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Ocean waves offer sustainable power yet the design of efficient and durable wave energy converters (WECs)
remains challenging. We focus on a WEC that harvests energy from chamber volume change as two bottom-
hinged plates open and close with passing wave troughs and crests, driving a turbine generator. For the first
time, we present an origami-inspired enclosed WEC whose plates are linked by rigid pleats and confined
membrane regions. Unlike traditional flexible WECs that connect the flaps with elastic membranes that stretch,
our design achieves predictable cyclic motion through origami folding mechanisms. Using an analytical design
method, we optimize dimensions of the pleats and membranes that keep membrane strain minimal during
operation. The analytical design is confirmed by finite element analyses, which indicates negligible membrane
strain under normal operation, therefore long fatigue life. Tests on a 1:160 scale prototype achieve a capture
width ratio of 0.35 and demonstrate robustness under irregular waves and deliberate misalignment. Our WEC
design allows the power take-off (PTO) system to be positioned above sea level, ensuring the PTO system
operates in air and remains unaffected even if sealing fails. These results demonstrate the potential of origami-
inspired WECs as viable and scalable approaches to wave energy harvesting.

1. Introduction

Wave energy converters (WECs) extract renewable energy from the
ocean and have potential applications that range from powering
offshore aquaculture stations to grid-scale electricity generation. Over
the past fifty years, various designs have emerged, including attenuators
(e.g., Pelamis [1]), point absorbers (e.g., CETO [2,3], Seabased [4] and
CorPower Ocean [5]), oscillating water columns (OWC) (e.g., Wavegen
Limpet [6] and Mighty Whale [7]), and overtopping devices (e.g., Wave
Dragon [8]). Other notable systems include Oyster [9], WaveRoller
[10], and Bombora [11]. While these systems demonstrate the potential
to capture wave energy, a persistent issue in submerged or floating
WECs concerns their sealing, particularly at interfaces where
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mechanical motion crosses the boundary between seawater and dry
internal chambers. For example, CorPower Ocean, a floating heaving-
type point absorber, generates power through a vertical sliding tether
that penetrates the sealed power take-off (PTO) chamber of the buoy
through a dynamic shaft seal. Although this design permits easy access
for inspection and maintenance, the use of a sliding interface introduces
long-term reliability concerns: the dynamic seal is vulnerable to fatigue,
leading to water ingress and subsequently, increased friction, jamming
of the sliding block and PTO failure. The design of WaveRoller avoids
this issue by fully enclosing rotational mechanical linkages and PTO
components within a sealed base unit. WaveRoller is a seafloor-mounted
surge-type WEC with no moving parts crossing the wet-dry boundary.
Rotational joints, unlike sliding ones, are more robust under irregular
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loading and less prone to wear, making them better suited for use in
harsh environments. While this design significantly reduces the risk of
sealing failure, it sacrifices accessibility for maintenance and repair
because the entire system is enclosed and operates below sea level. This
prompts the question: can we design a WEC with the PTO positioned
above sea level to enhance both accessibility and sealing reliability,
while only using rotational joints for simplicity and robustness?

Among the concepts that have been put forward, we build our design
on an enclosed V-shaped wedge WEC [12]. This device consists of two
rigid flaps connected by a bottom hinge. Preliminary investigations at
the COAST Laboratory, University of Plymouth, demonstrated the hy-
drostatic functionality of this concept [13,14], but the lack of an
enclosed shell resulted in seawater ingress. In the present work, we
introduce a design featuring a fully enclosed V-shaped wedge that sup-
ports a turbine and PTO mounted above sea level. The design enables air
exchange between the internal chamber and the ambient atmosphere,
allowing wave-induced pressure variations to drive airflow through the
turbine and generate power.

One solution for chamber enclosure is to connect the two flaps with
elastic membranes, like a balloon sandwiched between two rigid plates.
However, this type of balloon experiences substantial deformation as air
is pumped into and out of the chamber. Consequently, a considerable
portion of energy is expended on material deformation, thereby
reducing the energy available for PTO. Moreover, repeated large
deformation of elastic membranes causes material fatigue, compro-
mising long-term reliability.

To overcome these limitations, we propose an origami-inspired WEC
design that connects flaps with origami pleats and functions like a bel-
low [15-18]. This approach reduces strain energy through rigid-foldable
mechanisms, enabling folding motion to occur via rotational hinges and
preserving the rigidity of panel facets. In practice, rigid bellows cannot
be fully enclosed because the bellows conjecture states that enclosed
flexible structures cannot change volume without in-plane deformation
or self-intersection [19-23]. We therefore use an innovative engineering
approach to circumvent this challenge: compliant facets are used to bear
localized strain [24-26], with the rigid facets remaining strain-free to
provide structural integrity and allow predictable rigid-body motion.
We optimize the geometry of the origami-inspired WEC to minimize
strain while maximizing volumetric change during the folding process,
thereby increasing the energy capture efficiency of the WEC and
ensuring its survivability in extreme sea states. The energy-conversion
pathway is as follows: incoming waves drive the motion of the
bottom-hinged flaps, inducing a change in chamber volume that forces
air to flow through a bidirectional air-turbine generator mounted on the
top surface of the central frame, which is then converted into useful
power. The device can be either moored to the seabed or else integrated
with submerged offshore wind turbine foundations.

To test the design concept, we fabricated and tested prototypes of the
origami-inspired WEC fixing in heave for different wave conditions,
including regular waves and irregular sea states. In the downscaled
prototype, we used orifice plates to represent damping of the air-turbine
PTO system as is also the practice for OWC-type devices with orifice-
loaded chambers [27]. This PTO strategy is compatible with other
PTO approaches, such as mechanical direct-drive generators, air springs,
dielectric elastomer generators, and direct fluid generators [28-31].
During operation, part of the incident wave energy is used to deform the
folding outer shell, while the remainder is available for extraction by the
PTO.

The paper is structured from hereon as follows. Section 2 describes
the methodology underpinning our origami-inspired bellows-type WEC
design through an analytical approach. The small-strain design is then
confirmed through finite element simulations. Section 3 outlines the
physical model test facility and instrumentation. Section 4 reports the
results obtained for the WEC in regular and irregular sea states, the latter
corresponding to a Joint North Sea Wave Project (JONSWAP) spectrum
[32] at the Wave Hub test site, Cornwall, UK. Section 5 discusses the
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advantages, limitations, and practical implementation of the proposed
WEQC, and closes with the major findings and recommendations.

2. Small-strain origami-inspired WEC
2.1. Design of single origami-inspired bellows section

Fig. 1 presents an idealized view of one origami bellows section in (a)
fully expanded and (b) partially expanded states. The dotted lines
represent valley creases, whereas solid lines are mountain creases. The
origami bellows section is not a rigid foldable motion structure ac-
cording to the bellows conjecture. We therefore release the constraint by
using two materials in each section: rigid origami pleats and elastic
membranes. The rigid origami pleats are highlighted in blue and func-
tion as a rigid-foldable mechanism; the pleats rotate around the creases
and drive the opening and closing of the bellows section, transforming it
into a motion structure with one degree of freedom (DoF). We define 6
to be the dihedral angle between two rectangular facets that are con-
nected at the bottom along QP. This angle serves as an input parameter
that uniquely determines the folded state of the origami bellows section.
In the current design, the range of 6 is selected to be 0 < 65 < 7/6. The
resulting output angles, ¢; and ¢;, represent the dihedral angles between
the two trapezoid top facets and two triangular side facets, respectively,
with 0 < ¢y, @5 < 7. To simplify the design, we set ¢ = ¢ throughout the
full range of motion.

To determine the kinematics of the origami bellows section, we begin
by defining three primary parameters: the rectangular facet dimensions
w (width) and h (length), and the maximum dihedral angle 6; max of the
origami section. All other geometric dimensions are derived in relation
to these parameters. Specifically, the sector angles are set as

2AQC = «DQC = 95;“ 1

ensuring that the dihedral angle ¢; between the side pleats reaches =
when the origami is fully expanded (Fig. 1(a)). To synchronize the
motion of the top and side pleats, we impose ¢, = 7 at the fully expanded
state. This can be achieved by specifying the height of the top trapezoids
ABFH and DBFE as

a = h-sin(£AQC) (2
In the folding process of the origami section, it is always true that

h-sin(%) = asin(®) 3)

and

Pe = Ps ()]

Combining Egs (1) to (3), we obtain the kinematic relationships

%5

sin(z) = sin(

Hs’max)‘sin(ﬁ)and(p[ =g, 5)
2 2

Fig. 1(c) depicts the resulting kinematic relationships between 6; and
@s. When 05 = 7/6, both the top pleats and side pleats are completely
extended, i.e., p; = @5 = 7, giving the fully expanded state shown in Fig. 1
(a). Decreasing 05 causes ¢, and ¢; to decrease until all dihedral angles
are zero, in which case the origami bellow section is folded flat. To
ensure complete enclosure, the rigid origami pleats are connected using
elastic membranes, highlighted in red. During the motion cycle, the rigid
facets undergo rigid body rotation about the creases, governing the
overall motion and preserving structural integrity while constraining
deformation to the elastic membranes. Noting that elastic membranes
only resist tensile load and become slack under compression, we design
the origami geometry so that the membranes remain slack throughout
the full range of motion, thereby avoiding any stress accumulation. It is
achieved by the compressive strain along two orthogonal dimensions of
the membrane, [ and d. Appendix A gives a brief description of the
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Fig. 1. Small-strain origami-inspired bellow section in (a) fully expanded state, and (b) a partially folded state. Rigid facets are in blue whereas elastic membranes
are in red. The dotted lines denote valley creases, and solid lines are mountain creases. (c) Kinematic relationship of the rigid-foldable origami skeleton. (d)

Membrane strain along two orthogonal directions during the folding process.

algorithm developed to optimise the geometry. The optimization pro-
cess is carried out iteratively using the Matlab fmincon function with an
interior-reflective Newton approach [33], continuing until a local min-
imum is found. Fig. 1(d) shows the membrane strain for the optimized
origami section, which experiences zero strain at either fully folded state
(05 = 0) or fully expanded state (05 = 7/6). Otherwise, the strains along
the 1 and d directions are negative, indicating the membrane is slack.

(a) H

Consequently, the origami bellow experiences zero strain throughout
the motion. Four states are highlighted with different markers in Fig. 1
(c), corresponding to the same markers in Fig. 1(d), respectively.

2.2. Finite element model of an origami bellow section

Note that the optimized geometry of the origami structure is derived

(b)
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Fig. 2. FEA of an origami bellows section. (a) The model (highlighted in blue). (b-c) Distribution of the first and the third principal strains along path [ during

folding process.
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geometrically without considering material thickness. To validate the
design, finite element analysis (FEA) is conducted using Abaqus soft-
ware [34] with optimized dimensions of the origami plates and elastic
membranes as input. Due to symmetry, one half of the origami bellows
section is considered in the simulation (Fig. 2(a)). Points M, N, and K are
introduced to define the line of symmetry of trapezoids ABFH and DBFE.
A Cartesian coordinate system O-xyz is established with the origin O at
the midpoint of edge QP. The y-axis is aligned with edge QP, the z-axis
points from O to N, and the x-axis obtained by the right-hand rule. We
apply symmetric boundary condition on edges MN, KN, OK, and OM.
Nodal coordinates are stored in an input file for meshing. The triangular
membrane surfaces, AABC and ADBC are represented by 3-noded linear
membrane elements (M3D3). The nodes along their shared interface are
tied using the built-in function in Abaqus, ensuring that both surfaces
move as a single, unified unit. The origami pleats, ADCQ and AACQ, are
represented by 3-noded linear shell elements with reduced integration
(S3R). The rectangular origami skeleton, AMOQ and DKOQ, and trap-
ezoids, AMNB and DKNB, are represented by 4-noded linear shell ele-
ments with reduced integration (S4R). The region-of-interest
membrane, AABC and ADBC, is simulated using an elastic-perfectly
plastic constitutive model with von Mises failure criterion, whereas
the remaining surfaces are modelled as steel plates. The membrane used
in the simulation is high-density polyethylene, whose material proper-
ties are as follows: material density of 950 kg/m®, Young’s modulus of
1.1 GPa, yield strength (ultimate tensile stress) of 33 MPa, and Poisson’s
ratio of 0.42 [35].

The strain along path [ was extracted for analysis, noting that the
strain along the orthogonal path d is negligible. Fig. 2 (b-c) show the first
and third principal strains along path [ at representative dihedral angles
05 of the origami section, corresponding to orthotropic strains under
tension and compression, respectively. The principal strains increase as
the origami section expands, reaching maximum values when 65 = 57/
36, then decay to zero when 6; = 7/6. Notably, the third principal strain
exhibits higher absolute values than the first principal strain, indicating
that the mechanical behavior of the membrane is primarily governed by
compressive deformation, which is physically in slack. When 6; = 57/36,
the average third principal strain reaches 0.129, as shown by the dotted
line in Fig. 2(c), comparable to the theoretical prediction in Fig. 1(d).
Despite the overall compressive dominance, the finite element simula-
tions reveal localized tensile stress concentrations at point B. To address

(a)

B;

Q
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this, a high-elongation silicone adhesive was used to bond the mem-
brane to the rigid pleats when fabricating the physical prototype.

2.3. Volumetric change of a single origami bellows section

We then calculate the volumetric change of one optimized bellows
section when it is in motion. The V-shaped wedge is decomposed into
three parts as shown in Fig. 3(a). The volume V; is approximated by
subtracting the volume of a truncated triangular prism V5 from that of a
large triangular prism V; and then adding the volume of four identical
tetrahedra V3. The triangular prism V; has a base AADQ and a height of
w. The surface area of AADQ is calculated as

1 22 1 A s
Saapg = EAAD(h-cos 5) = §~(2h-sm §)~(h-cos 5) 6)
Its volume is
1 A 0,
V= 5-(2h~sm E)-(h-cos E)w 7)

The truncated triangular prism V5 is approximated as a full trian-
gular prism of base AADB’ and height w, without considering trunca-
tion. This approximation is justified because the length of BF exceeds 92
% of DH and AE. Before truncation, the surface area of the triangular
base is

_1 @ 1 . Os Pt
Saapp = 2AD (a-cos 2) =3 (2h-sin 2) (a-cos 2) ®
Its volume is thus approximated to be
_ 1 . 03 P
V272(2h51n2)(ac052)w ()]

The tetrahedron is approximated as having a triangular base ACQB’
whose surface area is

1_ 1 [ZA .
Sacop = EQB -CG = > (h-cos = — a-cos ﬁ)-(QC-smﬂ) 10)

2 2
where f is the angle between B’Q and CQ. Eq. (10) can be solved with

the four special vectors C*GZ G72>, QT&, and TC‘) forming a loop. The pyr-
amid has a height equal to the perpendicular distance from the base to
the vertex A, i.e., h-sin % The volume of one tetrahedron is

(b) 1 //
>.:,.
— 0.5 e

0 /24 /8 /6

/12
0

Fig. 3. (a) Single origami section decomposed into three components; the volume is calculated by subtracting V, from V; and adding 4 V3. (b) Normalized volume of

a single origami section as a function of section angle 6;.
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1 . O
V3 = §SACQB/ ’(h'Sll’l 5) (1 1)
Having obtained the volume of each component, the volume of one

origami section is approximately
Vo=V —Vy+4V; (12)

By combining Egs. (3), (4), and (6)-(12), the volume of a single
origami section can be approximated as a function of its opening angle
;. Fig. 3(b) shows this relationship, below which photographs are pre-
sented of the downscaled physical prototype and its configuration at
selected 6 values. The near-linear relationship between the volume ratio
Vs/Vso (where Vo is the volume of the fully expanded origami section)
and ¢; indicates that the volumetric change of an origami bellows section
depends primarily on the magnitude of the angular change A6, rather
than the initial opening angle.

2.4. Design and volumetric change of multiple-section WEC

A WEC is formed by arranging multiple identical origami sections
side-by-side. For example, Fig. 4(a) has two sections that are positioned
symmetrically on either side of a central rigid frame, each supported by
internal structures (shaded in grey in the cross-sectional view). A ballast
cylinder is mounted beneath the central frame by supporting bars and
moored to the seabed to maintain the orientation of the WEC and ensure

(a) <

Direction of wave
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its upright stability.

Oriented perpendicular to incoming waves, the WEC has two flaps:
an upwave flap (which is the first to encounter the wave front) and a
downwave flap. The flaps are allowed to rotate about hinges located
along the bottom of the central frame. We name this rotation ‘flap mo-
tion’ and characterize it by the opening angles of the upwave flap and
downwave flap, denoted 6, and 9y, respectively. As a wave crest passes, a
larger portion of the WEC becomes submerged, increasing the hydro-
static force and causing the flaps to close, thus reducing their opening
angles. Conversely, as a wave trough passes, the submersion decreases,
and the opening angle of the flaps increases. This continuous change in
submersion drives variations in 6, and 64 enabling air intake and
expulsion through a turbine generator PTO system mounted on the top
of the central frame, enabling power generation.

Linear torsion springs are placed at the bottom hinges to counteract
hydrostatic load on the flaps; these springs are pre-stressed when the
flaps are extended out and provide increasing torque as the flaps fold
inwards. Depending on the relationship between wavelength and WEC
geometry, the upwave flap may encounter a wave crest at the same
instant the downwave flap encounters a trough. In such situations, the
flaps move independently.

The power generation depends on air exchange between the WEC
chamber and the ambient environment. The chamber volume of the
WEC comprises a volume contributed by the central frame V., the vol-
ume of the downwave side Vg, and upwave side V,. It is expressed as

Fig. 4. WEC Design. (a) Isometric and cross-sectional views of the WEC. (b) Normalized chamber volume as a function of downwave and upwave flap angles, with
photographs showing corresponding configurations of the downscaled physical prototype.
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The volume of the central frame is given by V. = hewew, where h and
w are the length and width shared with the flap dimensions, and w, is the
third side length of the rectangular prism. To calculate the varying
components Vg and V,, we assume that the two origami sections on each
side of the WEC evenly divide the flap angles, such that 4 = 26; 4 and 6,
= 20y, where 6 4 and 6; , are the dihedral angles of one origami section
on the downwave side and upwave side of the WEC, respectively. Once
the dihedral angles 6; 4 and 6, , have been determined, the correspond-
ing volume of the origami sections, V4 and V4, is then obtained. The
volumes of the downwave and upwave sides are expressed as Vq = 2V 4,
and V, = 2V ,.

Fig. 4(b) presents a surface plot of the chamber volume of the WEC as
a function of 6, and 64, with snapshots of the physical model repre-
senting the numbered corners on the plot. The volume undergoes
smooth changes, except when 6, or 64 equals 0 or z/6, which correspond
to the four cornered configurations.

3. Physical model for coastal basin tests
3.1. Physical model of origami-inspired WEC

A 1:160 physical model was fabricated and tested to assess the en-
ergy absorption performance of the WEC. The methodology followed
Froude scaling laws, and effectively preserves dynamic similarity, but
neglects viscous and surface tension effects. In constructing the model,
the top surfaces of the panels were connected for valley creases, whereas
the bottom surfaces were hinged for mountain creases. The 1:160
downscaled prototype was constructed with flap dimensions of 250 mm
x 129 mm using 1 mm thick acrylic boards for the pleats and internal
supporting structures and 2.5 mm thick acrylic boards for the flaps and
central frames. The foldable skeleton was encapsulated in 0.12 mm
thick polyethylene film (Fig. 4(b) and Fig. 5). Other key dimensions of
the prototype are listed in Table 1.

We used interchangeable orifice plates to impose controlled damping
for the turbine generator and PTO system. Each plate was mounted on
top of the central frame to regulate air exchange between the WEC
chamber and the ambient atmosphere. Orifice plates were fabricated
from PLA material using additive manufacturing techniques. The de-
signs included a slot orifice of 10 mm width, 53 mm length, and two half-
circle ends, and circular orifices of 20 mm, 17 mm, 15 mm, and 10 mm
diameter (Fig. 5(a)). By selecting the orifice plate geometry, the air
exchange rate and damping was adjusted for different test conditions.

Furthermore, the hinge of each flap had adjustable torsional spring
stiffness (Fig. 5(b)). The stiffness fixture facilitated three configurations
by means of replaceable linear torsional springs. Each hinge consisted of
three 1.5 mm thick polycarbonate plates connected by linear torsional
springs on both sides. The springs were at their natural lengths when the
stiffness plate is flat. The middle plate matched the width of the central
frame of the downscaled physical prototype. When inserted into the
frame holder attached to the external walls of the flaps (Fig. 5(c)), the

(b)
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Table 1
Detailed geometry of origami-inspired WEC with Froude scaling multiplier 1 =
160.

Parameter Symbol Scale factor Model value Full-scale value
length PQ (w) a3 250 mm 40.00 m

AQ (h) A 129 mm 20.65 m

BF a 0.92w 36.80 m

cQ i 0.69 h 14.24 m

AB at 0.27 h 5.57 m

AC a 0.38 h 7.84 m
angle 0, max 1 /6 /6

2AQC 1 /12 /12

springs were strained, generating torque that acted along the flap
hinges. Linear torsional springs used in the tests were sourced from
McMaster-Carr®. For the low-stiffness configuration, the fixture was
used without any torsional springs. For the mid-stiffness configuration,
three 180° left-hand wound linear springs of stiffness 0.26 N-mm/° (item
number 9271 K94) were installed along each hinge. For the high-
stiffness configuration, three 180° left-hand wound linear springs of
stiffness 0.35 N-mm/° (item number 9271 K98) were used along each
hinge.

3.2. Coastal basin experimental setup

Under normal sea states, the flaps oscillate about an equilibrium
position to generate power, whereas in extreme weather such as storms
or tsunamis, both flaps can be folded inward (configuration @ in Fig. 4
(b)) to enhance survivability.

To understand how the origami-inspired enclosed WEC design per-
forms under wave loading, the 1:160 downscaled physical prototype
was tested in the coastal basin at the University of Plymouth. The basin
measured 15.5 m in length, 10 m in width, and had an operating depth
of 0.5 m (Fig. 6). The physical prototype was fixed in heave at various
drafts (0.465 h, 0.527 h, 0.543 h, and 0.567 h), permitting only flap
motions and synchronised pleat motions. An increased draft reduces the
equilibrium flap angle of the WEC in still water due to greater hydro-
static force. The prototype was positioned 4.315 m from the wave
makers, centred along the width of the coastal basin. A wave probe was
placed 0.5 m lateral to the prototype to monitor the real-time wave
amplitude experienced by the device. The flap motion of the model WEC
was tracked using a Qualisys motion capture system®, with four motion
cameras placed along the side of the basin to monitor markers attached
to each flap and the fixed frame. A pressure sensor [36] mounted on the
central frame measured the differential pressure across the orifice. Both
the motion capture and pressure measurements were synchronized
through LabView software [37], with data recorded at a sampling rate of
128 Hz.

The prototype was first tested in regular incident waves of amplitude
1.5 cm and periods ranging from 0.5 sto 2 s, corresponding to full-scale
waves of amplitude 2.4 m and periods between 6.32 s and 25.3 s. To
ensure reliability of the test results, the repeatability of the waves

Fig. 5. Downscaled physical model with replaceable orifice plates and torsional spring fixture. (a) Orifice plates. (b) Torsional stiffness fixture. (c) Stiffness plate

inserted and clipped into a frame holder on the exterior wall of the flaps.
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Fig. 6. Tests on a downscaled model at fixed draft in the COAST Laboratory, University of Plymouth, UK: (a) plan view of the setup; and (b) photographs of the
model in coastal basin. (c) Measured mean wave amplitudes with standard deviations in the Coastal Basin, University of Plymouth. The wave maker target was 1.5
cm amplitude for periods 0.5-2 s (dotted line). Circles denote means, whereas error bars denote standard deviations.

generated in the basin was assessed. For each wave condition, five amplitudes were recorded by the probe. For each test, data sampled
empty basin tests were performed with the WEC removed from the water during the final five wave cycles were analyzed, and corrections applied
and replaced by a wave probe positioned at the WEC location. The wave to account for wave reflection from the beach. Mean values of wave
maker paddles operated for 60 s during each run, and the true wave amplitude and standard deviation were calculated for each regular wave
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Fig. 7. Measured time histories of (a) pressure drop, (b) flap angles, and (c) volumetric flow rate of air for the test achieving highest CWR.
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period considered (Fig. 6(c)).

3.3. Key performance metrics in a representative test run

A representative test was conducted with the physical model
configured at 0.567 h draft, equipped with a 53 mm slot orifice, and
fitted with highest torsional spring stiffness along the hinges, for a wave
period of 0.588 s. Fig. 7(a)-(c) present time histories of the measured
pressure drop across the orifice, the flap angle, and the volumetric flow
rate through the WEC chamber for five consecutive wave cycles. Three
metrics are used to assess the performance of the WEC as defined below.

The first metric is the mean value of the peak to trough pressure drop
computed over the five wave periods (see Fig. 7(a)).

The second metric is the response amplitude operator for flap rota-
tion (RAOy) defined as the ratio of the mean flap rotation amplitude to
the incident wave amplitude. RAOy was determined by first computing
the mean wave amplitude over five wave periods from gauge data ob-
tained using the empty basin. Corresponding Qualisys data for the WEC
that captured the rotational motion of the upwave and downwave flaps
were obtained over the same five wave periods (Fig. 7(b)). The instan-
taneous total flap angle was given by

Owec = Oy + 04 14

It was assumed that the two origami sections each side of the WEC
evenly divided the flap angles, such that 4 = 20, 4 and 6, = 26; ,,, where
054 and O;, are the dihedral angles of one origami section on the
downwave side and upwave side of the WEC, respectively. The
maximum change in fygc was then calculated for each wave period, and
the mean value over five periods was taken to be the final RAO, value.

The third key performance indicator is the Capture Width Ratio
(CWR), which describes the proportion of power absorbed by the WEC
relative to the total incident wave power traveling through the WEC
chamber, and is defined as

P,

CWR = P,w,

(15)

where Py is the time average absorbed power by the WEC, P,, is the
time average incident wave power, and w, is the effective width of the
WEC chamber.

The absorbed power by the WEC Py is determined through averaging
over several whole wave periods as

=g [ " Ip(e)-q)lde 16)

T

where p(t) is the pressure drop across the orifice, q(t) is the volumetric
flow rate of the air passing through the orifice, and T is the averaging
time span (typically a multiple of the wave period). The volumetric flow
rate q(t) of air passing through the WEC orifice was derived from the flap
motions 6, and 64 using two approaches. In the first approach, the WEC
chamber volume was determined using the relationship shown in Fig. 4
(b), and q(t) obtained by differentiation. The second approach relied
upon the orifice discharge equation

2p(0)|

a

q(t) = AoCy

@7)

where Ay is the cross-sectional area of the orifice, C4 is the orifice
discharge coefficient, and p, is air density. On rearranging Eq. (17), a
mean value of orifice discharge coefficient was determined for the
exhalation and inhalation cycles through the orifice, using q(t) obtained
from the first method and the measured p(t). The resulting C4 value was
then applied to calculate q(t) from Eq. (17) for the given wave condi-
tions and WEC setup for the same orifice. Fig. 7(c) compares the time
histories of the volumetric flow rate of air through the orifice over about
five wave periods: the two calculation approaches give similar results.
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Incident wave power P, for each condition was estimated using
linear wave theory (Appendix B); the results are summarized in Table 2.
The mean amplitudes and standard deviations are taken from the empty-
basin measurements in Fig. 6(c).

4. Results
4.1. WEC performance in regular waves

Fig. 8 summarizes the dynamic performance of the prototype for
various drafts, torsional spring stiffnesses, and orifice dimensions in
terms of the key performance metrics: ppq, RAOy, and CWR. Here, ppqx
and RAOQy were obtained from the measured data, whereas CWR was
calculated using Egs. (15)-(17) with mean values of incident wave
power P, as listed in Table 2.

Across the range of wave periods tested, the CWR consistently
peaked at a wave period of 0.588 s (equivalent to 7.44 s wave for the
scaled-up model). The highest CWR of 0.35 was achieved with the
prototype model set at a draft of 0.567 h, the highest torsional stiffness
configuration at each hinge, and a 53 mm slot orifice for air exchange.
Supplementary Video V1 provides a video recording of this test run.
Under these conditions, asymmetric flap motions were observed,
attributed to the short wavelength of 54 cm (27 cm between a wave crest
and trough) relative to the prototype dimensions. This caused one flap to
align with the wave crest while the other was positioned in the trough,
resulting in unsynchronized motions. More symmetric flap motions were
observed using the same setup during a test run with waves of longer
wavelength (181.11 cm, corresponding to 1.11 s wave period), as shown
in Supplementary Video V2.

Interestingly, increasing the draft alone did not significantly enhance
the CWR within the test range (Fig. 8(a)). Although draft adjustments
influenced the equilibrium angles of the WEC, these changes did not
result in substantial improvement in energy absorption efficiency.
However, the effect of torsional spring stiffness on CWR depended
strongly on the draft. At a smaller draft of 0.527 h, increasing the
torsional stiffness reduced the CWR (Fig. 8(b)). This reduction was
primarily due to energy dissipation during deformation of the torsional
springs. Conversely, at a larger draft of 0.567 h, increased stiffness
improved the CWR (Fig. 8(c)). This occurred because the larger draft
resulted in smaller equilibrium flap angles. Addition of torsional springs
increased these angles, enhancing the flap motion and enabling more
efficient energy capture. Comparing the two yellow curves representing
high-stiffness hinges at different drafts in Fig. 8(b) and Fig. 8(c), both
RAOy and the maximum pressure drop across the orifice pyq, increase
with a larger draft, leading to a higher CWR (Video recordings of the
WEC with different drafts are provided in Supplementary Video V3).

Orifice dimensions significantly influenced the performance of the
WEC. The largest orifice, offering minimal resistance to airflow, yielded
the highest RAOy, for the flaps. However, this reduced resistance also led
to a smaller pressure differential across the orifice. Despite this, the
largest orifice achieved the highest CWR at a wave period of 0.588 s but
exhibited a narrower bandwidth across the range of wave periods
considered (Fig. 8(d)). This highlights the trade-off between pressure
drop and volumetric flow rate when optimizing WEC performance
through orifice selection.

We further assessed fatigue under the wave condition that produced
the highest CWR (test run in Fig. 7). The time-dependent differential
pressures across the orifice, measured at different flap angles, were
applied to the membrane surface at element nodes. Transient stresses at
representative flap angles were then computed with the Abaqus Dy-
namic/Explicit solver. Fig. 8(e) shows the first principal strain along
path A - B - C — A for three representative dihedral angles of an
origami section under wave loading. Using the worst-case nodal stress
from the dynamic analysis, we performed fatigue evaluation in FE-Safe
[38]. The stress was cycled from — 1 to + 1 in normalised amplitude, and
life was computed with the Goodman criterion [39] using the S-N for
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Table 2
Incident wave conditions tested.
Water Wave Measured mean Amplitude Wavelength L Relative Water depth Steepness Wave Max wave Min wave
depth period T amplitude a (cm) Standard (cm) depth D/L a/L power P, power (W/ power (W/
D (cm) (s) deviation (W/m) m) m)
o (cm)
50 2 1.63 0.060 405.64 0.123 Intermediate 0.004 2.23 2.39 2.07
50 1.428 1.55 0.016 264.45 0.189 Intermediate 0.006 1.57 1.61 1.54
50 1.111 1.56 0.026 181.11 0.276 Intermediate 0.009 1.18 1.22 1.14
50 0.769 1.48 0.033 92.18 0.542 Deep 0.016 0.65 0.68 0.62
50 0.667 1.38 0.064 69.38 0.721 Deep 0.020 0.49 0.54 0.45
50 0.588 1.40 0.067 54.02 0.926 Deep 0.026 0.44 0.48 0.40
50 0.526 1.46 0.059 43.25 1.156 Deep 0.034 0.43 0.47 0.40
50 0.5 1.41 0.017 39.03 1.281 Deep 0.036 0.38 0.39 0.37
(a) (b) (c) | d
[ ;0.465}1 | [ ——low stiffness | ——low stiffness | —e—10 mm orifice
0.3 ——0.527h 0.3 ——mid stiflness 0.3 ——mid stiflness 03 ——15 mm orifice
0.543h high stiffness [ high stiffness 20 mm orifice
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Fig. 8. WEC performance under regular wave conditions. CWR, RAO,, and maximum differential pressure p;q, of the 1:160 downscaled prototype with (a) 53 mm
slot orifice, the lowest stiffness, and different drafts; (b) 53 mm slot orifice, 0.527 h draft, and various stiffness values; (¢) 53 mm slot orifice, 0.567 h draft, and
various stiffness; (d) 0.567 h draft, highest stiffness, and various orifice dimensions; and (e) distribution of the first principal strain along path ABCA from simulation.
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the polyethylene material used in the downscaled model [40]. FE-Safe
mitigated the influence of mesh driven stress concentrations that can
increase with finer discretisation. Under the examined operating con-
dition, the membrane is predicted to endure loading up to the maximum
cycles specified in the fatigue curve (690,000 cycles).

4.2. WEC performance for various orientations and in irregular waves

The performance of the WEC was evaluated at 0, z/6 and z/2 ori-
entations (Fig. 9(a)) relative to the wave front, with 0.567 h draft, mid
torsional hinge stiffness, and 15 mm circular orifice. Three performance
metrics, i.e., the maximum differential pressure pmqy, absorbed power
Py, and CWR, were assessed for the WEC in regular waves of amplitude
1.5 cm and wave period ranging from 0.5 s to 2 s (Fig. 9(b)). Supple-
mentary Videos V4 and V5 show the responses of the WEC under various
orientations for wave periods of 0.588 s and 1.111 s.

The WEC in z/6 orientation attained broader bandwidth perfor-
mance without compromising peak Py and CWR; this confirmed the
robustness of the WEC design under angled misalignments. For /2
orientation, the differential pressure and absorbed power were lower,
but higher values of CWR were achieved due to the reduced wave-facing
width w,. Furthermore, the WEC exhibited more synchronized flap
motions in waves of shorter wavelength due to symmetric wave loading
on the two flaps caused by alignment of the incident wave direction with
the central axis of the device. Flap motion tracking at the z/2 orientation
was not feasible with the Qualisys system due to the camera’s view of the
reflective markers being obscured by the device. Instead, the volumetric
flow rate was calculated using the discharge coefficient C4 and differ-
ential pressure p(t), using Eqn. (17).

Next, the 1:160 downscaled prototype was tested under irregular
wave conditions (Fig. 10(a)), replicating those at the Wave Hub site off
the north coast of Cornwall, UK. The tests simulated mean wave con-
ditions with a significant wave height (H;) of 2 m, a peak wave period
(Tp) of 9.8 s, and a peak distribution factor (y) of 3.3. For the downscaled
prototype, this corresponded to a significant wave height of 1.25 cm and
a peak wave period of 0.775 s in the coastal basin. Each test ran for 4 min

(a)
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45 s, equivalent to 1 h of wave activity for the scaled-up model. The
prototype was set at a draft of 0.567 h and tested for various orifice
dimensions and spring stiffnesses. The scaled-up WEC is predicted to
produce absorbed power of 60 kW under the prescribed irregular wave
conditions (Fig. 10(d)). Smaller orifices (10 mm and 15 mm) achieved
higher power absorption, particularly for mid-stiffness, because suffi-
cient differential pressure was maintained across the orifice and losses
reduced from deformation of the torsional springs. However, at this
small scale, friction suppressed the response to wave action except at
larger wave heights. Larger-scale tests are necessary to assess and reduce
frictional losses.

In addition to replicating representative irregular waves from the
Wave Hub site, we generated irregular wave conditions with peak pe-
riods of 8 s and 12 s, while not varying other parameters. The corre-
sponding wave profiles are shown in Figs. 10(b) and (c). Using the
optimal setup, the model was further tested under various orientations
and irregular waves with different peak periods. The results are pre-
sented in Fig. 10(e). Shorter peak wave periods (T, = 8 s) generally
resulted in higher absorbed power, in accordance with regular wave
tests and confirming the effectiveness of the WEC when subject to
higher-frequency wave states. The WEC with z/6 orientation main-
tained a strong performance, demonstrating its robustness to misalign-
ment. The performance reduced for the z/2 orientation because of the
smaller wave-facing width and less efficient wave interaction. Despite
this, the WEC still absorbed 40 kW, demonstrating its ability to operate
effectively even for less favorable configurations. Supplementary Video
V6 presents the test run recordings replicating the Wave Hub spectrum
for the three orientations.

The test cases for irregular waves and various WEC orientations are
detailed in Appendix C.

5. Discussion and conclusions
In this study, we presented an origami-inspired enclosed WEC that

inflates under wave troughs and deflates under wave crests, capturing
energy via a turbine generator. Unlike conventional inflatable designs

(b) 40
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Fig. 9. (a) Physical prototype placed at different orientations relative to the incident wave direction in the coastal basin. Left to right: 0, z/6 and, /2 rad with respect

to the wave front. (b) WEC performance at different orientations to the wave front.
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data from empty basin tests. (d) Histograms of absorbed power for the scaled-up model in irregular sea states replicating those at the Wave Hub site, for different
values of hinge stiffness and orifice dimension, and (e) various orientations to irregular waves at different peak wave periods.

that rely on material stretching, our WEC achieves volumetric change
through rigid-panel folding to provide predictable cyclic motions. The
geometry of the WEC was optimized to ensure that the structure un-
dergoes minimal deformation when operating, and we confirmed this
through finite element analysis. Our small-strain design should reduce
internal energy losses, thereby improving the efficiency of wave energy
conversion by allowing a greater portion of incident wave energy to be
absorbed. It also enables the WEC to have a prolonged fatigue life.

A 1:160 downscaled prototype was fabricated and tested. Under
regular waves, a peak CWR of 0.35 was observed for wave amplitude of
2.4 m and period of 7.44 s. The energy-absorbance performance of the
WEC is related to a combination of parameters including draft, stiffness,
and damping of the model. The prototype also demonstrated robustness
under irregular wave conditions and varying orientations relative to the
incident wave direction. A scaled-up model, based on one-hour equiv-
alent sea states replicated from the Wave Hub site, is projected to
generate up to 60 kW of power. Remarkably, the WEC maintained high
energy absorption even when misaligned by up to z/3 from the wave
direction, indicating low sensitivity to orientation. This directional
robustness broadens the range of viable deployment scenarios, including
applications where precise alignment is not feasible.

Furthermore, the WEC design places the PTO system above sea level,
so that it interacts solely with air. This arrangement eliminates failure
modes associated with seawater ingress even if sealing is compromised,
addressing a longstanding challenge affecting submerged or floating
WECs where dynamic seals often become failure points.

The origami-inspired WEC design offers a fresh perspective on WEC

11

design. The concept suits nearshore sites with seabed moorings as well
as integration with submerged offshore wind turbine foundations,
particularly those with equilateral layouts where WEC units can be
installed along each side. The compact-foldable design of the origami-
inspired WEC also has potential as a power source for self-sustaining
marine robots and sea-state monitoring probes.

The limitations of the present work should motivate future design
studies. The highest CWR obtained is modest and rather narrow banded,
but could potentially be doubled by introducing a tuned added-mass
system [41]; for example, auxiliary water-filled bodies that increase
the effective inertia of the flaps could be attached to the origami WEC.
Further improvements in wave energy capture may be achieved by
adjusting flap hinge stiffness and mooring configuration across different
sea states, thus altering the dynamic response and resonant period.
Minimization of friction effects within the system should also improve
the performance of origami-inspired WECs. Friction effects are partic-
ularly dominant in small-scale tests and may significantly affect the
performance achieved in experiments, this could be investigated
through testing larger-scale models. Finer resolution for wave periods
near resonance is necessary for a more comprehensive understanding of
the wave energy capture efficiency of the WEC. Such advancements will
further enhance the performance and scalability of this origami-inspired
WEQG, supporting its broader adoption in renewable energy applications.
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