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A B S T R A C T   

The study investigates the structural characterisation of flexible membranes used in oscillating water column 
(OWC) wave energy converters (WECs). Four commonly utilised elastomers – natural rubber, nitrile rubber, 
silicone, and latex – were subjected to a novel hyperelastic model selection process. A custom bulge test setup 
enabled the selection of second-order Mooney-Rivlin (SOMR) and Yeoh models for relevant accuracy 
(RMSE<0.018 MPa), stability and numerical validation. A 1:20 scale OWC model with latex was tested in a water 
tank to examine the effects of waves with a frequency range of 0.25–1.4 Hz and up to 0.24m amplitude. Water 
tank experiments demonstrated smooth frequency responses for OWC with membrane, beneficial for consistent 
power generation. A dry test rig was designed and built to replicate OWC inflation conditions and apply cyclic 
loadings up to 1.5 Hz, overcoming pressure limitations of the water tank, exploring wider material options, and 
validating numerical simulation. An optical motion capture system, Qualisys, supported the validation process by 
providing precise data on membrane deformation during experiments. Furthermore, finite element analysis 
(FEA) was utilised to conduct stress analysis and parametric studies, assessing the suitability of these materials 
for flexible OWC application.   

1. Introduction 

WECs have emerged as a promising technology for generating elec
tricity from ocean waves, offering a reliable and sustainable energy 
source to support the global shift towards renewable energy [1]. The 
OWC is a WEC type that offers several advantages, such as simple ge
ometry, high reliability and easy maintenance [2], over others, making 
it one of the most preferred options among available WECs [3,4]. This 
device includes an air chamber to convert wave motion into air pressure 
and a power take-off (PTO) system to convert pneumatic power into 
electricity [5]. Various PTO mechanisms, such as bidirectional and im
pulse turbines, have been proposed and explored for the OWC technol
ogy [6,7]. Recently, there has been an increased focus on dielectric 
elastomer generators (DEGs) as a solution to technical issues related to 
the limited adaptability of turbines in harsh sea environments [8,9]. 
Dielectric elastomers (DE) are rubber-like dielectrics used as actuators, 
generators, and sensors in various applications [10,11], particularly 
when large deformations are required. Exploring elastomers in OWCs 
has emerged as a promising field of study, primarily due to the 

remarkable mechanical properties of elastomers, which allow for sig
nificant deformation under stress. Fig. 1 shows a schematic diagram of 
the novel flexible OWC and its integration with dielectric elastomer 
generators (DEGs). 

Li and Xiao [12] developed a fully coupled fluid-structure interaction 
(FSI) model for an OWC with flexible materials. They showed that using 
hyperelastic material increases the efficiency of the OWC compared with 
using linear-elastic materials. An accurate and stable hyperelastic 
model, which can be distinguished by their unique strain energy func
tions [13], must be found to investigate the impact of elastomers on 
WECs. Specific hyperelastic models such as the Neo-Hookean, Moon
y-Rivlin [14], and Ogden [15] may exhibit better stability and suitability 
depending on the material and loading conditions. For instance, the 
Ogden hyperelastic model is superior to other models in describing 
highly compressible foam deformation, particularly under significant 
stretching [16]. There are various methods to identify the appropriate 
hyperelastic models, including the gradient method [17], a mixed 
experimental and numerical approach [18], and inverse material char
acterization [19]. Standard tests like the tensile, compression, biaxial, 
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and planar tests can be used to determine hyperelastic models [20,21]. 
Furthermore, the circular bulge test is an experimental procedure that 
can evaluate the hyperelastic model for flexible membrane. To conduct 
this test, a circular film or thin sheet with an initial thickness of t0 is 
clamped between a fixture (or lid) and a holder. Then a fluid or gas with 
pressure (P) is used to inflate the membrane, and the pressure inside the 
holder (air chamber) and the diaphragm deformation, will be measured 
by using a range of sensors and image analysing method. This test has 
gained significant attention in recent years for its ability to accurately 
characterise materials [22–24], especially applications under biaxial or 
equi-biaxial stress conditions. Also, this method avoids the effects of 
friction and edge damages that may occur when the sample is clamped 
on the tensile machine [25,26]. 

To properly study the impact of membrane materials in WEC sys
tems, conducting experiments on a water tank or dry test rig in addition 
to numerical and analytical analysis is necessary. Over the past few 
years, multiple experiments involving sea state [27], water tanks [28, 
29] and dry runs [30–32] have been conducted to analyse the impact of 
flexible membrane materials OWCs. In order to address the high costs 
associated with experimental studies and the uncertainties that come 
with measurement equipment, a combination of numerical, analytical, 
and experimental approaches can be more efficient for this field. 

The key novelty of this work lies in the multifaceted approach 
combining diverse experimental techniques and computational simula
tions to enable a holistic characterisation and analysis of flexible 
membranes for OWC WECs. While past studies have utilised individual 
tests or models, this integrated methodology encompasses (1) A new 
bulge test rig design and robust hyperelastic model selection process to 
characterise elastomer samples efficiently. Since the bulge test defor
mation mode is similar to that of the material in the OWC, it is conducted 
to determine the most appropriate hyperelastic model for the elasto
mers. (2) Real-world wave tank experiments on a scaled OWC provide 
simulation validation data. (3) A customised dry test rig overcoming 
previous pressure limitations for examining wider material options. (4) 
Extensive FEA parametric studies generating stress visualisations and 
quantifying impacts of geometrical, material and operational factors. (5) 
Detailed structural analyses offering new perspectives on failure risks 
and design optimisation strategies. By synergising multiple experiments, 
simulations and analyses, the approach facilitates a comprehensive 
evaluation of membrane mechanics to advance OWC efficiency, reli
ability and performance. The combined methodologies and in-depth 
insights promise significant contributions toward engineering sophisti
cated soft components for next-generation OWC wave energy systems. 

2. Material characterisation process 

The bulge test is conducted as the main procedure of the 

experimental campaign considering the nature of multiaxial stress 
configuration. The various types of flexible membranes are tested, and 
the materials’ properties are extracted to find proper hyperelastic 
models. Fig. 2 illustrates the steps outlined in this process. The stress- 
stretch results will be calculated from the pressure and deformation 
data obtained through the bulge test using the equations provided in 
section 2.2. After which, the results will be fitted to different hypere
lastic models, and the unknown parameters will be computed beside 
their root mean square error (RMSE) and stability conditions. The 
hyperelastic models will be used alongside the numerical simulation to 
process the bulge test numerically, and the experimental results will 
justify the accuracy of the hyperelastic models. In this paper, the pres
sure transducer data, which represents the interaction of the elastomer 
membrane and airflow, is used as the loading case in the Abaqus 
simulation instead of running the fluid-solid interaction analysis. 
Finally, the most suitable models will be selected based on stability 
conditions, error analysis, and validation based on finite element 
analysis. 

2.1. Experimental setup and measurement equipment 

Fig. 3 shows the configuration arranged for the bulge test. The setup 

Fig. 1. Schematic diagram of energy conversion in the Novel flexible OWC.  

Fig. 2. Overview of the methodology in this work.  
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involves an acrylic cylinder (an air chamber) securely positioned be
tween a supportive structure. On one end, the elastomer membrane is 
affixed securely to prevent any leaks, while on the opposite side, an air 
pump is attached to apply consistent pressure to the air chamber. The 
pressure inside the air chamber was raised at a steady rate of 1.8 Pa/s, 
resulting in a relatively low strain rate for all the samples. In the 

experimental setup, we employed the Qualisys motion capture system 
for detailed measurements of elastomer deformation. This system uti
lises infrared light and specific markers attached to the membrane, and 
its functionality is augmented by three high-resolution cameras 
(Qualisys Oqus 300+) positioned above the cylinder. The Qualisys sys
tem was crucial in capturing precise data, ensuring a thorough exami
nation of membrane behaviour during the experiments. During testing, a 
Honeywell SDX01G2 pressure transducer with a maximum reading 
range of 1 psi is connected to the cylinder to measure the pressure inside 
the air chamber. The pressure transducer is connected to data acquisi
tion equipment (CED1401 Micro 3, produced by Cambridge Electronic 
Design Limited), and generated results are processed by Spike2, an 
acquisition system software provided by the same company. Experi
ments on membranes with various diameters, up to 39 cm, can be 
accommodated by adjusting the setup lid. Two key considerations justify 
the choice of a 24 cm diameter lid for the bulge test and characterisation 
process. The first reason is the maximum range of the available pressure 
transducer, which determines the upper limit of the readings. The sec
ond reason is that samples need to be characterised within their defor
mation range for applications in OWC. After conducting different 
experiments using various lid diameters, we have found that the 24 cm 
lid diameter fulfils all requirements. 

Fig. 4 illustrates the experimental pressure-deformation data that has 
not been processed. The figure highlights three phases associated with 
the inverse deformation, not-fully-bent, and starting states. Before 

Fig. 3. The experimental setup of the bulge test.  

Fig. 4. Pressure-deformation characteristics: unprocessed data.  

Fig. 5. Comparison of the sample in three different kinematic states.  
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conducting each test, the air chamber’s end is opened to balance the 
pressure inside and outside. This ensures that no pressure differential 
exists initially on the membrane. In this state, the membrane diaphragm 
undergoes inverse deformation (phase 1) due to the weight of the ma
terial, as illustrated in Fig. 5-a. As pressure increases, the sample un
dergoes non-uniform deformation (phase 2) without membrane 
stretching, as shown in Fig. 5-b. Characterising the samples from these 
states will lead to a less stiff hyperelastic model, given that even a slight 
pressure induces deformation. The accuracy of the bulge test results 
depends significantly on the initial condition of the membrane. This 
intricacy has been extensively studied by Small and Nix [33] and 
Jackson [34]. This study assumes main zero stress-stretch conditions 
after a specific amount of centre deformation (tip displacement) to 
ensure consistent results and minimise errors in the characterisation 
process. The determination of this state is a multistep process guided by 
a thorough examination of the samples’ appearance, the trend of the 
pressure-deformation curve, and a trial-and-error procedure. As 
mentioned, the unpressurised membrane exhibits pre-deformation from 
its weight, and as pressure is gradually increased, we evaluate the 
membrane’s appearance. We incrementally increase pressure inside the 
air chamber, visually confirming the disappearance of the not-fully-bent 
state. Phase 3 involves a trial-and-error approach to refine and select the 
starting point of data processing. It begins with characterising elastomer 
membranes and concludes by verifying the stability and accuracy of 
hyperelastic models. During Phase 3, we included the not-fully bent 
state before its complete disappearance to consider all critical experi
mental data in the characterisation process (see Fig. 4 for details). These 
adjustments are made to ensure a reliable and robust characterisation 
process for the full range of evaluated deformations. 

2.2. Theoretical formulation 

This section builds the foundation by deriving equations that connect 
the experimental pressure-deformation data to the stress-stretch rela
tionship. Throughout the experiment, we measured the membrane’s tip 
displacement using the Qualisys system and tracked the air chamber 
pressure with a pressure transducer. In the conducted bulge test, the 
axisymmetric nature of the geometry, loading, and boundary conditions 
allow for considering equibiaxial conditions in the equations [35]: 

λ1 = λ2 = λ, λ3 = λ− 2

σ1 = σ2 = σ, σ3 = 0 (1)  

where σi (i = 1, 2 and 3) and λi (i = 1, 2 and 3) are principal stresses and 
stretches. The stress-stretch results are calculated from the following 
equation [34]: 

σ =
P
[
a2 + (h0 + h)2]

4(h0 + h)t
(2  

In which P is pressure inside the air chamber, a is the primary radius of 
the elastomer, h is the deformation of the centre (tip displacement), t is 
the elastomer thickness, and h0 is the tip displacement in the zero stress- 
stretch states. The calculation of h0 to be 1 cm was carried out in this 
paper using the process discussed in the previous section. The stretch (λ) 
is calculated as the ratio of the deformed length (s1) to the initial length 
(s0) as following relation [34,36]: 

λ=
s1

s0
(3)  

where the initial and deformed length of the membrane in the r-direc
tion can be determined as [34]: 

s0 =
a2 + h0

2

h0
sin− 1

(
2ah0

a2 + h0
2

)

(4)  

and 

s1 =
a2 + (h0 + h)2

(h0 + h)
sin− 1

(
2a(h0 + h)

a2 + (h0 + h)2

)

(5) 

By multiplying the stress and stretch, the true (Cauchy) stress, T, can 
be obtained: 

T = σλ (6)  

2.3. Hyperelastic models 

Based on the material’s intrinsic properties, hyperelastic constitutive 
models establish a correlation between stress and strain conditions. This 
section presents the stress-stretch relationship of various hyperelastic 
models to be used in the curve-fitting process. Selecting an accurate 
hyperelastic model is crucial to ensure precise predictions and align the 
mathematical representation with the actual structure’s behaviour. This 
is especially important in predicting the behaviour of flexible mem
branes when they undergo large deformations. Hyperelastic models are 
usually defined in a strain-energy function (W) form. Since we assumed 
that samples are ideally elastic (under isothermal and adiabatic condi
tions), isotropic and incompressible, W can be defined as a function of 
the principal stretches (W(λ1, λ2)). Also, it is common to write the 
hyperelastic models as a function of strain invariants, denoted as Ii (i =
1,2 and 3), which are a function of principal stretches as follows [37]: 

I1 = λ1
2 + λ2

2 + λ3
2

I2 = (λ1λ2)
2
+ (λ1λ3)

2
+ (λ2λ3)

2

I3 = (λ1λ2λ3)
2

(7)  

Where, for the incompressible condition I3=1. Substituting Eq. (1) into 
Eq. (7) yields the following strain invariants for equibiaxial conditions: 

I1 = 2λ2 + λ− 4

I2 = 2λ− 2 + λ4 (8) 

The stress-strain relationship for various elastomers, particularly 
under biaxial loading conditions, is inaccurately described by classic 
hyperelastic models like the Neo-Hookean model [38]. In this study, we 
analyse and characterise the samples using five commonly used 
hyperelastic models: first-order Moony-Rivlin (FOMR), second-order 
Moony-Rivlin (SOMR), Yeoh, Ogden with N = 3, and Arruda-Boyce 
(AB). 

2.3.1. Polynomial form of hyperelastic model 
The Mooney-Rivlin model is a popular hyperelastic model used to 

describe the nonlinear elastic behaviour of rubber-like materials. It al
lows for accurate predictions of mechanical responses under various 
loading conditions, such as compression, tension, and shear. This model 
compensates for the shortcomings of the Neo-Hookean model by 
including a dependence on the second invariant. Equation (9) represents 
the polynomial form of the strain energy function [14,39]: 

W =
∑N

i+j=1
Cij (I1 − 3)i

(I2 − 3)j (9) 

In equation (9), the strain energy functions for the FOMR and SOMR 
models can be derived when N equals 1 or 2, respectively. 

FOMR model: 

W =C10 (I1 − 3) + C01 (I2 − 3) (10) 

SOMR model: 

W =C10 (I1 − 3)+C01 (I2 − 3)+C20 (I1 − 3)2
+C11 (I1 − 3)(I2 − 3)

+ C02 (I2 − 3)2 (11) 

In which Cij are constants parameters of the materials and can be 
determined by the experimental data. The principal Cauchy stress can be 
achieved using the following equation: 

F. Abad et al.                                                                                                                                                                                                                                    
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T = λ
∂W
∂λ

(12) 

Substituting Eqs. (10) and (11) and Eq. (7) into Eq. (12) leads to the 
stress function in equibiaxial condition for the FOMR and SOMR models: 

FOMR model: 

T = 2
(
λ2 − λ− 4)[C10 − C01λ2] (13) 

SOMR model: 

T = 2
(
λ2 − λ− 4)[C10

− C01λ2 + 2C20(I1 − 3)+C11
(
λ2(I1 − 3)+ (I2 − 3)

)
+ 2C02λ2(I2 − 3)

]

(14)  

2.3.2. Ogden model 
Another well-known form of the hyperelastic model is proposed by 

Ogden [15,40,41]: 

W =
∑N

i=1

2μi

αi
2

(
λ− αi

1 + λ− αi
2 + λ− αi

3
)

(15) 

The constants parameters of materials, μi and αi, can be determined 
through experimental data. Substituting Eq. (15) into Eq. (12) under 
equibiaxial conditions results in the following stress [42]: 

T =
∑N

i=1

2μi

αi

(
λαi − λ− 2αi

)
(16) 

There is no limitation on the value of N; however, the N = 3 condi
tion, which is widely employed in different studies [43–45], is also used 
in this paper. 

2.3.3. Yeoh model 
The strain energy potential and stress function of the Yeoh hypere

lastic model, which can be generated by the reduced polynomial strain 
energy potential function with N = 3, is as follow [46]: 

W =C10 (I1 − 3)+C20 (I1 − 3)2
+ C30 (I1 − 3)3 (17)  

T = 2
(
λ2 − λ− 4)( C10 + 2 C20 (I1 − 3)+ 3C30 (I1 − 3)2) (18) 

In which (Ci0 i = 1, 2 and 3) are the material parameters that can be 
achieved with the experimental data and curve fitting process. 

2.3.4. Arruda–Boyce (AB) model 
Arruda-Boyce is another hyperelastic model used by many re

searchers [47–50]. The strain energy and stress function of the AB 
hyperelastic model is as follows: 

W = μ
∑5

i=1

Ci

λm
2i− 2

(
I1

i − 3i) (19)  

T = 2μ
(
λ2 − λ− 4)

∑5

i=1

iCi

λm
2i− 2I1

i− 1 (20) 

Fig. 6. Exploration of data refinement.  
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where μ and λm are the constant parameters which can be calculated by 
using experimental data. Also, the Ci constants are as follows: 

C1 =
1
2
,C2 =

1
20

,C3 =
11

1050
,C4 =

19
7000

,C5 =
519

673750
(21)  

2.4. Experimental results and model fitting 

This section uses the bulge test experimental results to fit several 
hyperelastic models, including the FOMR, SOMR, Yeoh, Ogden (N = 3), 
and AB models. The chosen materials are commonly used in laboratories 
or large-scale experiments on OWC WECs, including silicon (3 mm 
thickness), NR (1.5 mm thickness), NBR (1 mm thickness), and latex 
(0.2 mm thickness). The membranes experienced reasonable strain 
levels for the OWC-WEC. Characterising elastomers at extensive strains 
is avoided as it could unrealistically change the membrane properties for 
the intended application. The bulge test was conducted on three samples 
of each material to ensure the results. Each diaphragm sample was 
subjected to preloading through multiple deformations before the pri
mary characterisation test. This process leads to a more consistent stress- 
strain response and minimises transient effects. A preprocessing step 
was conducted to enhance experimental data quality, specifically 
focusing on pressure transducer data. The goal was noise removal while 
retaining crucial data for subsequent analysis. Notably, characterising 
samples with noisy experimental results can reduce the stability range of 
hyperelastic models. In this step, a 7th-order polynomial was fitted to 
the experimental results instead of using methods, such as using smooth 

Fig. 7. Comparison of stress-stretch behaviour between experimental results 
and fitted models for a) latex, b) Natural Rubber, c) NBR, and d) silicon. 

Table 1 
Hyperelastic parameters obtained from curve fitting of experimental data from 
the bulge test for latex, NR, NBR and silicon.  

Model Parameters Material 

Latex NR NBR Silicon 

FOMR C10 (MPa) 0.3280 0.1448 0.1892 0.3051 
C01 (MPa) − 0.0701 − 0.0095 − 0.0436 − 0.1107 

Stability <0.6 <7.7 <0.55 <0.32 
RMSE 
(MPa) 

0.0234 0.0021 0.0059 0.0011 

SOMR C10 (MPa) 1.4956 0.7466 0.7607 1.6991 
C01 (MPa) − 1.0796 − 0.5639 − 0.5565 − 1.4624 
C20 (MPa) 0.7345 1.8860 0.6791 42.095 
C11 (MPa) − 0.3616 − 2.0101 − 0.5121 − 66.303 
C02 (MPa) 0.0798 0.6164 0.1329 26.81 

Stability <1.73 <0.68 <1.12 <0.25 
RMSE 
(MPa) 

0.00297 0.0010 0.0020 0.00069 

Ogden (N =
3) 

μ1 (MPa) 0.5758 0.0233 − 0.0689 0.0071 
α1 − 4.6303 − 12.9629 − 14.8772 − 41.5455 
μ2 (MPa) − 0.6756 − 0.0635 0.1377 0.4955 
α2 − 4.6021 − 11.8209 29.7563 21.3255 
μ3 (MPa) 0.3082 0.3403 0.0620 − 0.0293 
α3 8.7376 14.7055 1.9461 − 24.7779 

Stability Stable <0.24 Stable <1.03 
RMSE 
(MPa) 

0.2156 0.0117 0.1471 0.00083 

Yeoh C10 (MPa) 0.2689 0.1442 0.1456 0.1924 
C20 (MPa) − 0.0546 − 0.0028 − 0.0299 − 0.1818 
C30 (MPa) 0.0103 0.0030 0.0073 0.5402 

Stability Stable Stable Stable Stable 
RMSE 
(MPa) 

0.0179 0.0021 0.0053 0.0011 

AB μ (MPa) 0.3823 0.2868 0.2292 0.3503 
λm ( × 105) − 3.2471 1.0964 4.7455 0.0725 

Stability Stable Stable Stable Stable 
RMSE 
(MPa) 

0.0604 0.0021 0.0212 0.0032  
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function, that could alter the curve’s intrinsic features. Fig. 6-a illus
trates the original data with noise, while Fig. 6-b displays the fitted 
curve after noise removal. Fig. 6-c presents both plots together for 
comparison. 

After applying the noise removal process, the pressure-deformation 
data were converted into stress-stretch results, utilising the equations 
provided in section 2.2. Next, the stress-stretch data were fitted to 
different hyperelastic models using MATLAB’s lsqcurvefit function. This 
function, which is an iterative optimisation algorithm, works based on 
minimising the sum of squared residuals and adjusting the defined 
function’s unknown parameters that best fit a given set of data. Fig. 7 
(a–d) show different hyperelastic models fitted to the bulge test results 
of the mentioned materials. 

Furthermore, Table 1 shows the hyperelastic parameters of different 
models for tested materials, the stability of models (using the Drucker 
stability condition [51]) and the RMSE between the stress-stretch of 
experimental results and fitted curves. 

When selecting the best hyperelastic models for a material, it is 
crucial to consider both stability and RMSE of the models. The AB 
hyperelastic model, for example, is guaranteed to be stable if the shear 
modulus and locking stretch have positive values; however, its RMSE 
should also be considered when deciding which model to use. In the next 
step, to validate the generated hyperelastic models and the bulge test 
data, the hyperelastic model data were used as input in the computa
tional software (Abaqus) for the material property, and the conducted 
experiment was simulated. 

2.5. Numerical simulation and validation 

As previously outlined, numerical validation is another critical phase 
in selecting the hyperelastic model. Abaqus is used to simulate the bulge 
test, and the calculated deformation of the elastomers was verified with 
data from Qualisys’s system. In Section 2.1, we underscored that the 
weight of the samples induces a non-flat primary shape, necessitating 
consideration of an initial arc configuration. Accurate numerical simu
lation requires addressing this non-flat state, especially given the 
assumption of zero stress in this condition. This consideration becomes 
essential when directly comparing simulated data with the experimental 
results obtained from the Qualisys system. To integrate the arc shape 
into the numerical simulation, the arc radius is introduced using the 
following equation: 

R=
a2 + (h0 + h)2

2(h0 + h)
(22 

Fig. 8 illustrates the stress results of the NBR using the SOMR 
hyperelastic model. This simulation utilises the 4-node bilinear 
axisymmetric quadrilateral element (CAX4H), which is well-suited for 
capturing large deformations in axisymmetric conditions. One end of the 
elastomer part is clamped, while the left end, which represents the 
centre of the elastomer, is assumed to have an axisymmetric boundary 

condition, as shown in Fig. 7. The nonlinear geometry (NLGEOM) option 
is used to analyse the large deformation accurately. Pressure transducer 
data, representing fluid-solid interaction in actual conditions, is applied 
as a loading state on its surface to simulate the elastomer membrane’s 
behaviour. 

Fig. 9(a–d) compare pressure against the tip displacement between 
the numerical simulation and experimental results. The fact that the 
simulations and experiments match well indicates that the generated 
models can accurately predict the material’s behaviour. 

2.6. Results and discussions 

In the following, the discussion for each material and the most 
suitable hyperelastic model is provided: 

Latex: 
Table 1 shows that although the Ogden model is stable, it has a high 

RMSE, which can be seen in Fig. 7-a. According to Table 1, the SOMR 
gives a better fitting with an RMSE of 0.00297 MPa. Although this model 
is unstable for biaxial tension at a nominal strain higher than 1.73, we 
will use this model in the next section since the observed deformation is 
in the range of the model stability. Also, the Yeoh model, which is stable 
and has a relatively low RMSE, would be a better option for extreme 
deformation analysis. Furthermore, Fig. 9-a, which compares the Aba
qus simulation with different hyperelastic models with the bulge test 
results, shows that the results of the Ogden and AB models have a high 
discrepancy with the experimental results. 

NR: 
According to Table 1, the SOMR, which is stable for nominal strain 

less than 0.68, has a lower RMSE than other models. However, FOMR, 
Yeoh and AB also have good stability and low RMSE for extensive 
deformation analysis. From Fig. 9-b, it is evident that all the generated 
hyperelastic models can accurately predict the deformation of the NR. 
This is likely due to the NR sample having a greater thickness than the 
latex sample, resulting in more consistent outcomes and stable hypere
lastic models. 

NBR: 
For the NBR, the SOMR with the RMSE of 0.002 MPa gives better 

fitting than other models with experimental results. Since this model is 
stable for nominal strain less than 1.12, FOMR and Yeoh hyperelastic 
models can be used for more extensive deformation analyses. Based on 
Fig. 9-c, both the Ogden and AB models have a high error level when 
predicting sample deformation, with RMSE values of 0.1471 MPa and 
0.0212 MPa, respectively. However, as mentioned, the SOMR, FOMR 
and Yeoh models are suitable for conducting numerical simulations on 
NBR. 

Silicon: 
In the case of silicon, almost all the hyperelastic models have a 

relatively low RMSE, ranging from 0.00069 MPa to 0.0032 MPa at most. 
Regarding stability parameters, the AB and Yeoh models are suitable for 
analysing large deformations, while the Ogden model is best for nominal 

Fig. 8. Abaqus simulation and swept view of the result.  
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strains below 1.03. Also, it can be seen from Fig. 9-d that all the 
generated hyperelastic models can adequately predict the behaviour of 
the silicon. The same conclusion was observed for the NR, which shows 
that the accuracy of this characterisation method depends on the aspect 
ratio (the ratio between the diameter per thickness) of elastomers. 

3. Water tank test 

3.1. Experimental setup and equipment 

The experiments were conducted at the Kelvin Hydrodynamic Lab
oratory (KHL) of the University of Strathclyde (UK) using a 3D compact 
wave tank measuring 9.575 × 3.150 × 1.000 m. This tank can generate 
waves within a 0.5–5 s period and reach a maximum wave height of 0.3 
m. Considering the tank’s specifications, a small-scale OWC model was 
considered for the prototype, as depicted in Fig. 10, with a scale factor 
ranging from 1:30 to 1:20, based on the Froude scaling criteria [57]. The 
setup consisted of an acrylic cylinder and two top discs for fixing the 
elastomer at the top. A specially designed fixture, created via a three- 
dimensional (3D) printing process, affixed the device to the support
ing structure. 

The wave amplitude and frequency effect on the membrane was 
examined by generating various waves using wave generator software. 
The accuracy of wave conditions was assessed by data obtained from the 
reference point (RP) wave probe positioned 2 m away from the cylinder. 
Also, another wave probe, the OWC wave probe, is used inside the 
cylinder to measure the wave elevation inside the air chamber during 
the test. The wave probes, manufactured by KHL, comprised two parallel 
rods. One end of the wave probe was connected to the data acquisition 
equipment, while the other end extended below the water surface. 
Changing the water level between the rods leads to variations in resis
tance and voltage. Also, the Qualisys system and a pressure transducer 
(Honeywell 163PC01D75) with ±2.5 inches of water gauge (in wg) were 
used to measure the membrane’s deformation and the pressure inside 
the air chamber during the experiment. 

3.2. Tank test results 

This section presents the tank test’s experimental results on the OWC 
with the membrane part. Due to the pressure limitation inside the air 
chamber, latex is used as the flexible membrane in this experiment to 
have enough deformation. The first step was generating a particular 
wave condition (with an amplitude of 0.01 m and frequency of 0.4 Hz), 
which led to the pressure transducer data, Fig. 11. These data were 
employed as the loading condition for the numerical simulation to cross- 
verify the results with those obtained from the Qualisys system. Each 
trial lasted 180 s, and the steady results are illustrated in the plotted 
graphs and used in the numerical simulations. Fig. 12 shows that the 
results of the FE simulation with Yeoh and SOMR hyperelastic models 
are in excellent agreement with those of the experiments. The discrep
ancy between the numerical and experimental simulation can be due to 
the uncertainty of the measurement equipment. 

In the following, three particular cases are considered for the 
experiment: Open-top (OWC without a lid), rigid-top (OWC with a rigid 
lid) and latex (OWC with a latex layer at the top). This experiment is 
conducted to study the effect of the elastomer part on the OWC’s per
formance, where the open-top case represents a case without a PTO 
system and leads to the maximum elevation response of the OWC. On the 
other hand, the rigid-top condition represents an over-damped scenario 
which provides the maximum possible pressure response inside the 
chamber. The above two test conditions indicate the practical maximum 
response of the elevation and the maximum pressure response of the 
current OWC device. Fig. 13 illustrates the pressure inside the air 
chamber for three cases, and as expected, the pressure amplitude for the 
case of latex is between those of Open and Rigid-top cases. 

Fig. 14 shows the response amplitude operator (RAO), the ratio of 

Fig. 9. A comparison between displacement (m) and pressure (Pa) for experi
mental and Abaqus numerical data. 

F. Abad et al.                                                                                                                                                                                                                                    



Renewable Energy 226 (2024) 120422

9

the water elevation inside the air chamber (OWC wave probe data) per 
wave height (RP wave probe data), as a function of the frequency for the 
three mentioned cases. The figure is generated by conducting a series of 
tests with a fixed wave amplitude of 0.01 m and different frequencies, 
ranging from 0.25 Hz to 1.4 Hz, with an increment of 0.05 Hz in each 
trial. Based on the frequency response analysis, it is evident that the 
OWC with a membrane has a smoother fluctuation without any spikes. 
This feature can be advantageous for WECs as, in actual sea conditions, 
the waves are unpredictable, and utilising membranes or DEGs can lead 
to consistent power outputs. 

Also, the RAO versus wave amplitude for the latex material is plotted 
in Fig. 15 and shows that increasing the wave amplitude can reduce the 
RAO and, consequently, the deformation and power generation. This 
chart was created by performing multiple tests using a consistent wave 
frequency of 0.375 Hz but varying wave amplitudes between 3 mm and 
24 mm. 

4. Dry test rig experiment 

4.1. Test rig setup and equipment 

During the water tank test, using elastomer membranes with higher 
thicknesses was not recommended due to the low pressure inside the air 
chamber. A dedicated dry test rig was designed and fabricated, Fig. 16, 
to overcome this limitation and further explore the influence of different 
parameters on the flexible membrane used in OWC-WEC. This custom 
rig simulates the deformation of the elastomer diaphragm in OWC and 
allows for comprehensive investigations into the materials and struc
tural solutions to enhance the OWC’s efficiency and reliability. A 
brushless linear servo motor (specifically, the MOOG company’s model 
50206012F-LCE-CV) was employed to apply harmonic loading on the 
piston section with different frequencies and strokes. Within the test rig, 
the extent of the actuator stroke alters the pressure in the air chamber 
and causes deformation in the membrane portion. The same pressure 
transducer and Qualisys system employed in bulge tests are used to 
measure the pressure inside the air chamber and the deformation of the 
flexible component. 

Fig. 10. Geometrical Specifications and Experimental Setup of the OWC at the water tank.  

Fig. 11. The pressure inside the air chamber for the wave with an amplitude of 
0.01m and frequency of 0.4 Hz. 

Fig. 12. Experimental and numerical results of tip displacement versus time.  

F. Abad et al.                                                                                                                                                                                                                                    



Renewable Energy 226 (2024) 120422

10

4.2. Stress analysis of inflatable diaphragm 

At first, two experiments with a stroke frequency of 0.7 Hz were 
conducted on latex and NBR to verify the numerical results and gener
ated hyperelastic models. Fig. 17 show the pressure inside the air 
chamber and tip displacement versus time for latex and NBR. It can be 
seen that the numerical simulation results are in excellent agreement 
with those of the experiments. The Abaqus results show a slight fluc
tuation close to the zero-deformation reference line. Although there are 
no visible fluctuations in the Qualisys data, using pressure transducer 
data as loading conditions in Abaqus simulations is responsible for the 
observed fluctuations. The pressure transducer’s high sensitivity cap
tures these fluctuations more prominently, highlighting their impact on 
the results. These fluctuations cause difficulties for DEG’s energy gen
eration process, and therefore, it is necessary to include a pre-stretching 
on the elastomer membranes. 

Fig. 18 displays the principal stress distribution along the radial di
rection of the latex and NBR in their maximum deformation condition. It 

should be noted that this figure illustrates the stress profile from the 
centre to the outer edge of the inflatable diaphragm. It is essential to 
consider that both samples’ maximum stress happens at the elastomers’ 
boundaries, particularly for fatigue analysis. Since OWC faces cyclic 
loading in the sea environment, tearing elastomers close to the edges 
with the highest stress value is one of the main failure mechanisms in 
this structure. 

Figs. 19 and 20 present numerical simulation results that study the 
impact of elastomer stiffness on deformation and stress distribution. The 
simulations were performed on a membrane with a 24 cm diameter and 
0.18 mm thickness, which was subjected to cyclic loadings at a fre
quency of 0.7 Hz. The simulation is repeated for NBR, latex, silicon and 
NR. It is evident from the figure that silicon shows the highest stiffness, 

Fig. 13. a) Pressure and b) wave elevation inside the air chamber for the Open-top, Rigid-top, and latex cases.  

Fig. 14. Frequency response of the latex, Open and Rigid-top cases.  

Fig. 15. RAO of the OWC with latex for different wave amplitudes.  

Fig. 16. The schematic diagram of the designed dry test rig.  
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followed by NR, latex, and NBR, which display relatively lower stiffness 
values, respectively. The material’s flexibility is one of the essential 
parameters to consider when choosing the best material for the 

inflatable membrane part of the OWC. More flexibility leads to more 
deformation with the same wave condition and, consequently, more 
power generation. Also, Fig. 20 shows the stress distribution along the 

Fig. 17. Left) The pressure inside the air chamber and right) tip displacement versus time of top) latex and bottom) NBR.  

Fig. 18. The stress distribution along the radial direction of the elastomer on 
the maximum deformation condition. 

Fig. 19. Tip displacement versus time for different materials.  

Fig. 20. The stress distribution along the radial direction of different materials 
on the maximum deformation condition. 

Fig. 21. The radial stress distribution along the radial direction of different 
materials with a same tip displacement. 
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radial direction of different materials on their maximum deformation 
condition. It is apparent that latex and NBR experience higher stress near 
the boundary condition. However, their stress analyses are not compa
rable due to different material deformation. 

Fig. 21 shows the radial stress distribution along each elastomer’s 
radial direction, with a constant tip displacement of 6 cm. The results 
indicate that silicon, latex, and NR have higher stress levels than NBR, 
with percentages of 324%, 81%, and 16%, respectively. 

The proposed methodology correlates the mechanical response of 
flexible membranes in experimental setups with mathematical and 
computational modelling. However, making a solid decision to select a 
flexible membrane used in OWC requires considering other material 
selection criteria such as fatigue strength, rapture stretch, density and 
electrical breakdown. Meeting the objectives of the current research 
study to develop experimental and numerical tools and utilise them to 
address a series of inflatable membrane materials resulted in a more 
comprehensive decision for the material selection. Implementing a 
physics-informed machine learning algorithm for this process can be a 
promising topic for future study. 

4.2.1. Summary 
This integrated experimental and computational study offers a 

comprehensive approach to optimising flexible membrane design for 
OWC wave energy converters. A critical characterisation technique 
combined the experimental results, mathematical models and compu
tational simulation to identify the mechanical response of inflatable 
elastomers in complex deformation mode. Four different flexible mem
branes were characterised using this methodology. SOMR and Yeoh’s 
models performed best for 0.2–1 mm latex and nitrile rubber, respec
tively, though stability limits nominal strains <1.12. Water tank testing 
of a 1:20 scale OWC quantified smoother frequency responses using a 
latex membrane. The dry test rig replicated inflation cycles up to 1.5 Hz, 
verifying FEA results with an excellent agreement. Simulations quanti
fied 324% higher radial stress concentrations for silicone versus nitrile 
rubber at equal displacements. This indicates potential fatigue risks 
under cyclic loading, warranting future investigations. The integrated 
approach and quantitative findings significantly advance OWC mem
brane characterisation, enabling optimal selection. This promises major 
efficiency, reliability and performance improvements for next- 
generation OWC wave energy systems with customised soft components. 
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