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A B S T R A C T

Soft materials such as natural rubber, hydrogels, and biological tissues have anisotropic properties and are 
subject to cyclic biaxial loading during their service lives. This requires biaxial loading rather than uniaxial; 
however, no agreed standard protocol exists. Therefore, the aim of this study is to provide preliminary sug
gestions for reliable and consistent biaxial fatigue tests so that a good degree of biaxiality and efficiency can be 
thoroughly achieved. Several biaxial loading tests (equi-biaxial and unequal-biaxial) were conducted on natural 
rubber and ecoflex using different geometries including cruciform and square configurations. Three criteria were 
defined to evaluate the equi-biaxiality performance: (i) test function related to homogeneous strain distribution 
in the field of interest, (ii) degree of efficiency corresponding to the ratio of strain in the field of interest (gauge 
section located in the middle regions) to the maximum strain far from the middle area, and (iii) strain ratio, used 
for fatigue test. Results showed that cruciform geometry underperformed in equi-biaxiality criteria, i.e., samples 
possessed high uniaxial strain in the arm whereas the simple square geometry could reach a higher degree of 
biaxiality and efficiency. The highest equi-biaxiality performance was obtained for the optimized square ge
ometry in such a way that a maximum equi-biaxial strain of 65 % was achieved in the field of interest while 
possessing a degree of efficiency of 0.66 and strain ratio of 1.96. A successful unequal-biaxial fatigue test of up to 
two million cycles was conducted on the optimized square specimen made of ecoflex. Finally, a new square 
configuration with circular cavity in the middle was suggested for future biaxial characterization and stan
dardization of biaxial tests in which the numerical study yielded a degree of efficiency of 1 and strain ration of 
2.12 manifesting a considerable improvement in the biaxiality performance.

1. Introduction

Understanding the mechanical performance of soft materials such as 
elastomers and biological tissues under cyclic conditions have been 
studied mostly in uniaxial conditions [1,2]. However, many of these 
materials manifest anisotropic characteristics especially in biological 
tissues [3] and rubbers compounded by the calendering process [4]. In 
addition, the typical loading scenario for some applications including 
Wave Energy Converters (WECs) [5–7], Magneto-Rheological Elasto
mers (MREs) [8–10] and Dielectric Elastomers Generators (DEGs) [11] 
used in soft robotics and flexible sensors are mostly experiencing 
cyclic-biaxial rather than simple cyclic-uniaxial loadings. Therefore, 
evaluating biaxial fatigue performance of such materials can provide a 

better insight toward material behaviour under a more realistic test 
condition [12].

In this context, bulge test also known as bubble or inflation test is one 
of the most common biaxial tests performed on rubber-like materials 
[13,14] in which the stress state at the apex of the dome is equi-biaxial 
(EB) [15]. This can be a suitable method for thin film membranes. The 
value of the displacement and height at the apex shall be known so that 
any suitable material can be characterized. However, it is less satisfac
tory at large strains where the thickness is not uniform in the inflated 
membrane during bulging [16]. In this context, performing biaxial test 
using square or cruciform configurations mitigate the problem (thick
ness variation in the inflated membrane at large strain) since the 
stress-strain behaviour can be obtained as the thickness is the same in 
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the EB regions; therefore, no significant thickness variation can be seen 
even at high strains.

In addition, the area of the equi-biaxiality is quite small in the bulged 
membrane compared to other biaxial geometries where a larger area of 
biaxiality can be reached, for instance in square configuration [17]. The 
bigger area of equi-biaxiality for the cruciform and square specimens 
results from the flatness of the sample whereas the curvature of the 
membrane in the bulge test makes the EB modes only in the apex which 
is a small area. Furthermore, the existing membrane theories used for 
bulging a thin film consider trivial thickness and its subsequent shear 
deformation in the lateral directions which are not quite true in the real 
bulge test [18]. The inability to apply different loading conditions such 
as Unequal-biaxial (UB) or Planar Tension (PT) rather than simple 
EB-loading is another drawback of bulge test. On the other hand, square 
or cruciform configurations can provide much better flexibility applying 
variety of loading due to their flatness. In addition, UB tension testing on 
a flat sample (square or cruciform) in planar condition can be a better 
approach for other applications such as soft robotics, WECs as they are 
typically subjected to a larger area of UB loading during their service 
lives. Two representative WECs are the mWave™ developed by Bombora 
Wave Power made of rubber membranes [19,20] and the WEC S3® by 
SBM Offshore composed of a long flexible tube made of an Electro-active 
Polymer (EAP) [21]. In both cases, the typical loading condition are 
mostly UB and PT instead of EB.

A comprehensive review was conducted by Esmaeili et al. [12] on 
biaxial characterizations in the planar condition in which different 
sample geometries and gripping systems were discussed in detail. Fig. 1
shows some of the optimizations conducted on cruciform samples made 
of elastomers which are the basic studies for our investigation, specif
ically for the definition of biaxiality criteria. The configurations marked 
by the red arrows in Fig. 1 are the ones selected after the optimization of 
each study. It can be concluded that huge discrepancies existed in terms 
of cruciform geometries used. The cruciform configuration marked by 
the red arrow in Fig. 1a is selected in this study. A few other optimized 
cruciform geometries were also used for composite woven fabrics which 
is worth implementing them [21–24] for elastomer in the future studies 
[22–25]. Although many studies are available on the optimization of 
cruciform geometry, no optimization was performed on square 

geometry which lack deep understanding of its performance in biaxial 
mode. This is one of our novelties to further extend the biaxiality criteria 
defined in section 4 for the square specimen and optimize the square 
geometry based on the biaxiality performance.

In addition, some of the fatigue tests conducted on soft materials 
using the bubble test are listed in Table 1 whereas no study has been 
reported on biaxial tension fatigue test in planar conditions. Considering 
the limitations of the bulge test discussed before, it is essential to 
develop a more robust and cost-effective biaxial fatigue testing meth
odology in which it can not only reach to a higher area of equi-biaxiality, 
but can also achieve a higher number of cycles when subject to fatigue 
test with no concern about premature failure resulting from the 
clamping system. Likewise, the new biaxial test methodology shall be 
flexible enough that different loading scenarios can be easily applied 
including UB, EB, and PT. There are very limited works on planar biaxial 
testing of rubber-like materials in quasi-static conditions using flat 
samples [29–34].

The literature still lacks a proper biaxial tension approach in planar 
condition to address and overcome the shortcoming of bulge test 
including thickness variation during the inflation, inability in applying 
various biaxial loading states (EB, UB, PT), its consideration of trivial 
thickness and subsequent shear deformation in the lateral directions. In 
addition, no biaxial fatigue test was reported using cruciform or square 
geometries.

Developing a robust way of performing biaxial tension fatigue tests, 
where the sample does not demonstrate premature failure resulting from 

Fig. 1. Sample optimization performed on the cruciform samples: (a) silicone rubber ELASTOSILR©RT 625 [26], (b) silicone elastomer where W and r are the 
narrowest width of the arm and the fillet radius respectively [27], (c) magnetorheological elastomers [28]. Red arrows in each figure refer to final optimized 
specimen selected in each study.

Table 1 
Biaxial (EB) fatigue tests using the bulge test performed on various elastomers.

Material EB strain 
(%)

Maximum fatigue life 
(Cycle No.)

Ref

Silicone based MREs 25 % ~10000 [10,
35]

Silicone based MREs 25 % 561 [14]
70 IRHD Ethylene-Propylene 

rubber (EPM)
70 % 800000 [36]

EPDM rubber 110 % 2722 [37]
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the stress concentration imposed by the clamping system or poor test 
design, is the gap of knowledge in the field. Currently, performing a high 
cyclic biaxial fatigue test in planar conditions is not very feasible due to 
aforementioned issues, thus, it is not possible to thoroughly evaluate 
biaxial fatigue life in an elastomer which is an inherent property and 
should not be dependent on test design or experimental setup. Recog
nised difficulties in conducting proper planar biaxial tests due to re
strictions arising from sample geometry, degree of biaxiality in the Field 
of Interest (FOI) and gripping challenges led to optimization of the 
sample geometries used in the current study. Therefore, this paper is 
aimed at providing some preliminary insights in performing biaxial 
tension fatigue tests and to achieve high cyclic biaxial fatigue data 
through the optimization of the test coupon by enhancing its mechanical 
properties in the gripping area eliminating premature failure arising 
from stress concentration imposed by grips.

Given this background information, various biaxial fatigue states are 
investigated in the current study using cruciform and square configu
rations including EB and UB modes, although the main focus of this 
paper is to successfully perform high cyclic UB fatigue tests where the 
strains in longitudinal and transverse directions are approximately 
45–55 % and 5–10 %, respectively, to mimic service condition of the 
innovated WEC S3® membrane technology developed by SBM Offshore 
[21]. Extensive comparisons of various biaxial tests possessing relatively 
similar testing conditions will be performed in this study: (i) to compare 
the degree of biaxiality and degree of efficiency in the FOI in the case of 
EB test, (ii) to obtain 2D strain fields which can be used to attain the 
degree of biaxiality and efficiency.

The outcome of this paper can be applied for any soft polymers such 
as biological materials and tissues where biaxial characterization is of 
great importance. Since there is no established test protocol for biaxial 
planar tension fatigue, the findings presented here including sample 
configurations, customized biaxial fatigue machine used, and gripping 

system design can be a potential standardized test procedure.

2. Materials and methodology

2.1. Materials

Two different materials including natural rubber (EDS35) and silicon 
rubber Ecoflex™ 00–30 that is a platinum-catalyzed silicones purchased 
from SMOOTH-ON, were used. EDS35 formulation is listed in Table 2. 
Zinc oxide, stearic acid, 6 PPD and Sasol Wax were incorporated into 
natural rubber SMR CV60 by internal mixer whereas sulphur and CBS, as 
curative, were added on the two-roll mill.

2.2. Samples preparation

Fig. 2 shows the NR compounding steps used in this study. Readers 
are advised to refer to our previous study [38] for further information 
about compounding and mixing. Rheometric characterization was per
formed to find out vulcanization parameters. Uncured rubber was tested 
at temperatures of 150 ◦C (Fig. 2h) and subsequently samples were 
compression moulded with the dimension of 9″ x 9″ x 2 mm at 150 ◦C for 
15 min based on the torque-time curve obtained from the rheometric 
test.

Three different geometries were employed in the current study as 
shown in Fig. 3. This is to further investigate the effect of various ge
ometries in equi-biaxiality performance and to compare their fatigue 
lives. In addition, this helps to put more efforts toward optimization of 
the samples to be used in tension biaxial testing where lack of standards 
for biaxial characterization of elastomers still exist. Finally, by 
comparing various configurations in the tension biaxial mode, a more 
effective and robust sample configuration in terms of the gripping effect 
imposed on the samples throughout the test can be identified. The 
optimized cruciform specimen suggested by Seibert et al. [26] with di
mensions shown in Fig. 3a were used in this study. NR cruciform samples 
were prepared with a die cutter shown in Fig. 3b.

The second geometry used in this study was a reinforced square 
sample with a reduced gauge section (thickness) in the middle based on 
the approach used in Refs. [40,41]. The gauge section of the specimen 
was as thin as 0.8 mm while the edges were reinforced by increasing 

Table 2 
EDS35 formation in phr.

Materials SMR 
CV60

Zinc 
oxide

Stearic 
acid

6 
PPD

Sasol 
wax

CBS Sulphur

EDS35 100 5 2 3 2 1.5 1.5

Fig. 2. EDS35 compounding steps: (a) SMR CV60 gum [39], (b) initial mixing of NR gum in the internal mixer, (c) close-up view of the internal mixer, (d) dumped 
compound including NR-zinc oxide-stearic acid- 6 PPD- Sasol Wax, right after mixing by internal mixer, (e) adding sulphur and CBS and further mixing and ho
mogenization by two-roll mill, (f) unvulcanised rubber containing all ingredients, (g) vulcanised rubber right after compression moulding, (h) Rheometry.
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their thickness up to 7 mm (Fig. 3d and f). This can help to further 
postpone damage initiation in the vicinity of the grips so that a higher 
fatigue life can be achieved.

The third geometry is a more usual approach of square samples 
called simple square specimen (Fig. 3c). The clamping sections of the NR 
square coupons were reinforced by gluing extra piece of NR, as shown by 
red arrow in Fig. 3c. These were compared to find out which one can 
achieve a reliable fatigue life, create a good degree of biaxiality and 
survive approximately one million cycles without failure at the grips.

A DLP-based 3D printer with BAS ST 45 B 1000 resin was used for the 
3D printing of the mould. Ecoflex™ were mixed by weight ratio of 1 A:1 
B and poured into the mould and left for final curing at room temper
ature for 3 h (Fig. 3e–f and h-i). The gauge section of the ecoflex opti
mized square specimen was 0.8 mm. A simple square sample made of 
ecoflex with 2 mm thickness was also prepared for comparison as shown 
in Fig. 3g–i. The surface of the samples was sprayed with Ambersil 400 ml 
RAL 9011 matt spray paint for Digital Image Correlation (DIC) analysis 
as shown in Fig. 3b–f and i.

Fig. 3. Specimen configurations: (a) NR cruciform geometry, (b) NR die cutter-cruciform sample, (c) NR edge-reinforced simple square. (d) Ecoflex optimized square 
specimen, (e) moulding and curing of ecoflex optimized sample in the 3D printed mould, (f) ecoflex optimized sample upon moulding and speckled with black spray 
paint, (g) ecoflex simple square, (h) moulding of ecoflex simple square sample in the 3D printed mould, (i) ecoflex simple square sample upon moulding and speckled 
with black spray paint.

Fig. 4. Mechanical test setup: (a) biaxial fatigue test setup showing camera position and strobes, (b) sliding fingering gripping systems used for the square sample, (c) 
grip used for the cruciform geometry.
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2.3. Biaxial testing

A highly advanced and custom-built electromechanical fatigue 
testing machine, ADMET eXpert 8000, USA was used (Fig. 4a) for all 
biaxial fatigue experiments. A lateral sliding pinching grip system was 
employed for the square geometries (Fig. 4b) such that gripping fingers 
on the corners can translate perpendicular to the direction of force as the 
material expands or contracts. A simpler grip used for the cruciform 
specimen is shown in Fig. 4c.

Sinusoidal displacement waveforms with 1.0 and 2.0 Hz frequencies 
were used for the EB and UB fatigue tests whereas a low frequency cyclic 
test (sinusoidal waveform) with the period of 6 s was used for the EB 
investigation of ecoflex-optimized squared specimen. Samples were 
subjected to a variety of EB and UB tests with different strain amplitudes. 
Test parameters including frequency and displacement amplitude of the 
machine are provided along with the results for each tested sample in 
section 5. A positive R ratio (minimum to maximum strains) via equa
tion (1), was applied for fatigue tests to hamper rubber chains relaxation 
as well as occurrence of strain induced crystallites in the crack tip re
gion, thus, a higher fatigue life can be achieved [42]. 

Rratio
x =

e(x,y)xx min
e(x,y)xx max

and Rratio
y =

e(x,y)yy min

e(x,y)yy max
(1) 

where Rratio
x and Rratio

y are R-ratios in X and Y-directions, respectively, 
e(x,y)xx min and e(x,y)yy min the minimum strains in X and Y-directions, 
respectively, and e(x,y)xx max and e(x,y)yy max are the maximum strains in X 
and Y-directions, respectively.

The biaxial machine was equipped with a 5.0 Megapixel digital 
camera (2448 × 2028 @ 75 fps) and a 2D DIC System analysis software. 
DIC were used to attain the 2D strain fields (nominal strains and 
maximum principal strains) and degrees of biaxiality and to show 
whether homogeneous strain distribution can be achieved in the case of 
EB test. A virtual extensometer was placed in parallel to X and Y di
rections to extract the nominal strain on each direction in the FOI.

The nominal stress in the FOI was calculated by force reading in each 
direction divided by the area (grip to grip) in the case of simple square 
geometry whereas FEM simulation was used to calculate the stress in 
cruciform and optimized square samples as explained in Section 3. 
Hereinafter forces 1 and 2 and displacements 1 and 2 correspond to the Y 
and X directions, respectively.

It is worth noting that the high cyclic UB fatigue test conducted in 
this study is aimed to mimic service condition of flexible membrane used 
in WECs [21] such that an UB fatigue test, 45–55 % and 5–10 % strains 
in Y and X directions, respectively, can be thoroughly performed on 
square samples. High cyclic EB fatigue tests were also conducted on 
NR-cruciform and NR-simple square to provide better insight toward EB 
biaxial fatigue tests. Fatigue life was considered as the number of cycles 
to complete failure, however, the damage initiation should take place 
away from the influence of the grip for a test to be considered reliable.

3. Numerical modelling

The main objective of this section is to understand the behaviour of 
different biaxial test geometries. For this, we compare simulation results 
from various biaxial geometries to that of the Treloar’s data [43]. Firstly, 
simulation of the inflation experiment conducted by Treloar [43] is 
performed to establish the adequacy of the nonlinear constitutive model 
selected for the study. Later, different biaxial test geometries are simu
lated to plot the stress-strain behaviour of the same material and is 
compared to the results from the inflation test.

The phenomenological model proposed by Carroll [44] is used to 
model the constitutive behaviour of the material. The model better suits 
the biaxial behaviour of polymers with minimum variation in uniaxial 
extension as illustrated by Ref. [45]. Carrol model takes the following 

form (equation (2)) in which the isochoric part of the strain energy 
density function is given by: 

Ψiso = aI1 + b(I1)
4
+ c

̅̅̅̅

I2

√

(2) 

where, a, b and c are constitutive parameters and I1 and I2 are the iso
choric strain invariants. The total strain energy density function is ob
tained by adding a volumetric contribution defined by equation (3): 

Ψvol =
K
2
(J − 1)2 (3) 

where, K is the bulk modulus of the material and J is the Jacobian 
defined as J = det(F) and F is the deformation gradient tensor. The 
values of constitutive parameters are chosen as given in Ref. [45] for NR 
where they are calibrated against Treloar’s data and are listed in Table 3.

The bulk modulus K is chosen such that the initial Poison’s ratio is 
0.4995 which represents the near-incompressibility of rubber-like ma
terials [46]. The constitutive model is implemented in the UHYPER user 
subroutine of Abaqus software [47]. A quarter of the circular membrane 
with symmetric boundary conditions are modelled in ABAQUS using the 
C3D8H elements which incorporates a hybrid formulation to model the 
behaviour of nearly incompressible materials. Further, the path 
following arc-length method which is available in ABAQUS is used to 
simulate the membrane inflation until the final instability. Fig. 5 illus
trates the geometry of the model and the meshing used in the study 
where a total of 81200 C3D8H elements are used.

Fig. 6 illustrates the displacement diagram where the contour values 
represent the vertical displacement of the membrane from the simula
tion at different instances of inflation of the ballon. The last image il
lustrates the final inflated position corresponding to a vertical pole 
displacement of 35.963 mm before instability.

Fig. 7 illustrates the results from the simulation, where dotted line 
corresponds to the experimental results obtained by Treloar and solid 
lines correspond to the simulation results. Fig. 7a shows the internal 
pressure vs strain diagram. Fig. 7b illustrates the stress vs strain relation 
where the simulation results are plotted against seven different exten
someter lengths LG ∈ [4, 8,12,20,24,28,40] mm. Here extensometer 
represents a virtual one corresponding to different lengths which are 
placed symmetric about the pole of the inflated balloon. While the 
experimental results correspond to 2 mm extensometer length [43], the 

Table 3 
Constitutive parameters for the NR chosen in this study [45].

a (MPa) b (MPa) c (MPa) K (MPa)

0.1988 3.141e− 7 2.2e− 14 198.8

Fig. 5. (a) Circular NR membrane with 25 mm diameter and 0.8 mm thickness 
in plan showing a quarter for symmetry used for modelling, (b) meshing the 
quarter of the membrane inflation problem modelled using C3D8H elements 
in ABAQUS.
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simulation show identical results for all the extensometers. This is due to 
the near identical curvature values of the inflated membrane over varied 
lengths about the pole. The internal pressure for a membrane inflation 
problem can be approximated using the following equation (equation 
(4)): 

p=
2T
r

(4) 

where p is the internal pressure [MPa], T is the tension per unit length of 
the membrane [N/mm] and r is the radius of curvature of the polar 
region of the inflated membrane [mm]. The nominal stress P in the 
membrane is obtained by following equation (equation (5)): 

P=
prλ
2t

(5) 

where, t is the initial thickness of the membrane [mm] and λ is the 
stretch calculated from the nominal strain ‘e’ in either planar X or Y 
directions as given in equation 6

λ=(1+ e) (6) 

The nominal stress calculated in Fig. 7b corresponds to different 
extensometer lengths and the corresponding calculated curvature values 
based on the deformed coordinates of the nodes covered by the exten
someter. The nominal strain ‘e’ is calculated based on the change in 
length of the virtual extensometer which becomes curved while inflated. 
Finally, Fig. 7c illustrates the relation between the radius of curvature 
and the internal pressure of the membrane. Here, different solid lines 
denote different lengths symmetric about the pole, which are used to 
calculate the radius of curvature. For the ease of calculation of nominal 
stress, the lengths used in curvature calculation are kept the same as that 
of the extensometer lengths discussed in Fig. 7b. Overall, the simulation 

results suggest that all extensometer lengths result in a nearly identical 
radius values while closely following the experimental results. This il
lustrates the effectiveness of the constitutive model used in the study.

We extended this simulation to cruciform and optimized square 
configurations to further validate our numerical model in planar con
dition using the same material properties listed in Table 3. Fig. 8 shows 
the meshing of both geometries wherein, a quarter of the geometry is 
modelled using symmetry boundary conditions. The stress-strain curves 
obtained from the simulation are compared to that from the inflation 
experiment to identify the optimum extensometer length suitable for 
each geometry. Here the stress calculation is based on the internal re
action forces from the nodes covering the extensometer length under 
consideration. Similarly, the strain is calculated based on the displace
ment of the nodes on both ends of the extensometer considered. This 
method of stress calculation is widely used in the literature especially in 
the case where a nonuniform stress distribution in the sample is present 
[23,40,48–50].

Fig. 9a represents the stress-strain curves from the cruciform sample 

Fig. 6. Displacement diagram obtained from the simulation of the bubble test conducted by Treloar. The contour values represent the vertical displacement of the 
membrane represented in [mm].

Fig. 7. Simulation results of the bubble test: (a) the internal pressure vs nominal strain at the pole for the simulation, (b) the stress-strain response of the material 
from EB stretching while the simulation results are presented for seven different extensometer lengths of 4, 8, 12, 20, 24, 28, 40 mm, (c) the radius of curvature vs 
internal pressure. In all the diagrams, dotted lines correspond to the result of experiments conducted by Treloar [43] and the solid lines correspond to the results from 
the simulation.

Fig. 8. Meshing of specimens: (a) cruciform, (b) optimized square geometry.
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corresponding to four different extensometers LG ∈ [1.6, 4,5.5, 11] mm. 
It can be observed that as the extensometer length reduces, the stress- 
strain response converges to the experimental value and a sufficient 
convergence can be observed for 5.5 mm long extensometer. However, 
for the optimized square geometry as in Fig. 9b, the response can be 
observed to converge for the extensometer length of 17 mm.

No variations can be seen in the stress–strain curves for various 
extensometer lengths up to 5.5 mm and 17 mm in cruciform and opti
mized square geometries, respectively (Fig. 9). Thus, the FOI of 5.5 mm 
and 17 mm are used to calculate the stress. However, to calculate the 
stresses from experiment, we also need to define a scaling parameter 
which will be used to calculate the internal reaction forces (in the FOI 

covered by the extensometer) as a factor of the external applied force. 
The scaling parameter f is defined based on equation (7): 

f =
Ryint

Ryext
=

Rxint

Rxext
(7) 

where, Ryint and Rxint are the internal reaction forces corresponding to 
the gauge length LG and Ryext and Rxext are the external reaction forces in 
X and Y directions, respectively as shown in Fig. 10.

Fig. 11 shows the calculated values of ratio f as a function of nominal 
strain corresponding to gauge lengths of LG ∈ [1.6, 4,5.5, 11] mm and 
LG ∈ [2,10, 17,35] for cruciform and optimized squares configurations, 
respectively. The ratio ‘f’ illustrates a nonlinear behaviour with respect 

Fig. 9. Stress-strain curves corresponding to various extensometer lengths: (a) cruciform , (b) optimized square geometries.

Fig. 10. ABAQUS model showing a sketch of the gauge section and the internal reaction forces for: (a) cruciform geometry, (b) optimized square geometry.

Fig. 11. Illustration of the variation of ratio ‘f’ at different strains corresponding to four cases of gauge length: (a) cruciform geometry, (b) optimized 
square geometry.
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to strain. Even though the variation in the magnitude of f is negligible 
for the extensometer under consideration, we still resort to use the 
actual value of f as a function of the strain instead of a constant value 
[23,40,41,48–51].

Hence the nominal stress Py,x in either planar X or Y directions from 
experiment at a given strain level e in the corresponding direction is 
calculated using equation (8): 

Py,x(e)=
f(e) × Ry, xext(e)

LG × t
(8) 

where, t is the initial thickness of the sample in the gauge portion [mm].

4. Terminologies for biaxiality

There are huge discrepancies in the literature in terms of specimen 
geometries used for biaxial tension test in planar mode due to lack of 
standard or protocol [52]. Nevertheless, there is a preliminary ISO-FDIS 

16842 standard on the biaxial characterization of metallic sheet in which 
a cruciform sample with slit in the arm was recommended [53]. Some 
criteria shall be met to achieve a proper grade of biaxiality [26] (in the 
case of EB tension test) including: 

(i) test function (Γ(x, y)): it indicates whether uniform and homo
geneous strain can be achieved in the FOI where e(x,y)xx and e(x,y)yy are 
nominal strains in X and Y directions, respectively (equation (9)). 
It can be concluded that the higher the test function the higher 
the uniaxiality. In this paper, a test function of 0.04 are consid
ered for proper biaxiality.

Γ(x, y)=
⃒
⃒
⃒e(x,y)xx − e(x,y)yy

⃒
⃒
⃒ (9) 

(ii) degree of efficiency (η): due to complexity of biaxial loading, 
uniaxial strain in the arm (for the cruciform sample) and in the 

Fig. 12. EB fatigue test performed on NR-cruciform specimen: (a) displacement control parameters, (b) nominal strains over the virtual extensometers length i.e. in 
the FOI, (c–d) e(x,y)xx and e(x,y)yy distributions, respectively, at maximum displacement, (e) principal strain, e1, at maximum displacement, (f) Γ(x, y) at maximum 
displacement while inset figure depicts area possessing test function less than 0.04 as marked by white arrow, (g) forces 1 & 2 versus number of cycles manifesting EB 
fatigue life of 220 K at e(x,y)xx ∼ 20 % and e(x,y)yy ∼ 20%, (h) fracture surface.
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vicinity of the grip for the square specimen are much larger than 
the uniaxial strain in the FOI, i.e., e(x,y)xx ≫eFOI

xx and e(x,y)yy ≫ eFOI
yy . This 

leads to improper biaxial test as the sample probably fails from 
the uniaxial regions instead of the FOI. Therefore, a new 
parameter is defined (equation (10)) to identify the amount of 
uniaxiality in each direction. The higher the degree of efficiency, 
the higher the biaxiality,

ηx =
eFOI

xx
emax

xx
(10) 

5. Results and discussion

5.1. NR-cruciform: EB fatigue test

Fig. 12 shows EB fatigue test parameters, nominal strains over the 
extensometers length in the FOI, strain distribution and EB fatigue test 
results performed on the NR-cruciform geometry. The displacement 
range of the machine is shown in Fig. 12a while the resultant strains 
obtained by virtual extensometer in the FOI are shown in Fig. 12b. The 
strain extraction in the middle of the sample was obtained by placing 
two virtual extensometers as shown in the inset picture in Fig. 12b.

To better interpret the strain fields, 2D contour plots of e(x,y)xx , e(x,y)yy , e1 

and Γ(x, y) (maximum principal strain) are shown in Fig. 12c–f, 
respectively. The e(x,y)xx and e(x,y)yy are minimum in the FOI and increase 
uniaxially toward the arms which can be attributed to stress concen
tration imposed by the grip (Fig. 12c and d). Maximum principal strain 
(e1) is shown in Fig. 12e manifesting its maximum values in the vicinity 
of the arm. A large area of biaxiality (Γ(x, y) < 0.04) is achieved as 
shown by white arrow in the inset of Fig. 12f. In addition, the degree of 
efficiency (η) is another factor that shall be met for a better biaxiality. 

ηx =
eFOI

xx
exx

max
=

0.19
1.13

≈ 0.17 

Same value is obtained for ηy due to symmetry of the geometry. A 
maximum EB tension fatigue life of 220 K cycles (Fig. 12g) is achieved. 
Considering the value of degree of efficiency and e1, it can be concluded 
that the cruciform sample would fail in the vicinity of the gripping re
gions as shown in Fig. 12h. Therefore, a further edge enhancement shall 
be made on the sample. In other words, it should be further optimized by 
thickening the edges requiring an expensive mould. So, no further test 
was performed on the cruciform sample in this study.

Similar observations can be made from the simulation results pre
sented in Fig. 13, where Fig. 13a–b and c illustrate the nominal strain in 
X and Y directions and the maximum principal strain, respectively. It can 
be observed that the simulation results for strain follow closely to that of 

Fig. 13. Simulation results for EB tension test: (a) nominal strain in X direction, (b) nominal strain in Y direction, (c) test function Γ(x, y) (d) maximum principal 
strain (e) mesh diagram showing the extensometers in red colour, (f) stress strain response corresponding to the extensometer shown in (e) possessing 5.5. Mm length.

A. Esmaeili et al.                                                                                                                                                                                                                                Polymer Testing 154 (2026) 109060 

9 



the experiments while there is an underprediction of the strain values in 
the arms. The experiment shows a maximum nominal strain value of 
1.13 in the arms while the simulation results suggest a value of 0.9. This 
can be due to the complications arising from the gripping in the arms, 
resulting in an increased strain demand in the vicinity of the clamps 
which is not accounted in the simulation. Nevertheless, the nominal 
strain values in the FOI matches closely with experiments. Fig. 13d il
lustrates the test function Γ(x, y), which is a good prediction of the 
experimental results. Fig. 13e illustrates the FOI of the cruciform sample 
marked by two extensometers in red colour possessing 5.5 mm length. 
Finally, Fig. 13f shows the stress strain diagram obtained from the 
experiment using the methodology described in section 3 and ratio pa
rameters explained in Fig. 11a.

5.2. NR-simple square

5.2.1. EB fatigue test
To better understand the degree of biaxiality in the simple square 

specimen, a low frequency EB tension test at strain of ~43 % was con
ducted only for a few cycles (Fig. 14). The displacement parameters and 
its consequences on imposed strains in both directions are shown in 
Fig. 14a and b respectively. The e(x,y)xx , e(x,y)yy , e1 and Γ(x, y) are presented 
in Fig. 14c–f, respectively. A uniform strain distribution (~42 %) in X 
and Y directions can be seen in the FOI as shown in Fig. 14c and 
d whereas a maximum strain of 78 % can be seen near the grip. This can 
be further validated by the maximum principal strain in the vicinity of 
the grip as shown in Fig. 14e.

Unlike the cruciform sample, the area of EB region and the degree of 
biaxiality in the FOI is much better in the simple square geometry 
(Fig. 14f). In fact, the value of the test function in the FOI, corresponding 

Fig. 14. EB fatigue test at 43 % strain: (a) displacement control test parameters, (b) nominal strains, (c–d) e(x,y)xx and e(x,y)yy fields, respectively, at maximum 
displacement of the machine, (e) maximum principal strain, (f) Γ(x, y) at the maximum displacement of the machine manifesting quite large EB region in the middle, 
(g) force 1(Y-direction) & 2 (X-direction) versus cycle numbers manifesting EB fatigue life of 34 K at e(x,y)xx : 45 % and e(x,y)yy : 45 % (h) stress-strain curves obtained 
from experiment.
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to the pink colour region as shown by a black arrow in Fig. 14e, are 
within 0–0.04. This is quite significant as the maximum strain imposed 
on the simple square specimen is almost twice with respect to the 
cruciform sample while the value of the test function is approximately 
half in the latter compared to the former. The degree of efficiency at 
maximum global strain of 43 % for the simple square sample can be 
obtained using equation (10) as follows: 

ηx =
eFOI

xx
emax

xx
=

0.43
0.79

≈ 0.54 

It can be concluded that the degree of efficiency in the square ge
ometry is three times higher than the cruciform geometry. Considering 
the test function and the degree of efficiency obtained for the simple 
square specimen compared to the cruciform geometry, one can say that 

the former geometry can be ideal configuration since a larger area of 
specimen subject to equi-biaxiality instead of a small area (in the case of 
bulge test). A fatigue life of 34 K was achieved for the simple-square 
specimen under 43 % EB strain as shown in Fig. 14g while the stress- 
strain curves of the last 5 cycles are presented in Fig. 14h. The value 
of stress in Y-direction is relatively higher than X direction as it is in 
parallel to the mill direction of rubber used. No significant hysteresis can 
be seen such that it can be a potential material for WECs requiring a 
relatively low hysteresis in biaxial mode [5].

5.2.2. UB fatigue test
As it was mentioned earlier, one of the typical loading conditions on 

flexible membranes used in WECs [21] is the UB loading in which 
approximate strains in longitudinal and transverse directions in the 

Fig. 15. UB fatigue test performed on NR-simple square specimen: (a) displacement control test parameters, (b) nominal strains, (c–d) e(x,y)xx and e(x,y)yy distributions, 
respectively, corresponding to the maximum displacement of machine, (e) maximum principal strain, e1, at maximum displacement (f) fracture surface, (g) force 1(Y- 
direction) and 2 (X-direction) versus cycles manifesting UB fatigue life of 570 K cycles at e(x,y)xx : 45 % and e(x,y)yy : 5 %, (y) stress-strain curves at different time intervals.
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range of 5–10 % and 45–55 %, respectively, are applied to the mem
brane. Hence, this test is performed to better evaluate fatigue life of NR 
in a more realistic condition. Fig. 15a illustrates the UB tension fatigue 
test parameters, i.e., a fixed displacement control was applied whereas 
the resulting strains, extracted by virtual extensometer, can be seen in 
Fig. 15b. From Fig. 15a and b, it can be concluded that the strain can be 
approximately obtained using the displacement of the machine for 
simplicity (only for simple square geometry). 2D strain fields of the e(x,y)xx ,

e(x,y)yy and e1 are shown in Fig. 15c–e, respectively, indicating a big area 
of unequal biaxiality possessing e(x,y)xx = 5 % and e(x,y)yy = 45 % is 
achieved.

In addition, strain concentration imposed by the grips is also notable 
where e1 of 100 % can be seen in the vicinity of corner grips (Fig. 15e). 

This indicates that strain near the gripping region is twice the strain in 
the FOI resulting in a premature failure in the vicinity of the grips during 
the UB fatigue test as shown in Fig. 15f. Nevertheless, an UB tension 
fatigue life of 570K cycles is achieved (Fig. 15g). Finally, the stress-strain 
curves in X and Y directions in the first cycle, cycle No. 520K (few 
thousand cycles before crack initiation), and cycle No. 571K (few hun
dred cycles after catastrophic failure) are shown in Fig. 15h. No signif
icant hysteresis can be noted as the applied strain is not high enough, i. 
e., not in a nonlinear region. Apart from that, the presence of stress 
reduction can be observed which can be attributed to continuous poly
mer chain and crosslink breakage during the high cyclic tests [54].

Fig. 16. UB fatigue test conducted on simple-sqaure ecoflex at e(x,y)xx : 10 % and e(x,y)yy : 55 % (a) displacement control test parameters, (b) nominal strains, (c–d) 

e(x,y)xx and e(x,y)yy distributions, respectively, at the maximum displacement of the machine, (e) maximum principal strain at maximum displacement, (f) fracture surface, 
(g) Foce-cycles No manifesting fatigue life of 76 K cycles, (h) stress strain curves for the first two cycles.
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5.3. Ecoflex

This section starts with UB fatigue performance of ecoflex employing 
simple square and EB and UB investigation of optimized square speci
mens. A low frequency EB cyclic test is performed on optimized square 
geometry to better understand its potential toward standardization of 
biaxial test.

5.3.1. Simple square specimen: UB fatigue test
Fig. 16a and b shows test setups and the imposed strains in the 

central region. The e(x,y)xx , e(x,y)yy , and e1 are presented in Fig. 16c–e, 
respectively. The strain fields in X and Y directions manifest relatively 
homogenous distributions in the central region i.e. e(x,y)xx : 55 % 
and e(x,y)yy : 10 % whereas a maximum strain of 100 % can be seen near 

the corner grips in the Y direction. This leads to premature failure 
throughout the fatigue test (Fig. 16f) due to stress concentration 
imposed to the sample from the grip.

A low fatigue life of 76 K cycles is achieved (Fig. 16g) which is due to 
lack of edge reinforcement used. Therefore, the gripping region of the 

Fig. 17. EB tension characterization at e(x,y)xx : 65 % and e(x,y)yy : 65 % performed on optimized square sample made of ecoflex: (a) displacement control parameters, (b) 

nominal strains, (c–d) strain comparison in the arm and middle areas showing twice strain in the latter with respect to former, (e–f) e(x,y)xx and e(x,y)yy field, respectively, 
at the maximum displacement of the machine, (g) maximum principal strain, (h) Γ(x, y) at the maximum displacement of the machine.
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sample should be further reinforced so that a high cyclic biaxial test can 
be thoroughly achieved. This leads to further optimization of the spec
imen configuration which will be discussed in the next section. Finally, 
the stress-strain curves are plotted in Fig. 16h for the first two cycles 
manifesting large hysteresis which can be related to high shore hardness 
of the ecoflex used in this study [55].

5.3.2. Optimized square specimen

5.3.2.1. Low frequency EB test. An EB tension test with a low frequency 
(0.16 Hz) was conducted to better evaluate the performance of the 
optimized square specimen (Fig. 17). The maximum movement of the 
machine in both directions were 27.5 mm (Fig. 17a) while maximum 
strains of 65 % was achieved in the FOI (Fig. 17b). Various virtual ex
tensometers were placed in the samples as shown in Fig. 17c to better 
distinguish the imposed strains in the FOI and arms (Fig. 17d). It can be 
concluded that the movement of the machine up to 27.5 mm results in 
strain values of 65 % and 30 % in the FOI and arms, respectively. 
Likewise, a maximum strain of 99 % is also notable in the corners of 
central square cavity (Fig. 17e and f) which can be related to cross- 
sectional change leading to stress concentration. This can be further 
validated by the maximum principal strain presented in Fig. 17g. Test 
functions of Γ(x, y) < 0.04 and 0.04 < Γ(x, y) < 0.08 are obtained in the 
central regions as highlighted by white and yellow arrows, respectively, 

in Fig. 17h.
The degree of efficiency at the maximum strain can be obtained using 

equation (10) as follows: 

ηx =
eFOI

xx
emax

xx
=

0.65
0.99

≈ 0.66 

This demonstrates the highest efficiency amongst all tested geome
tries in this study while a maximum strain of 65 % in the middle is 
achieved. It is worth noting that not only the area of equi-biaxiality 
matters but it is also important to reach a large value of EB strain in 
the FOI without premature failure or damage evolution caused by 
gripping in the clamping regions.

The results of simulations are presented in Fig. 18 where a, b and c 
illustrate the nominal strains in X, Y directions and the principal strain, 
respectively. While the experimental findings show an asymmetry in the 
results due to improper gripping conditions, the simulation results 
illustrated in Fig. 18 demonstrate a perfectly symmetric contours with 
strain values shown in Fig. 18a, b and c matching closely to experiments 
especially in the FOI. Now the biaxiality test function Γ(x, y) illustrated 
in Fig. 18d shows a remarkable similarity to that of experiments in the 
FOI where Γ < 0.08. The stress-strain curve obtained from the experi
ment calculated by the method described in Section 3 is illustrated in 
Fig. 18f.

Fig. 18. EB tension results from simulation, (a) nominal strain in X direction (b) nominal strain in Y direction, (c) maximum principal strain, (d) test function Γ((x,y), 
(e) mesh diagram with extensometers in red colour and (f) stress-strain relationship obtained corresponding to the extensometers.
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5.3.2.2. UB fatigue test. UB tension fatigue on an optimized square ge
ometry was conducted based on the test parameters presented in 
Fig. 19a while the imposed strains in the FOI extracted by a virtual ex
tensometers is plotted in Fig. 19b. The strain fields, e(x,y)xx ,e(x,y)yy ,and e1, are 
illustrated in Fig. 19c–e, respectively. Nominal strains in X and Y di
rections in the FOI are approximately 55 % and 10 %, respectively, 
whereas the maximum strains in the arm (the reinforced edge) are 
around 28 % and 8 %, respectively (Fig. 19c-d). For comparison, the 
displacement parameters and resulting strains in the FOI for both simple 
square and optimized square specimens are listed in Table 4. Optimized 
square geometry can effectively reach much higher strain in the FOI 
with less movement of the machine while possessing ultra-high biaxial 
fatigue life (Fig. 19f).

This sheds light on developing reliable and effective test procedure 
for biaxial fatigue testing of elastomers as no standard and protocol are 
available. Apart from the significant performance of the optimized 
square geometry, presence of cracks in the vicinity of the corner grips at 
cycle numbers >1.8 million is notable as shown in Fig. 19f. This can be 
attributed to cyclic movement of the grips during fatigue test resulting in 
damage evolution near the corner grips which possess the highest strain 
(Fig. 19d and e). It can be concluded that a higher strain can be achieved 
for the optimized square geometry with a relatively small amount of 
machine movement whereas further machine displacement is required 
to achieve the same level of strain for the simple square geometry. It is 
worth noting that the sample could be further optimized by reposi
tioning the thin section (FOI) to the mid-plane of the thickness, making 
it symmetric along the thickness direction. However, this modification 
would require a closed mould, whereas the current design can be pro
duced using an open mould, which greatly simplifies the sample prep
aration process, time, and cost.

Fig. 20 illustrates the results from simulation of the optimized square 
geometry under UB condition. Fig. 20a–c illustrates the nominal strains 
in X and Y directions and the maximum principal strain, respectively. 
Fig. 20d shows the extensometers in the deformed configuration and 
marked by red colours. Finally, Fig. 20e shows the stress-strain rela
tionship of the material in UB conditions explained in Fig. 19a and b. A 

Fig. 19. UB fatigue test on ecoflex at e(x,y)xx : 10% and e(x,y)yy : 55 %: (a) displacement control parameters, (b) nominal strains, (c–d) e(x,y)xx and e(x,y)yy fields, respectively, at 
the maximum displacement of the machine, (e) maximum principal strain, (f) high cyclic fatigue test results conducted up to 2 million cycles manifesting crack 
initiation at corner grips at cycle No > 1.8 million.

Table 4 
Comparison of machine displacements and resultant strains in the FOI for square 
geometry made of ecoflex.

Specimen DISP- X 
(mm)

DISP - Y 
(mm)

e(x,y)xx 

(%)
e(x,y)yy 

(%)

Fatigue life 
(Cycle No)

Simple 10 45 10 55 78,000
Optimized 2.5 27.5 10 55 2,000,000

DISP: Displacement.
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good agreement between simulation results and experiments in terms of 
nominal and principal strains is achieved verifying the numerical 
methodology used in this study, thus, the stress-strain curve plotted in 
Fig. 20e is precisly correct.

6. Comparison and future study

Different test configurations, materials, and biaxial modes including 
equal and unequal, were conducted in this study. Two parameters were 
already defined in the literature to find out the degree of biaxiality 
including test function Γ(x, y) and the degree of efficiency ηx. Here, we 
define a new factor (unitless) which is quite important for the biaxial 
fatigue test called Strain Ratio (SR) based on equation (11) which in
dicates the amount of machine displacement required to reach the 
desired strains in the central region (FOI) with no concern of failure 
imposed by grips, i.e., 

SRxx[…] =
exx

FOI […]

exxgl […]
(11) 

Exx
gl[…] =

ΔLxx
max [mm]

Li [mm]
(12) 

where exx
FOI is the maximum strain in the FOI obtained by DIC, exx

gl is 
the maximum global strain obtained using equation (12), ΔLxx

max is the 
maximum displacement of the machine, and Li is the initial grip to grip 
distance. SRyy can be obtained in the same way due to symmetry.

Regardless of the materials used, the biaxiality criteria for EB tests 
conducted in this study at Γ(x, y) = 0.04 are compared in Table 5. It can 
be concluded that the optimized configuration shows much better per
formance since exx

FOI, SR, and η, are higher than other geometries.
The optimized square configuration will help to reach higher biaxial 

tension fatigue life as it reduces the stress concentration in the corner of 
the central cavity. It is worth noting that fatigue life of any materials is 
an inherent property of the materials and independent of specimen 
design or testing method. However, lack of proper specimen geometry in 
biaxial mode led to premature failure due to stress concentration 
imposed by the grips as well as improper strain distribution resulting 

Fig. 20. Simulation results for UB tension test: (a) nominal strain in X direction, (b) nominal strain in Y direction, (c) maximum principal strain, (d) deformed mesh 
showing the extensometer in red colour, (e) stress-strain curves.
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from poor specimen design. Therefore, it is important to optimize the 
specimen geometry to avoid aforementioned issues and to reach higher 
fatigue life while samples can fail from the gauge region not in the vi
cinity of the grip. We believe that the new geometry can shed more light 
into performing high cyclic biaxial tension fatigue and therefore fatigue 
life of the materials can be thoroughly obtained.

Considering the small area of equi-biaxiality in the cruciform ge
ometry, we believe square specimen can be ideal choice in biaxial testing 
due to much higher efficiency (η) as well as SR with respect to the 
cruciform sample. In fact, a maximum strain of 43 % can be imposed to 
the central region of NR simple-square geometry possessing η of 0.54 
while a maximum strain of 20 % is reached in the cruciform sample with 

small η of 0.17. This clearly indicates significant performance of the 
simple square geometry with respect to the cruciform in the biaxial 
mode. We suggest that the geometry of the optimized square specimen 
could be further improved by replacing the central square cavity with a 
circular one as shown in Fig. 21. To further illustrate the effectiveness of 
the new geometry, we resort to the results from simulations.

Firstly, a comparison of the simulation results to that of the Treloar’s 
data is performed and is shown in Fig. 22a. The stress-strain behaviour is 
nearly identical and is matching closely to that of experiments for all the 
three cases of extensometer lengths considered LG ∈ [20 28 35] mm. This 
means that the entire circular cavity area undergoes EB deformation 
unlike the optimized square geometry presented earlier, where a much 

Table 5 
Comparison of equi-biaxiality criteria for different sample geometries in EB mode.

Material Geometry ΔLmax (mm) exx
gl (mm) exx

FOI (mm) SR (…) η (…) Γ(x, y) : 0.04 (…)

NR Cruciform 35 0.64 0.2 0.31 0.17

NR Simple-Square 45 0.49 0.43 0.88 0.54

Ecoflex Optimized 27.5 0.33 0.65 1.96 0.66

Fig. 21. Recommended optimized square geometry with a circular cavity in the middle.
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smaller extensometer was required. Furthermore, the scaling factor ‘f’ is 
illustrated in Fig. 22b which can be used for calculating stresses from 
experimental data.

Fig. 23 further illustrates the results from the simulation where the 
specimen is deformed by 220 mm in both X and Y directions where 

Fig. 23a–b and c show the nominal strains in X, Y directions and the 
principal strain, respectively. Additionally, Fig. 23d provides the 
maximum principal strain in the central gauge portion of the sample 
showing great uniformity having a variation of only 2.3 %. Fig. 23e 
depicts the spatial variation of the test function Γ(x, y). It can be 

Fig. 22. Simulation results for the optimized square geometry with a circular cavity: (a) comparison of the stress-strain relationship corresponding to different gauge 
lengths to that of the Treloar’s data [43], (b) comparison of the variation of ratio ‘f’ at different strains corresponding to three different gauge lengths.

Fig. 23. EB tension results from simulation for the optimized square sample with a circular cavity: (a) nominal strain in X direction (b) nominal strain in Y direction, 
(c) maximum principal strain, (d) maximum principal strain in the central gauge portion, (e) test function Γ(x,y), (f) mesh diagram with 35 mm extensometers shown 
in red colour.
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observed that Γ(x, y) is nearly identical for the entire central circular 
cavity area and satisfies Γ(x, y) < 0.04 which further illustrates excel
lent equi-biaxiality of the specimen in the FOI. Hence, the entire area of 
the circular cavity can be deemed to be effective in the biaxial tension 
such that stress can be simply obtained from the entire cross-section of 
the circular region as shown by the extensometer marked in red colour 
in Fig. 23f. Further, the degree of efficiency at the maximum strain can 
be obtained using equation (10) as follows: 

ηx =
eFOI

xx
emax

xx
=

4.45
4.45

≈ 1.0 

Similarly, the SR in either direction can be calculated using equation 
(11) such that 

SRx,y =
ex,y

FOI

ex,ygl =
4.45
2.1

= 2.12 

Thus, both the efficiency η and SR for the proposed section is 
significantly improved compared to the optimized square geometry with 
central square cavity and has the potential to yield consistent results 
from experiments. So, the recommended configuration shown in Fig. 21
can significantly enhance the biaxiality performance and will lead to 
proper EB fatigue.

7. Conclusion

Various biaxial tension tests were performed on NR and ecoflex while 
different sample configurations including cruciform, simple square, and 
optimized square, and test parameters were used to investigate the po
tential of biaxial tension loading for fatigue testing of elastomers. The 
following findings were drawn: 

• Three criteria were defined to evaluate the equi-biaxiality perfor
mance: (i) test function ((Γ(x, y)), or degree of biaxiality showing 
whether homogeneous strains can be achieved in the FOI, (ii) degree 
of efficiency (η) manifesting the ratio of strain in the FOI to 
maximum strain in the samples apart from the FOI which can high
light the importance of gripping and gauge-section reduction to 
avoid premature failure near the gripping regions, (iii) SR which is 
an important factor especially for fatigue test. SR indicated that how 
much machine movement was required to reach the desired strain in 
the FOI. It was concluded that a good equi-biaxiality can be obtained 
at test function in the range of 0.04.

• Cruciform geometry showed least performance in the equi-biaxiality 
criteria possessing ηx: 0.17 at EB strain of 20 % in the FOI whereas 
the NR-simple square geometry could reach to ηx and exx

FOI as high as 
0.54 and 43 %, respectively. The highest equi-biaxiality performance 
was obtained for the optimized square geometry, i.e., eFOI

xx : 65% and 
ηx of 0.66 were achieved.

• The highest SR was achieved for the optimized square specimen 
followed by the simple square whereas the cruciform specimen 
showed lowest values. It was concluded that the optimized geometry 
can effectively reach much higher strain in the FOI with remarkably 
less movement of the machine (higher SR) and less strain near the 
grip (higher η) while possessing ultra-high biaxial fatigue life (~1.8 
million cycles).

• EB fatigue test conducted on cruciform samples made of NR man
ifested a very low fatigue life of 270 K cycles at strain of 20 % which 
failed from the grips. This was attributed to its weak degree of effi
ciency thus griping effect was significant in the cruciform specimen 
without any arm reinforcement.

• UB tension fatigue test was conducted on ecoflex to measure fatigue 
life in such a way that approximately 10 % and 55 % strains can be 
applied on in X and Y directions to mimic service condition of flexible 
membrane used in WECs. It was shown that optimized sample could 

reach of 2 million fatigue cycles while crack near the grip was 
initiated at around 1.8 million cycles.

• A new test configuration was recommended for future study i.e., a 
square sample with a circular cavity in the middle. The preliminary 
studies with the help of simulations shows nearly uniform strain 
distribution in the entire circular cavity area leading to a larger area 
of equi-biaxiality and consequently a larger FOI. Further the nu
merical study yielded an efficiency value η of 1 and SR value of 2.12 
showing a potential for considerable improvements over the cruci
form and the optimized square geometries.
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