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Abstract—The clam wave energy converter (WEC) is a 

floating device composed of two side plates connected by a 

hinge that closes and opens under interaction with wave 

crests and troughs. To convert the mechanical motions to 

electricity, either a linear power take-off (PTO) may be 

installed between the two side plates, or else the volume 

change may be used to pump air between chambers and 

across an air turbine PTO. The basic concept has been 

discussed since 1978 and featured as part of the UK Wave 

Energy research programme [1]. Several simplified clam 

models have been built since then and preliminary 

investigations were conducted at the COAST laboratory, 

University of Plymouth by Phillips [3] to understand wave-

clam interactions. However, the simplified models were not 

enclosed and seawater became trapped in the device. To 

advance the investigation, we design the outer shell of the 

clam model to be properly enclosed and thus suitable for 

use in the marine environment.  Inspired by origami, we 

construct the enclosed clam-type offshore device by 

connecting rigid panels and elastic membranes with 

rotational hinges. The rigid panels are modelled to rotate 

about the hinges without facet deformation whereas the 

membranes can be stretched. Strain on the elastic membrane 

is theoretically minimized for better structural integrity and 

minimal energy loss. By satisfying all the design 

requirements, the best geometric design is obtained through 

an optimization process. After that, a downscaled prototype 

is built to demonstrate that the strain incurred is negligible 

in response to the forces.  

 

Keywords—floating clam, origami WEC, wave energy 

convertor, deployable structure, origami-adapted design, 

minimal strain.  
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I. INTRODUCTION 

VER the last five decades, many different types of 

wave energy converters (WECs) have been 

proposed. A subset of these devices has garnered 

attention due to their ability to respond to wave motion 

through structural deformation. Table I summarizes the 

distinctive attributes of devices in this subset in terms of 

power take-off (PTO) mechanisms, modes of deformation, 

and typical dimensions. 

 

TABLE I 

EXAMPLES OF FLEXIBLE RESPONSIVE WEC CONCEPTS  

Device PTO Deformation 
Typical 

dimension 
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SQ1 [3-5] X    X  X   

Fabriconda 

[6] 
 X   X    X 
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 X    X   X 
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Bombora 

[9] 
    X X   X 

Floating 

clam [2,10] 
X   X X X  X  
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The present research investigates the floating clam type 

of WEC, due to its small geometry that enables cost 

reduction. Fig. 1 shows the first clam WEC, which was 

proposed and patented by Francis Farley [10]. As a floating 

device, the clam comprised two or more pressure vessels 1 

and 10 interconnected by an air turbine 12 for PTO. The 

main vessel 1 had a V-shape composed of two rigid side 

plates connected by hinge 4 at the bottom and flexible 

airtight fabric 9 at the top. During operation, the clam is 

inflated and pressurized with air or other gas. Under wave 

action, the main vessel 1 oscillates both vertically in heave 

and in clam action whereby the clam walls rotate in and 

out at the hinge. The varying hydrostatic pressure exerted 

on the side plates 2 causes the main vessel to contract and 

expand, driving the gas into and out of the auxiliary vessel 

10. Therefore, the energy carried by the waves is converted 

into the pneumatic energy of gas flowing through the air 

turbine connecting the vessels. The device is kept upright 

due to the ballast 5 underneath the main vessel. 

 

 
 

     Fig. 1.  The clam WEC proposed by Farley [2] (re-generated). 

Moving on from Farley’s concept, several simplified 

clam models have since been constructed, with the ballast 

5 suspended below the main vessel 1 and with the rigid 

chamber 10 located elsewhere [2]. Preliminary 

investigations were conducted to understand the wave-

structure interactions of the clam device at the COAST 

laboratory, University of Plymouth. These simplified 

models used a hydraulic ram as the PTO. They were not 

enclosed and hence seawater could be trapped in the 

device. To advance this concept, the present paper 

proposes an enclosed outer shell of the main vessel 1 which 

is suitable for use in the marine environment.  

According to the bellows conjecture, no enclosed 

flexible polyhedral structure can change its volume 

without bending or stretching its facets [11, 12]. In other 

words, the clam WEC must be strained when it is in 

motion. In some PTO arrangements, e.g., the DEG, where 

energy is generated through stretching of the facets, the 

geometry of the clam-type WEC can be designed to 

maximize the strain in certain facets. In other PTO 

arrangements, e.g., the DFG, where energy is generated 

through bending, the geometry of the clam-type WEC can 

be designed such that the hinge length is maximized. In 

further PTO arrangements, such as mechanical linear 

actuators, air springs, and air turbines, where energy is not 

captured through bending or stretching of the material, a 

portion of the wave energy has to be consumed to deform 

the outer shell of the model and the remainder can be 

captured by the PTO. The design of the clam-type WEC in 

terms of such PTO arrangements aims to minimize the 

strain on its facets to maximize power extraction by the 

PTO; this is the focus of the present paper. 

To achieve the objective outlined above, we can pursue 

two approaches in distributing strain within the structure 

during folding. The first approach involves evenly 

distributing the strain over the entire surface of the 

structure. By doing so, we ensure that no specific facets or 

regions of the structure bear excessive stress, thereby 

reducing the risk of failure or damage over time. 

Alternatively, we can design the folding patterns where 

only a small number of facets experience strain while the 

remainder of the structure remains strain-free. By 

concentrating the strain in specific areas, we can ensure 

that unaffected portions of the structure can withstand 

repeated folding and unfolding motions without 

significant degradation. This method allows for better 

control and management of strain, providing enhanced 

durability and reliability to the clam section. 

In this paper, we will adopt the latter method and 

concentrate on the design of folding patterns where strain 

is limited to specific facets. Inspired by origami, we 

construct the enclosed clam-type WEC by connecting rigid 

panels and elastic membranes with rotational hinges. We 

will employ durable materials for the strained elastic 

membranes and enabling periodic inspection and 

replacement if necessary.  

The paper is structured as follows. Section II proposes 

the design of the origami-adapted WEC, which involves a 

combination of rigid panels and elastic membranes 

through rotational hinges. The rigid panels are designed to 

rotate about the hinges without undergoing facet 

deformation, whereas the elastic membranes have the 

ability to stretch. It is essential to minimize strain within 

the elastic material in order to optimize structural integrity 

and minimize energy loss. Section III discusses the specific 

design requirements that need to be satisfied and outlines 

the steps involved in optimizing the geometric design of a 

clam section. To validate the effectiveness of the proposed 

design, Section IV presents a physical prototype to 

demonstrate and validate the performance and 

functionality of the design in a practical setting. Finally, 

Section V summarizes the key findings and contributions 

of the study. 
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II. THE ORIGAMI-ADAPTED MODEL 

A. Clam motion 

Fig. 2 presents a schematic illustration of the main 

vessel, in which two rigid plates, each of height h and 

width w, are hinged to form a V-shaped structure. To 

establish a reference frame for analysis, a Cartesian 

coordinate system O-xyz is positioned at the mid-point of 

the hinge as indicated in Fig. 2(a). The y-axis aligns with 

the rotational hinge and the z-axis is directed vertically 

upwards. The x-axis is determined by the right-hand rule. 

We introduce angle θ as a measure of the inclination 

between the O-yz plane and one of the side plates, as 

shown in Fig. 2(b). Notably, we can observe that the V-

shaped clam exhibits symmetry with respect to the O-yz 

plane and the O-xz plane. The opening angle of the floating 

clam is 2θ.  

 

 

Fig. 2.  (a) Isometric and (b) side view of the main vessel to illustrate 

the clam motion. 

 

The motion of the main vessel can be decomposed into 

seven modes [13]. The first six modes arise from rigid body 

motion – modes 1 to 3 describe the translational motions 

along x, y, z axes (surge, sway and heave), whereas modes 

4 to 6 describe the rotational motions about x, y, z axes (roll, 

pitch and yaw). Mode 7 is the first generalized mode, i.e., 

the clam mode, which is related to the energy captured by 

the PTO. The clam motion results from the clam mode, 

which is characterized by the changing opening angle 2θ 

of the floating clam.  

 

B. The design variants 

The main vessel of the clam device is a deployable 

structure comprising side plates and pleats. The placement 

of pleats is carefully designed to cover both the top surface 

and the side of the floating clam device.  The primary 

objective of this design is to ensure that the pleats, serving 

as connections between the two side plates, form a closed 

body that facilitates the motion of the clam WEC while 

minimizing the strain exerted on the device. 

Due to its inherent symmetry, the main vessel can be 

constructed by combining two identical origami-adapted 

clam sections placed side by side, wherein each section 

rotates through a dihedral angle θ as defined in Section II. 

Consequently, the task of designing the main vessel now 

turns into the design of a single clam section.  

Fig. 3 presents the design configuration of a single clam 

section, showcasing two variants. Each variant consists of 

two side surfaces, namely AEPQ and DHPQ, which are 

connected by top pleats ABFE and DBFH, side pleats AQC 

and DQC, and triangles ABC, BCD, EFG and FGH (with 

vertex G not visible in the figure). Notably, the small 

triangles located at the corners (ABC, BCD, EFG, and FGH) 

are constructed using elastic membranes, whereas the 

remaining facets are represented as rigid plates. The 

connections between panels or sheets can be established 

using rotational hinges, such as piano hinges or door 

hinges, which are specifically selected for their simplicity 

and durability. These hinges allow for the rotation of 

panels or sheets, facilitating the change of angle θ of each 

clam section. 

 

 
 

Fig. 3.  Two design variants of a clam section with top pleats 

contracting inwards in (a) and bulging outwards in (b). 

 

In Fig. 3, the solid lines represent mountain folds, 

whereas the dotted lines represent valley folds. It is 

important to note that for valley folds, the rotational 

hinges are placed on the outer surface, whereas for 

mountain folds, they are placed on the inner surface. 

Specifically, the top pleats form a valley fold in Fig. 3(a), 

whereas they form a mountain fold in Fig. 3(b). 

Consequently, as the angle θ decreases, the top pleats 

contract inward in Fig. 3(a), whereas they bulge outward 

in Fig. 3(b). Similarly, the side pleats also exhibit two 

design variants: they can either bulge outward as the angle 

θ decreases, as illustrated in Fig. 3, or contract inward. 

Therefore, when considering combinations of side pleats 

and top pleats, a total of four design variants emerges. The 

configuration that demonstrates the minimum strain 

during its motion will be determined through an 

optimization process, which will be introduced in section 

III and subsequently adopted for the physical model 

construction. 

 

III. OPTIMIZATION  

A. Local coordinate system 

A local coordinate system O-xyz is established to more 

clearly describe the motion of a clam section in Fig. 4. Its 

origin O is positioned at the mid-point of the rotational 

joint where the two side surfaces intersect. The y-axis is 

aligned with the rotational hinge, whereas the z-axis is 
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oriented upwards. This arrangement of the coordinate 

system ensures that both the O-yz plane and the O-xz plane 

function as planes of symmetry for the clam section. 

Throughout the contraction and expansion processes, 

design considerations are implemented to maintain the 

symmetrical properties of the clam section with respect to 

the O-yz and O-xz planes. 

 

 
Fig. 4.  A clam section with plane symmetry.  

 

B. Design parameters 

Certain parameters are predetermined based on 

hydrostatic requirements, including the dimensions of the 

side plates, represented by the width (w) and height (h), as 

well as the equilibrium opening angle (θeq) of a clam 

section. Considering hydrodynamic efficiency and the 

stability of the floating clam, the width (w) of the side plate 

is twice the height (h) in this example. The two side plates 

oscillate about their equilibrium position θeq, ranging from 

a minimum angle of 0° to a maximum opening angle of θmax 

= 2θeq. Subsequently, the remaining dimensions are 

determined in relation to these three predefined 

parameters. One approach is to set the sector angles ∠AQC 

and ∠DQC to half the maximum opening angle θmax. By 

applying trigonometry, the distance between BF and DH, 

denoted as a, can be obtained as a = h ּ sin(∠AQC). In this 

way, the clam section can achieve its maximum opening 

angle when the dihedral angle between side pleats AQC 

and DQC reaches 180°. Additionally, the dihedral angle 

between top pleats ABFE and DBFH also reaches 180°.  

 

C. Objective function 

The design parameters are correlated through 

trigonometry, enabling calculation of the remaining 

parameters upon determining the side lengths QC and BF. 

However, due to space constraints, we do not elaborate 

further on the calculations. Our objective is to optimize the 

lengths of QC and BF for minimum strain in the elastic 

membranes highlighted in Fig. 4.  

When the clam section is contracted or opened, the 

elastic membranes stretch or slacken, whereas the rigid 

plates undergo rigid body motion about the rotational 

hinges. To analyse the behaviour of the system, it is 

necessary to calculate the average strain stored in the 

elastic facets throughout its full range of motion. 

In the context of the triangular facet BCD, the planar 

strain ɛ is defined as the root-mean-square of the tensile 

strain components in two orthogonal directions on the 

surfaces. As shown in Fig. 4, the length BC of the triangular 

facet is denoted by the variable l, and the shortest distance 

from vertex D to edge BC is represented by d. Therefore, 

the strain of a surface can be calculated from 

    
2 2

0 0 0 0

1
 ( )ma ,0 / max ),x 0 /
2

(l l l d d d  
 

       (1) 

where l0 and d0 represent the original dimensions of the 

elastic triangles BCD and ABC, and l and d represent the 

stretched lengths. It is worth noting that the operation 

max{} truncates any negative values of (l – l0) given that the 

membrane would enter a slack state if it experiences 

compression. 

 Throughout the full range of motion of the clam section, 

the average strain on the elastic membrane is given by 

 

max

0

max

d


 






 (2) 

where ɛ denotes the instantaneous strain of the elastic 

membrane when the clam section has an opening angle θ.  

Therefore, we minimize  in (2) subject to the change of 

QC and BF. The objective function is formulated as 

 

max

0

max

min (QC, BF)
d

f



 





 (3) 

In addition, to ensure structural integrity of the clam 

section, constraints are imposed on the lengths. 

Specifically, the lengths are allowed to vary within the 

upper and lower bounds as specified by the user. In our 

case, the limits are  

 
/ 5 QC ,

4 / 5 BF

h h

w w

  


 

 (4) 

The optimization process starts with an initial guess of 

the lengths, e.g., QC = h/5 and BF = 4w/5. The process 

advances until a local minimum is found using the Matlab 

fmincon function [14] via an interior-reflective Newton 

approach [15]. 
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IV. RESULTS AND DISCUSSION 

A. The optimized design 

Given the pre-defined aspect ratio of the side plate of a 

clam section, w = 2h when considering both the structural 

stability and hydrodynamic efficiency of the device. By 

setting the maximum opening angle of a clam section to 

40° or 60°, we can calculate the angles ∠AQC and ∠EPG, 

which are half of the maximum opening angles in each 

case. To obtain the optimized parameters, we perform a 

search for the local minimum. Subsequently, the 

remaining geometric parameters are determined using 

trigonometric calculations. Table II presents the 

dimensions of the clam section for each case.  

 
TABLE II 

DIMENSIONS FOR THE MINIMAL STRAIN DESIGN 

 0 ≤ θ ≤ 40° 0 ≤ θ ≤ 60° 

∠AQC = ∠AQD = ∠EPF = ∠HPF 22.5° 30° 

∠BAC = ∠BDC = ∠FEG = ∠FHG 44° 28.09° 

BF  80% w 90% w 

AB = BD = EF = HF 21.57% w 26.48% w 

QC = PG 42.02% h 40% h 

AC = CD = EG = HG 63.26% h 68.35% h 

 

In addition, the maximum planar strains on the elastic 

triangular membrane during the full range of motion are 

set to 1.27% and 1.78% to achieve the opening angle of 40° 

and 60°, respectively. Fig. 5 illustrates a fully expanded 

and a fully contracted clam section with a maximum 

opening angle of 40°, wherein the elastic membranes are 

highlighted in red. 

 

 
 

Fig. 5.  A clam section in (a) fully expanded configuration and (b) 

fully closed configuration. Elastic regions are highlighted in red. 

 

A physical prototype has been constructed to 

demonstrate the minimal strain experienced during the 

contraction and expansion motions of the clam section. 

The strain level is so insignificant that the physical model 

can successfully contract and expand, even with all facets 

constructed using rigid plywood, as shown in Fig. 6. 

 

 
 

Fig. 6.  A physical prototype made of plywood in its (a) fully 

expanded state, (b) equilibrium state, and (c) fully contracted state. 

 

To illustrate the functionality of the prototype, a small 

force was manually applied to separate the two 

rectangular side plates in Fig. 6(a), bringing it to its fully 

expanded configuration. Conversely, a small force was 

applied to pinch the side plates together, achieving the 

fully closed state as depicted in Fig. 6(c). In Fig. 6(b), no 

external force was applied, and the model is shown in its 

equilibrium position with the hand being used solely to 

maintain the clam model in an upright position. 

 

B. The design of the floating clam  

Fig. 7 serves as an illustrative representation of the 

design of the floating clam in its expanded configuration. 

Fig. 7(a) provides an isometric view alongside a cross-

sectional view denoted as BB. Fig. 7(b) presents the top, 

front, and side views of the vessel. Owing to its inherent 

symmetry, the main vessel comprises two identical clam 

sections (designated as 100) with each exhibiting an 

opening angle θ, according to the definition given in 

Section II. These clam sections are affixed side by side to a 

central rigid frame (labelled as 102). Furthermore, the 

central rigid frame is connected to the ballast (represented 

as 107) at the bottom of the main vessel through support 

bars (106). 

The two clam sections are attached to a side face 

(identified as 101), which can be constructed from robust 

materials such as carbon fibre-reinforced composites 

(CFRP) or plywood. The connection between the rigid side 

panel and the central frame involves utilization of two 

identical trapezoidal-shaped sheets (labelled as 103) as top 

pleats, as well as four abstruse triangular sheets 

(designated as 104) on the two sides. As for the side panels, 

these sheets can be manufactured from durable materials 

like CFRP or plywood. Moreover, an additional four 

identical triangular sheets (referred to as 105) connect 

sheets 104 with sheets 103 and can be fabricated from 

elastic reinforced rubber. This rubber material allows for 

greater facet deformation under strain and is specifically 

designed to experience tension while remaining slack 

under compression. 
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Fig. 7.  Main vessel design in (a) isometric and (b) plan views. 

 

C. Interactions with sea wave  

In the presence of wave conditions and coupling 

between the clam mode and heave mode, the main vessel 

of the device interacts with waves, causing fluctuations in 

the hydrostatic pressure acting on the side plates due to 

the heaving motion. In the initial state, the floating clam is 

at rest in still water, and each clam section has an 

equilibrium opening angle θeq. During wave crests, the 

hydrostatic pressure surpasses the internal pressure 

provided by the PTO system, causing the main vessel to 

contract, and θ to decrease. Conversely, during wave 

troughs, the hydrostatic pressure falls below the internal 

pressure generated by the PTO system, causing the main 

vessel to expand and θ to increase. Consequently, each 

clam section compresses and expands as the side plates 

interact with wave crests and troughs, enabling the PTO 

system to effectively capture wave energy. 

In the presence of adverse environmental conditions, 

such as storms and extreme waves, the device should be 

able to adopt a survivability state. In this state, the clam 

model can be closed and the angle θ approaches zero, 

causing the device to sink underwater. The geometry of 

the clam section is designed such that small strain is 

induced in the elastic sheets when in the fully folded state. 

This specific configuration ensures the device exhibits 

resilience to adverse conditions without compromising the 

structural integrity of the elastic sheets. 

V. CONCLUSION 

This paper has presented an origami-adapted design for 

the outer shell of a clam wave energy converter, focusing 

on achieving optimal performance in the marine 

environment. The design ensures a fully enclosed body, 

suitable for withstanding extreme wave conditions. 

Through optimization of the geometry of the clam section, 

strain experienced during expansion and contraction 

motions has been minimized. This optimization strategy 

aims to prolong the fatigue life of the structure while 

maximizing the energy captured by PTO. To demonstrate 

the effectiveness of the design, a downscaled physical 

prototype was constructed from rigid plywood. The 

prototype highlights the minimal strain experienced by the 

clam section during its motion.  

In future work, our research will concentrate on 

characterizing the force required to cause the model to 

deviate from its equilibrium position. This 

characterization will provide insight into the structural 

behaviour of the clam section.  
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