesses high NPR characteristics.
Increasing the H coverage leads to a gradual reduction in the bending
stiffness, owing to the formation of the GOE auxetic metamaterials. The
Wgr-X distribution pattern results in the highest bending stiffness due
to the GOri reinforcement in the surface layers.

2.3. Solution method

The model given in Eq. (1) is solved using the approach described
in Wegert et al. (2026). Specifically, we employ a modal expansion
method (Newman, 1994) to reduce the diffraction and radiation prob-
lems to hypersingular integral equations governing the wave-structure
interaction, which are then solved by a constant panel method. This
approach represents continuous structural deformation as a finite linear
combination of orthogonal mode shapes. By transforming the par-
tial differential equations into discrete sets of modal coordinates, the
method significantly reduces computational costs while maintaining
high fidelity in depicting the wave-structure interaction between the
incident wave field and the PWEC. The plate domain is discretised
into finite panels with midpoint collocation, enabling stable and ac-
curate evaluation of the diffraction potential for submerged configu-
rations. The numerical model accommodates both simply supported
and clamped boundary conditions, as well as variations in material
properties.

The dynamic response of the piezoelectric bimorph is obtained via
a dry-mode expansion approach where the displacement and velocity
potential are expressed in terms of truncated modal series. The coupled
system of equations is assembled into a matrix form, incorporating
structural stiffness, mass, added mass and hydrodynamic damping ef-
fects, and solved for the modal coefficients. The method’s convergence
and validity has been verified by comparison with an eigenfunction
matching method (Wegert et al., 2026).

Material parameters are derived from established literature sources,
including GP-assisted micromechanics models (Zhao et al., 2022; Mu-
rari et al.,, 2024) for the FG-GOE auxetic metamaterial substrate
Egs. (9)-(11) and standard constitutive data for piezoelectric materials
(Table 2). The analysis follows a structured computational procedure:
(i) evaluation of the layer-wise material properties across the N; FG
layers, (ii) computation of effective stiffness and inertia parameters
via Egs. (15) and (14a), respectively, (iii) solution of the coupled
structural and hydrodynamic systems using boundary integral and
modal methods, and (iv) determine reflection, transmission and energy
absorption coefficients. This structured workflow ensures numerical
stability, physical consistency as well as full reproducibility of the
results.

2.4. Reflection and transmission

In analysing wave interactions with the piezoelectric bimorph plates,
we define two key coefficients: reflection (R) and transmission (7).
These coefficients quantify how much wave energy is reflected by the
PWEC versus how much advances beyond the PWEC. These relation-
ships are essential in determining the efficiency of the PWEC. The
reflection and transmission coefficients are defined so that, asymptoti-
cally,

@(x, 2) {_“’C‘iﬁi:kﬁ cosh(k(z + H))(e** + Re**) as x - —co,
X,2z) ~

(16)

igA . ikx
ST cosh(k(z + H))Te

as x — +oo.

Using these, the proportion of energy absorbed at a given frequency
can be calculated as

1-|RP? =TI a7
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Table 1

Room temperature material properties of pristine Cu and graphene.
Properties Pristine Cu Matrix Graphene
Young’s modulus 65.79 GPa 0.9296 TPa

Poisson’s ratio 0.387 0.220
Mass density 8.80 g/cm’ 1.80 g/cm?
Thermal expansion coefficient 16.51 x 107% K! —3.98 x 10°® K!

Table 2
Piezoelectric material values for PVDF and PZT-5H with a vertical poling
direction.

Properties PVDF (Kepler, 1995) PZT-5H (Yang, 2005)
Q1E] (GPa) 3.54 65.5

K5y (Fm™1) 1.13x 10710 1.77 x 1078

ey, (Cm—2) 0.113 -23.2

p 1780 7500

2.5. Efficiency in irregular ocean states

To measure the energy absorption efficiency, we employ the method-
ology proposed by Wegert et al. (2026). Namely, we adopt the Pierson—
Moskowitz spectrum (Pierson and Moskowitz, 1964; Dean and Dal-
rymple, 1991). For an ocean state with peak period T,, the spec-
tral energy distribution is frequency-dependent. The corresponding
absorption efficiency follows

_ Jo° S@) (1=|R>=1IT|?) do

© (18)
ot /i S(@) do
where S(w) is given by the Pierson-Moskowitz spectrum
4
S(w) = ag? 0™ exp<_§ <T2P_’;> > 19)

with a =8.1x 1073,
3. Results and discussion

The FG-GOEAM substrate is constructed from Cu matrix reinforced
with GOri filler. The material properties of pristine Cu matrix and
graphene are shown in Table 1.

The substrate has a thickness d, = 0.01 m and the total number of
layers N; = 14. The geometric properties of the pristine graphene are
Igr = 83.76 Aand 1 = 3.4 Adenoting the length and thickness, respec-
tively. Unless otherwise stated, the properties that pertain to this study
are as follows: clamped—clamped boundary conditions, full submersion
at h = 2m, G/C = 1 s71, uniform metamaterial distribution Hgr-U,
symmetric GOri distribution W;;-X, H coverage H;r = 100% and GOri
content Wz = 2.5%. PZT-5H piezoelectric layers are considered for the
current study due to their high energy absorption properties as a result
of their high piezoelectric coupling coefficient as given in Table 2.

Furthermore, the piezoelectric material tensors for PZT-5H with a
vertical poling direction are

167 —484 -85 0 0 0
—484 167 -85 0 0 0
SE@ = 0°) = -85 -85 208 0 0 0 f0n (N,
0 0 0 435 0 0
0 0 0 0 435 0
0 0 0 0 0 429
(20a)
0 0 0 0 739 0
d@=0)=| 0 0 0 739 0 0|x10"°mv"), (20b)
—275 =275 594 0 0 0
276 0 0
k°@=0)= 0 276 0 |x10*Fm™. (20¢)
0 0 3.04
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Fig. 4. Effect of H coverage on the energy absorption of a piezoelectric FG-GOEAM bimorph with (a) PZT-5H and (b) PVDF.
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Fig. 5. Effect of the metamaterial distribution pattern on the energy absorption

Wer-U).

Table 3

Effect of H coverage on the energy absorption

efficiency of piezoelectric FG-GOEAM bimorphs.
Hgr PZT-5H (%) PVDF (%)
20% 2.647 0.01145
40% 2.677 0.01185
60% 2.689 0.01207
80% 2.698 0.01232
100% 2.699 0.01308

Table 4

Effect of the metamaterial distribution on the energy absorption
efficiency of piezoelectric FG-GOEAM bimorphs.

Metamaterial distribution PZT-5H (%) PVDF (%)
Hgg-U 2.056 0.03290
Hgp-X 1.997 0.01919
Hgr-O 1.544 0.04907
Hgg-A 1.579 0.00764

Fig. 4 and Table 3 illustrate the energy absorption and efficiency
of piezoelectric FG-GOEAM bimorphs over a 5s period, respectively.
The bimorph with Hg;i = 100% exhibits higher energy absorption com-
pared to Hgr = 20%, indicating that increasing H coverage promotes
energy harvesting performance for both PZT-5H and PVDF configura-
tions. This behaviour arises primarily from the reduction in bending
stiffness associated with increases in H coverage, as demonstrated in
Fig. 3(b). As shown in Fig. 2(a), higher H coverage produces lower
effective Young’s moduli within FG layers, resulting in a more flexible
substrate. This reduced stiffness enhances flexural deformation under
wave excitation, leading to increased curvature of the bimorph. The
enhanced curvature increases the longitudinal strain exhibited by the
piezoelectric layers. As a result, the charge generation is improved
through the piezoelectric effect. Furthermore, the auxetic nature of
the GOE auxetic metamaterial substrate facilitates lateral expansion
under flexural loading, thereby enhancing the strain transfer to the
piezoelectric layers. Conversely, stiffer substrates inhibit flexural de-
formation and strain transfer, resulting in weaker electromechanical
coupling and reduced energy absorption. Consequently, increasing the
H coverage enhances energy harvesting by promoting more flexible,
auxetic-driven deformation, which can facilitate strain transfer and
improve the piezoelectric response.

1072
T10
i
=100 :
T —Ho—U
—s|=Hgp— X
— 1078 GR
-Hgp— O
10-10 *H(.'n* A (b)
3 4 5 7 8 9

6
Period (s)
of a piezoelectric FG-GOEAM bimorph with (a) PZT-5H and (b)PVDF (with

Table 5

Effect of the GOri content on the energy ab-
sorption efficiency of piezoelectric FG-GOEAM

bimorphs.
Wer PZT-5H (%) PVDF (%)
Pristine Cu 1.809 0.03241
0.5% 3.187 0.03448
1.0% 3.237 0.03457
1.5% 2.040 0.03284
2.5% 2.699 0.01308

The effect of the metamaterial distribution patterns on the energy
absorption of piezoelectric FG-GOEAM bimorphs with PZT-5H and
PVDF layers is shown in Figs. 5(a) and (b), respectively. For bimorphs
incorporating PZT-5H, the FG-GOEAM bimorph with the H;z-U meta-
material distribution exhibits the highest energy absorption among
all considered patterns. In contrast, for bimorphs incorporating PVDF
layers, the Hg;z-O distribution yields the highest energy absorption
efficiency, as reported in Table 4. This behaviour indicates that the
optimal metamaterial distribution depends on the mechanical charac-
teristics of the piezoelectric layer and its capacity for electromechanical
coupling. In the PZT-5H case, the fully auxetic distribution reduces the
effective stiffness (Fig. 2(b)) and bending rigidity (Fig. 3(b)), thereby
promoting larger flexural deformation under wave loading. The result-
ing increase in curvature enhances strain transfer to the piezoelectric
layers, leading to stronger electromechanical coupling and increased
energy absorption. For the more flexible PVDF-based bimorphs, the
symmetrical Hy-O distribution provides a more favourable through-
thickness strain distribution by reducing excessive strain concentration
while maintaining sufficient global deformation. This leads to a more
uniform strain field within the piezoelectric layers, improving charge
generation efficiency and resulting in higher overall energy absorption
efficiency in piezoelectric FG-GOEAM bimorphs.

The influence of the GOri content on the energy absorption and
efficiency of piezoelectric FG-GOEAM bimorphs is illustrated in Fig.
6 and Table 5, respectively. For Wgy < 1.0%, increasing the GOri
content leads to higher energy absorption. This is primarily attributed
to a reduction in Poisson’s ratio towards lower positive values (Fig.
2(c)), which reduces the effective stiffness and flexural rigidity of the
substrate (Fig. 3(b)). The resulting increase in structural compliance
promotes greater flexural deformation under wave loading, leading
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Fig. 6. Effect of the GOri content on the energy absorption of a piezoelectric FG-GOEAM bimorph with (a) PZT-5H and (b) PVDF.
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Fig. 7. Effect of GOri distribution pattern on the energy absorption of a piezoelectric FG-GOEAM bimorph with (a) PZT-5H and (b) PVDF.

Table 6
Effect of GOri distribution pattern on the energy absorption
efficiency of piezoelectric FG-GOEAM bimorphs.

Graphene distribution PZT-5H (%) PVDF (%)
Wgr-U 2.056 0.03290
Wp-X 2.699 0.01308
Wgr-O 2.378 0.03340
Wgr-A 2.518 0.01514

to enhanced curvature and increased strain transfer to the piezoelec-
tric layers, thereby improving electromechanical coupling and energy
output. However, for higher GOri content (Wgz > 1.0%), further
increases result in higher Young’s modulus and Poisson’s ratio, leading
to increased effective stiffness and reduced energy absorption. This
behaviour is associated with the transition of the GOri/Cu composite
into a GOE auxetic metamaterial exhibiting high NPR characteristics.
While NPR enhances lateral deformation, the increase in stiffness dom-
inates the structural response, restricting overall flexural deformation
and limiting strain transfer in the piezoelectric layers. Despite this
reduction in energy absorption at higher GOri content, the FG-GOEAM
substrate outperforms the pristine Cu substrate due to its tuneable me-
chanical properties, which enable enhanced control over deformation
and electromechanical coupling.

Figs. 7(a) and (b) depict the influence of the GOri distribution
pattern on the energy absorption of piezoelectric FG-GOEAM bimorphs
with PZT-5H and PVDF layers, respectively. The corresponding energy
absorption efficiencies are summarised in Table 6. The results indicate
that the energy absorption depends strongly on the piezoelectric layer
material. For the PZT-5H-based bimorph, the symmetrical W z-X GOri
distribution, in which most of the GOri reinforcement is concentrated in
the surface layers (Fig. 2(d)), produces the highest energy absorption,
followed by the asymmetrical W;z-A distribution. In contrast, for
the PVDF-based bimorph, the symmetrical W;z-O distribution, with
a larger fraction of GOri located in the internal layers, yields the
highest energy absorption, followed by the uniform Wgz-U config-
uration. This behaviour suggests that the optimal GOri distribution
is governed by the interaction between the through-thickness strain
distribution of the FG-GOEAM substrate and the mechanical compli-
ance of the piezoelectric layer. For the PZT-5H case, which exhibits
relatively high stiffness, energy harvesting is enhanced by surface-
reinforced bending, where larger strains are concentrated near the

Table 7

Effect of the edge boundary conditions and piezoelectric
material selection on the energy absorption efficiency of
piezoelectric FG-GOEAM bimorphs.

Boundary condition PZT-5H (%) PVDF (%)
Simply supported 1.260 0.01072
Clamped 2.699 0.01308

outer layers of the bimorph. This enhances stress transfer and increases
electromechanical coupling within the piezoelectric layers, resulting
in higher energy absorption for FG-GOEAM bimorphs. In contrast, for
more flexible PVDF-based bimorphs, distributions that promote a more
uniform strain field across the thickness tend to be more effective. The
symmetrical W;z-O distribution reduces excessive strain concentration
while maintaining sufficient global deformation, thereby improving
charge generation efficiency and overall energy absorption efficiency
in piezoelectric FG-GOEAM bimorphs.

The material properties of PZT-5H and PVDF are listed in Table
2. As shown in Fig. 8(a) and Table 7, FG-GOE auxetic metamaterial
bimorphs incorporating PZT-5H exhibit higher energy absorption and
efficiency compared to those with PVDF. This behaviour is attributed to
the higher piezoelectric coupling coefficients of PZT-5H, which enable
more effective conversion of mechanical strain into electrical charge.
Additionally, fully clamped boundary conditions result in marginally
higher energy absorption compared to simply supported configurations.
This behaviour is attributed to enhanced excitation of the flexural
modes under wave-induced loading. Fixed boundary conditions in-
crease the structural stiffness and shift the fundamental frequencies,
leading to higher bending strains within the interior region of the
bimorph for a given wave input. Thereby enhancing electromechanical
coupling in the piezoelectric layers and improving energy conversion
efficiency.

The effect of submergence depth on energy absorption and effi-
ciency is illustrated in Fig. 8(b) and Table 8, respectively. The highest
energy absorption occurs near the free surface, where wave energy is
concentrated. As the submergence depth increases, the available wave-
induced excitation decreases due to attenuation of the fluid motion
with depth, resulting in reduced structural response of the bimorph.
Furthermore, increased depth enhances hydrodynamic added mass and
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Fig. 8. Effect of (a) piezoelectric material and boundary conditions and (b) submergence depth on the energy absorption of a piezoelectric FG-GOEAM bimorph.
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Fig. 9. Effect of (a) substrate thickness d,, and (b) half-plate length L on the energy absorption of a piezoelectric FG-GOEAM bimorph.

Table 8

Effect of submersion depth on
the energy absorption efficiency
of piezoelectric FG-GOEAM bi-

morphs.
h [m] Efficiency (%)
2 2.699
4 2.442
6 1.495
8 0.3899
Table 9

Effect of substrate thickness
d, on the energy absorption
efficiency  of  piezoelectric
FG-GOEAM bimorphs.

dy [m] Efficiency (%)
0.005 1.154

0.01 2.699

0.02 1.320

0.05 0.1956

radiation damping effects, which alter the system dynamics and re-
duce the amplitude of vibration. Consequently, energy absorption and
conversion efficiency decrease with increasing submergence depth.

The influence of the substrate thickness on the energy absorption
and efficiency of the FG-GOE auxetic metamaterial bimorph is shown
in Fig. 9(a) and Table 9. The results indicate an optimal thickness
(dy ~ 0.01m) that maximises energy absorption. For small thicknesses,
increasing d, leads to higher efficiency due to enhanced structural
stiffness, which improves stress transfer and electromechanical cou-
pling in the piezoelectric layers. However, further increases in thickness
result in a significant reduction in energy absorption. This behaviour
is attributed to excessive stiffening of the substrate, which suppresses
flexural deformation under wave excitation and limits strain develop-
ment within the piezoelectric layers (Mutsuda et al., 2019). As a result,
the energy conversion efficiency decreases as the structure becomes too
rigid to effectively respond to incident wave loading.

The effect of plate length (2L) on the energy absorption and effi-
ciency of the auxetic bimorph is summarised in Fig. 9(b) and Table
10, respectively. The results show an increase in the energy absorption
with increasing plate length. For shorter plates, the energy absorption

Table 10

Effect of half-plate length L on
the energy absorption efficiency
of piezoelectric FG-GOEAM bi-

morphs.
L [m] Efficiency (%)
6 0.9541
8 2.496
10 2.699
14 4.840

is limited due to reduced interaction with the incident wave field
and lower flexural deformation. This could have been predicted from
intuition because as the plate length increases, a larger section of the
wavelength is intercepted, and the structure undergoes greater flexural
deformation under wave excitation (Z. Zhang et al., 2026; X. Xie et al.,
2014; Vipin and Koley, 2022; Xia et al., 2025). This leads to enhanced
curvature and increased strain transfer to the piezoelectric layers,
thereby improving electromechanical coupling and energy conversion
efficiency in FG-GOE auxetic metamaterial bimorphs. Additionally,
longer plates support a wider range of bending modes, which can
contribute to stronger resonant interaction with the incoming waves,
further enhancing energy absorption.

4. Conclusions

As the demand for clean and sustainable energy continues to grow,
ocean wave energy offers a viable yet largely underexploited resource
for renewable power generation. The auxetic substrate leverages
graphene-based reinforcements and FG architectures, which are becom-
ing feasible through modern fabrication techniques such as layer-wise
manufacturing and advanced composite processing. In this study, a
comprehensive theoretical model has been used to investigate wave
energy conversion using submerged piezoelectric bimorph plates in-
corporating FG-GOEAM substrates. The model couples plate dynamics,
piezoelectric electromechanical behaviour, fluid-structure interaction
and electromechanical coupling, and is solved using the method of
Wegert et al. (2026).

The following key findings are concluded from the numerical re-
sults:
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1. Increasing the GOri folding degree enhances energy harvesting
by reducing the effective bending stiffness of the substrate and
enabling larger flexural deformations.

2. The GOri content exhibits an optimal range, whereby moderate
reinforcement promotes auxetic behaviour and improves elec-
tromechanical coupling, while excessive GOri content increases
stiffness and reduces energy absorption due to the transition to
a stiffer GOE auxetic metamaterial response.

3. Metamaterial and GOri distribution patterns that reduce surface-
layer stiffness yield higher energy absorption in piezoelectric FG-
GOEAM bimorphs, thus highlighting the importance of tuneable
strain concentration and flexible surface regions under wave-
induced bending.

4. In accordance with the findings of Wegert et al. (2026), bi-
morphs that incorporate PZT-5H layers outperform PVDF based
configurations due to their higher piezoelectric coupling co-
efficients. Fully clamped boundary conditions provide modest
performance improvements compared to simply supported con-
figurations by increasing bending strains near the ends.

5. Compared to a silicone rubber substrate (Renzi, 2016; Wegert
et al., 2026), which exhibits greater flexibility and higher energy
absorption due to its lower stiffness, the FG-GOEAM substrate
provides enhanced structural reinforcement of the PWEC. Al-
though stiffer and absorbs less energy intrinsically, FG-GOEAM
maintains effective energy harvesting while improving mechan-
ical robustness, making it a potential material for deployment
in ocean and sea environments. Unlike conventional silicone
substrates, FG-GOEAM provides expanded parameter control to
tune the dynamic response and enhance the efficiency of energy
harvesters.

Overall, the results demonstrate the potential of FG-GOE auxetic meta-
material substrates for tailoring the dynamic response and electrome-
chanical performance of PWECs. These findings provide insight into the
role of auxetic behaviour and functionally graded materials in wave
energy harvesting and establish a foundation for future experimental
validation and practical implementation.
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