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ARTICLE INFO ABSTRACT

Keywords: Soft polymeric materials such as elastomers and hydrogels have played a significant role in recent interdisci-
Elastomeric polymers plinary research. They are subjected to large stretch and high cyclic loading-unloading conditions where the
Hydrogels

typical loading mode is biaxial rather than simple uniaxial loading, thus, necessitating further characterization
using biaxial loading conditions and subsequently developing robust and versatile numerical models. Although
many standards were prepared for common uniaxial tests in situ elastomers including tensile, shear, and fatigue
tests, no specific standardized guidelines were prepared to be employed for the biaxial characterization of
elastomers and hydrogels. There existed limited works on the biaxial characterization of soft polymers, thus,
making it difficult to identify which configurations and results are more reliable. Hence, there were huge dis-
crepancies in the existing literature for biaxial tests in terms of sample configurations (square or cruciform
specimens), dimensions, and test setups including strain rate, pre-loading, equi-biaxial and unequi-biaxial tests.
Therefore, this paper is aimed at reviewing the published studies on the biaxial characterization of soft polymers
in several aspects including (i) sample configurations in terms of geometry and dimension (ii) biaxiality degree of
tested specimens where sample should be optimized to reach proper biaxiality, i.e., larger area with homogenous
strain distribution in the middle with respect to the edges, (iii) test procedure for the biaxial characterization
including strain amplitude, strain rate and loading patterns (iv) a brief review on inflation test of elastomers
which was the most common equi-biaxial test studied in the literature. The largest and smallest cruciform
samples with the dimensions of 165 x 165 mm? and 38 x 38 mm? were used, respectively, while a small sample
of 7 x 7 mm? and large one of 70 x 70 mm? were also employed for the square specimen. It was concluded that
various test parameters and materials were used for the biaxial characterization. This necessitates the importance
of preparing a standardized methodology for the biaxial characterization of elastomers based on intended ma-
terials and applications. Hence, a few potential geometries based on the optimization performed in the literature
were suggested for future investigations in which numerous examinations using different materials and test
parameters shall be conducted to reach an ideal sample configuration and methodology for the biaxial charac-
terization of soft polymeric materials.
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Digital image correlation
Cruciform geometry
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1. Introduction silicones (e.g.VHB, eco-flex), and hydrogels which possessed hypere-

lastic and viscoelastic behaviours. It should be noted that human tissues

Elastomers, thermosets, and thermoplastics are three main types of
polymers that are composed of polymerization of a subunit called
monomer. Elastomeric materials such as rubbers, silicones, hydrogels
have been widely used in many applications including vibrations and
shock absorbers [1,2], tires [3,4], sealing and sound proofing systems
[5,6], wave energy harvesting [7-11], flexible electronics i.e. wearable
technologies [12,13] tissue engineering [14,15] and soft robotics
[16-18]. Soft materials are defined as any materials with Young’s
modulus in the range of 10°-10° Pa [19] as shown in Fig. 1a. The term
soft polymers, hereinafter, refer to elastomers including rubbers,
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such as skins, cartilages and tendons are not the scope of this paper.
Nevertheless, the outcome of this paper can be beneficial for them as
performing biaxial test for soft tissues exhibiting anisotropic and
viscoelastic behaviours is crucial [20-26].

One of the main characteristics of elastomeric materials is their
ability to undergo large strain, known as hyperelasticity. Hyperelastic
materials usually demonstrate nonlinear stress-strain behaviour where
they are also subjected to high cyclic loading(e.g.,uniaxial and biaxial),
during their service life resulted in more susceptibilities to fatigue fail-
ure [27].There has been significant research into mechanical behaviour
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of elastomers over the last few decades [28-32]. The most typical me-
chanical tests conducted on soft polymers are compression [33-37],
tension [38-40], tear [41,42] and shear tests [43-47] which were
mainly performed in simple loading conditions i.e. uniaxial mode. In
contrast, fewer works were done in biaxial loading (Fig. 1b). Although a
combination of dynamic loading conditions i.e. shear and compression
modes are typical loading scenarios for tire applications, many other
areas such as the flexible membranes employed in wave energy
convertor devices and soft robotics requires a good dynamic mechanical
property in the biaxial modes [7]. Therefore, when considering the
service condition of elastomers that are subject to complex and alter-
nating loading scenarios, obtaining material characteristics from both
quasi-static and dynamic biaxial tests are essential.

High fidelity mathematical modelling of elastomers is an active
research field. To develop accurate constitutive models of these mate-
rials, numerous strain energy functions both for isotropic and aniso-
tropic elastomers have been used to better understand the deformation
of hyperelastic materials including Neo-Hookean [48], Mooney-Rivlin
[49,501, Yeoh [51], Ogden [52], limiting chain extensibility models
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[53,54], and finally comprehensive model developed by Anssari [55].
Extensive reviews of these models can be found in Hossain et al.
[56-58]. Nevertheless, reliable and accurate material parameters
appearing in a hyperelastic model cannot be easily obtained using
experimental data obtained from uniaxial tests. Hence, it is necessary to
perform both uniaxial and biaxial tests to achieve more precise models
[59-61].

Bulge test, also known as the inflation test, is the most common type
of biaxial test conducted on elastomers and thin films (Fig. 1b). How-
ever, thickness variations throughout the membrane during pressurisa-
tion result in severe nonlinear mechanical behaviour i.e.
inhomogeneous stress and strain distributions, in particular at large
strain amplitudes so that the developed outcomes cannot be reliable [62,
63]. Therefore, other test configurations for the biaxial characterization
using square and cruciform samples will also be investigated throughout
this review in addition to the classical bulge (inflation) test. A literature
review shows that there have been different configurations for biaxial
tests including square and cruciform geometries with different di-
mensions. Axel Products Inc developed a rig to test elastomers in
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Fig. 1. (a) Soft and rigid materials definition [19], (b) few most common mechanical tests performed on rubber-like materials, i.e. equi-biaxial tension, planar tension,
uniaxial compression/tension, and bulge test mimicking axisymmetric loading condition [67], (c) a disk-shaped sample stretched radially using 16 grips developed by Axel

Products Inc [61,64].
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equibiaxial mode using a circular specimen which is radially stretched
by 16 arms evenly distributed on its circumference [64,65]. These var-
iations in experimental procedures make it difficult to interpret the
existing experimental data. Published works on the biaxial character-
ization of soft elastomers have been varied in different aspects that can
be summarized as follows: (i) sample dimension in terms of geometry
(cruciform/square) and dimension (ii) sample optimization in the case
of a better biaxiality degree, (iii) test procedure for biaxial character-
ization including strain amplitude, strain rate, applied load patters,
gripping system (iv) the issues related to the inflation test of elastomers
which is the most common biaxial test studied in the literature. Note that
it is of importance to achieve homogenous strain distribution within the
area of interest during the biaxial characterization. In addition, biaxial
test conditions of largely stretchable elastomeric materials are severely
dependent on the clamping systems used, necessitating proper design
and probably reinforcement of the clamping regions [66].To the best of
authors’ knowledge, there is no existing review work that can portray a
clear picture on the biaxial experimental characterization of soft poly-
mers considering all the aforementioned aspects. Hence, the current
review will fill the gaps existing in the literature. In this context, a brief
review of various sample geometries used in biaxial mode is performed
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in section 2 while the definition of proper biaxiality and subsequently
sample optimization are thoroughly discussed in section 3. A summary
of the available biaxial test methodologies for elastomers and hydrogels
in the aspect of hyper-viscoelastic and fracture characterizations are
conducted in section 4 followed by a short review of the bulge test
throughout section 5. The necessity of preparing a standardized pro-
cedure for biaxial characterization are discussed in section 6 in which a
few potential geometries and test setups in addition to specimen rein-
forcement are suggested for future characterizations.

2. Sample configuration

Up to now, no specific standard has been proposed to clarify how the
biaxial specimen should be prepared in terms of its configuration and
geometry. Hence, various specimen geometries have been used
including cruciform (of various sizes and shapes) as well as square
samples. Fig. 2 shows some commonly used geometries for biaxial
characterization including cruciform and square geometries. It is clear
from the figures that there is a high degree of discrepancy amongst
published works in terms of sample shapes and dimensions. Indeed, the
largest and the smallest cruciform samples with the dimensions of 165 x
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Fig. 2. Sample configurations for biaxial characterization with a wide range of soft polymeric materials: (a) 3D printed sample made of TangoBlackPlus [68], (b) SBR
filled with silica prepared using a Brabender-type mixer [69], (c) ELASTOSIL® RT 265 produced by casting [70], (d) NR filled with carbon black made by compression
moulding [71], (e) NR filled with carbon black [72], (f) elastomeric material [73], (§) PP/PE,Polypropylene/polyethylene, biaxial sample [74], (h) 3D printed silicon rubber
[75]1, (i) magnetorheological elastomers (MRE) prepared by casting [76], (j) poly(ethylene terephthalate) (PET) prepared by injection moulding [77], (k) styrene butadiene
rubber (SSBR) filled with carbon black [781, (1) double network hydrogels [791, (m) rubber like samples cut from a sheet [80], (n) latex, oppo band and ecoflex cut from a
sheet [81], (o) polyvinylidene difluoride (PVDF) flat membrane [82], (p) nafion membranes [83], (q) chemically and physically cross-linked hydrogels [84], (r) hydrogel
[851, (s) NR filled with CNT [86], (p) elastomeric disk-shaped specimen [64]. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)
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165 mm? (Figs. 2d) and 38 x 38 mm? (Fig. 2p) were used, respectively,
while a small sample of 7 x 7 mm? (Fig. 2n) and large one of 70 x 70
mm? (Fig. 2k) were also used for the square specimen. It is quite difficult
to indicate which configuration is ideal for the biaxial characterization
since different materials and loading conditions were employed. This
necessitates the importance of developing a standardized procedure for
biaxial characterization of various soft materials. This can be also of
particular interest for studying physiology and anisotropic behaviour of
human tissues in which performing a reliable biaxial test in vitro is quite
challenging due to boundary conditions i.e. stress concentration
imposed to the sample from the grips as well as varied sample geome-
tries used [20-24].

Apart from the cruciform and square samples, a circular specimen
with diameter of 75 mm was equi-biaxially tested at Axel Products Inc
[64]. in which it was claimed their test methodology can also be used
instead of simple uniaxial compression for incompressible materials
such as rubbers (Fig. 2p). This was attributed to the detrimental effect of
friction during simple uniaxial compression. They have employed a se-
ries of experimental tests to verify hyperelastic models for elastomers
including uniaxial tension, planar tension, and equal biaxial extension.
Radial slits were created into the sample to separate the grips while the
holes were introduced to avoid premature failure in the vicinity of the

grips.
3. Sample optimization and biaxiality degree

One of the main challenges in running biaxial test is to achieve ho-
mogeneous strain and stress distributions in the field of interests, typi-
cally in the middle of the samples (both cruciform and square
specimens) [87-93]. However, it is hard to achieve due to the gripping
effect which causes stress concentration near the edge arisen from the
grips [66] along with a wider area of the middle (for the cruciform
sample) which decreases the stress in the middle (Fig. 3a). Therefore,
some studies discussed sample optimization for a better biaxiality de-
gree and a homogenous strain distribution within the cruciform spec-
imen. For instance, Seibert et al. [73] investigated the effect of various
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cruciform geometries as shown in Fig. 3b. As it is shown in Fig. 3a,
samples are varied in terms of the fillet radius, width and length of the
arm, which are indispensable geometric properties. However, the di-
mensions of the clamping region and overall dimension of the specimen
were kept constant.

For that, a set of criteria was defined leading to a perfect biaxially
state including:

r(xy) = B ~ES) )
E¢ 0.1
1= Eu=01 —n®Y =g @
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in which E3”and Ejy”) are principal strains in x and y directions,

01) scaled

respectively, I'(x,y) test function, ; degree of efficiency, 7'
degree of efficiency, o standard deviation of the test function, Qo
quality factor. It is worth noting that a perfect biaxiality means that the
principal strains in the center of the sample, Ef, and Ej, , should be
equal, thus, test function I'(x,y) (equation (1)) indicates the variations
from perfect biaxiality in the region of interest, i.e., the more I'(x,y) the
more uniaxiality and vice versa. The test function over the horizontal
axis (the distance AB shown by white dashed arrows in Fig. 3a)is shown
in Fig. 3c where type A and D configurations manifest better biaxiality
compared to type B and C.

Apart from the perfect biaxiality, the uniaxial strain within the arms
is much higher than the middle area i.e. E&Y >E, and Egy) >E; , thus,
a new factor was taken into account to define the Degree of Efficiency
(DOE) (equation (2)). This demonstrates the strain discrepancy between
the arm and the center region in which a DOE of 0.25, 0.12, 0.09, and
0.29 were achieved for type A to D, respectively. Therefore, type B and C
geometries cannot be ideal configurations resulting from their high-test
functions and low DOEs. Finally, a combination of both test function and
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Fig. 3. (a) High strain near the gripping region as well as the arm, (b) different sample geometries, (c) test functions within one arm of the cruciform sample refer to

distance AB illustrated in (a) [73].
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DOE was considered to identify an optimum sample for perfect biaxiality
led to the definition of the quality factor (equation (3)). Type A man-
ifested a quality factor of 0.04 whereas type D represented a value of
1.03. The low quality factor for the type A was attributed to high stan-
dard deviation within the sample with respect to the type D. It was
concluded that type D shows better performance in terms of a better
degree of biaxiality.

Hartmann et al. [74] defined two important parameters for achieving
proper biaxiality during a tension test of a cruciform specimen including
formation of large strain and uniform strain distribution in the middle
region; otherwise, a large strain can be observed in the arm as shown in
Fig. 4a. It was noted that the arm should be stiffer compared to the
middle area to achieve relatively large strain in the middle i.e., samples
should be reinforced in the arm regions or moulded with thicker edges.
This was done by gluing PP/PE (polypropylene/polyethylene) on both
sides of the specimen with either square or circle-shape holes in the
middle and with/without four cuts in the corners as shown in Fig. 4b.
Therefore, several distinct geometries of the reinforced cruciform
specimens along with the original shape (no reinforcement) were
investigated to find out which configuration resulted in a larger strain
and homogenous strain distribution in the middle area (Fig. 4a—c). The
unreinforced specimen shows maximum strain in the arm rather than
the middle (Fig. 4a). However, the reinforced specimens resulted in
larger strains in the center as shown in Fig. 4b regardless of the
configuration used. Equations (4) and (5) were defined to obtain the
strain distribution within the center of the sample:
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where [ is the length of the smaller thickness region in the center, [, is
the mean length of the central area, ¢, is the mean strain value, and &,
is the relative error.

As it is shown in Fig. 4d, the effect of reinforced arm (shown in
Fig. 4b) to reach homogeneous strain distribution in the middle is not
fully practical i.e., a region of 0.5 [, manifested low error in the center
whereas the other regions exhibited high deviations. Similarly, addition
of different slots (Fig. 4c) to the reinforced specimen with a square hole
in the middle, does not show significant change in reaching homoge-
neous strain distribution, although the one with slot distancing 4 mm
from the middle square illustrates a better strain distribution (Fig. 4e).
Finally, an epoxy moulded cruciform samples with thickness of 5 and
0.4 mm for the arm and centre, respectively, were tested for comparison
in which no significant homogeneity was identified (Fig. 4f).

Modification of the shape of a 3D-printed cruciform samples made of
silicone rubber subjected to biaxial tension test (with the stretch ratio of
maximum A = 2 in the center) was investigated by Putra et al. [75]. The
aim of their experimental study was to identify material parameters of
four commonly used hyperelastic models using a least square method.
Five different geometries (by changing W and r, the narrowest width of
the arm and fillet radius, respectively) were prepared as shown in Fig. 5a
to find out the optimum shape of the sample in which a maximum
stretch (1) in the gauge area can be achieved. Equation (2) [73] was used
to identify the degree of efficiency amongst various samples, denoted as
n in their study as illustrated in Fig. 5b. The maximum stretch was
considered less than the stretch at failure in the uniaxial tensile test

1,.0.2x1y (&) (AyTs < 4) to guarantee no failure takes place during the biaxial test.
Finally, Finite Element Method (FEM) was employed to identify the
€, _le-enl 100 ) optimum shape in which the maximum elongation can be achieved in
E the middle rather than in the arm. It was concluded that geometry #4 i.
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Fig. 4. Comparison of strain distribution in varied geometries: (a) unreinforced cruciform specimen, (b) different reinforced specimens with a square or circle hole in
the middle, (c) reinforced samples with two different slots within the arm,(d-e) strain distribution versus normalized length corresponding to designed shapes shown
in.b-c, respectively, (f) strain distribution versus normalized length for moulded-epoxy specimen [74].
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(b) FEA result for the specimen shape with 4, = 2. Iteration #4, with the lowest 4,,,, and highest # is selected.
Iteration Parameter updated w r d AMax Location of Zyay n
(mm) (mm) (mm)
0 - 5 1 14.8 6.2 Fillet 0.87
1 r 5 2.5 22.0 4.1 Arm 0.69
2 w 10 25 27.2 4.5 Fillet 0.80
3 r 10 5 35.2 4.1 Arm 0.69
4 (selected in this study) w 15 5 38.0 4.1 Fillet 0.75
5 w 20 5 39.0 4.7 Fillet 0.78

Fig. 5. Biaxial tension test of a 3D-printed silicone rubber: (a) stretch distribution alongside of the arm from the centroid to the clamped edge and shape change of
the specimen in five iterations, (b) FEA results of geometries in 5 iterations [75].

e., W=15and r = 5 mm are the best values to reach a proper biaxial
state in the middle. It should be noted that a stretch ratio of 2 i.e.,
elongation of 100% was taken into account in the centroid (Fig. 5b).
Specimens 0, 2 and 5 were not selected due to sample failure i.e., the
stretches were higher than the ultimate tensile strength (UTS) of the
materials. Geometries 3 and 4 manifested acceptable stretch distribu-
tion, however the latter showed higher DOE, therefore, it was selected
for the biaxial study as optimum sample.

A Digital Image Correlation (DIC) technique was used to measure the
Green-Lagrangian strains by mean of the NCORR™ software using
equations (6)-(8):

AR RTINCANNCAY
8’“‘_2 26)6+ Ox + ox ©®
Lo L v fou\® fou\®

—— 2=+ (= ou
£y =5 6y+ PN + dy )
;L (O 0v oudu v

=2\ Gx "oy " axay T axay ®

where €& and e)L,y are the Green-Lagrangian strains in x and y directions,
respectively and ef(y is the Green-Lagrangian shear strain. Finally, the
stretch ratio can be obtained using equations (9) and (10):

Ae=1/(2e5 +1) 9

iy=1/ (265 + 1) 10)

To compare the results with FEM simulation, true strain was calcu-
lated using equation (11):
an

£ =In A,

The nominal strain, which is the displacement of the grips, d, over

the initial length, L;, can be also found using equation (12):

d
e =2 x—
i

12

Finally, the apparent true stresses, denoted as ¢4

and a;}’}, and the
approximated true stresses at the centroid denoted as ¢2% and o7¢ were

obtained using equation (13) and (14), respectively:

AF, AF
O{f:TiW and 6% = T‘?“y/ 13)
67 =S6™ and 6;;" = SoyT_;‘, 14

in which F, and F, are forces in x and y directions, respectively, T; the
thickness, W the width, A and /1; are stretch ratios at the center in x and
y directions, respectively, and S is the correction factor obtained by FEM
calculation.

Fig. 6a-b shows the strain distribution,

el

L. and ek respectively,
within the gauge zone at different displacements in the range of d = 0 to
d = 38 mm for a 6 mm thick specimen. It is worth noting that the square
shape of the gauge region gradually transforms to a circular shape upon
stretching the sample resulting from a non-uniform strain distribution in
the middle of the cruciform sample. In addition, the circular subset at
the centroid (A¢) manifests more uniform strain distribution with respect
to the square gauge zone i.e. a strain variation (the difference between
maximum and minimum strains) of 18 % and 102 % for the central
subset and the square gauge zone, respectively, are obtained (Fig. 6a and
c). This indicates that the former possesses a better equi-biaxial strain
state with respect to the latter. Besides, the shear strain, eny, demon-
strates almost zero value in the center of the circular subset as shown in
Fig. 6b leading to a proper biaxiality. The stretch ratio at the centroid, A5
from equation (9), the true strain, ! from equation (11), and the
Green-Lagrangian strain at the centroid, ¢L, from equation (6), with
respect to the nominal strain, &,¥ from equation (12), were plotted in
Fig. 6d indicating a stretch ratio of 2 can be achieved in the middle of
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Fig. 6. Stress and strain measurement of 3D-printed silicone elastomer: (a-b) Green-Lagrangian strain distributions, ¢-, and ef(y respectively, within the gauge zone at

different clamp displacements, (c) strain, €&, in the gauge zone in deformed and undeformed states, (d) comparison of stretch ratio, true and Green-Lagrangian strains with
respect to nominal strain, (e) apparent true and approximated true stresses versus nominal strain, (f) stress-strain curve from experimental results compared with hyperelastic
models [75]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

cruciform sample when a nominal strain of 1.2 (d = 38 mm) is applied.
Likewise, the true and the Green-Lagrangian strains diverge at the high
nominal strain. The apparent and approximated true stresses versus
nominal strains are shown in Fig. 6e. Finally, the stress - strain curve of
the biaxial test was compared with the four hyperelastic models as
shown in Fig. 6f in which the Yeoh model shows the best fitting followed
by Mooney-Rivlin and Ogden models.

Shape optimization of a cruciform specimen made of silicone rubbers
reinforced with micro and nano-sized iron particles subjected to a
biaxial tension test were studied by Pineda et al. [76]. A combination of
Design of Experiment (DOE) and FEM analysis were used to identify
optimum geometry as shown in Fig. 7a. Three different parameters were
defined to optimize the geometry using the Hammersley optimization
algorithm to minimize strain differences between point A and O, as
illustrated in Fig. 7a. This was performed to reach a homogenous strain
field in the middle. Fig. 7b exhibits optimization outcomes of the three
investigated geometries indicating geometry number 2 can achieve
higher strain (emax) and minimum strain difference (Ae), thus, it was
selected as the optimum geometry in their study. It can be seen that the
modified shape manifests larger and more homogeneous strain distri-
bution compared to the original shape (Fig. 7c).

In another study, Avanzini et al. [80] examined biaxial properties of
natural rubbers using different geometries i.e., square-hooks, simple
cruciform, cruciform-fillet, cruciform-tapered, cruciform-slits, and
uniaxial-rectangle as shown in Fig. 8a. The unstretched and stretched
conditions of all specimens are shown in Fig. 8b in which they were
stretched until failure of either the specimen or slipping from the grips.
All cruciform samples slipped from the grips during biaxial tests whereas

the cruciform-slit and square-hook specimens failed from the centre. A
cruciform sample with fillet does not show significant difference with
respect to the one without fillet, thus, demonstrating no significant ef-
fect of stress concentration of the sharp corner in the cruciform sample
without fillet. The tapered cruciform specimen shows larger deforma-
tion along with cruciform-slit and square-hooks as shown in Fig. 8c.
Likewise, the cruciform-slit and square-hooks samples manifest a more
uniform deformation in the central region, considering that the shape of
the initial central rectangle tends to be maintained which can be
attributed to the less constraint on the lateral expansion imposed by
weaken arms i.e., with slit and hooks as shown in Fig. 8b. Considering
the higher stretch of cruciform-slit and square-hooks samples (Fig. 8c),
one can conclude that they can reach a better biaxiality degree. Finally,
a FEM analysis was performed taking a Mooney-Rivlin type model by
means of inverse method (Fig. 8d) which shows quite good fit with the
experimental results demonstrated in Fig. 8c.

Fig. 9a shows the stress distributions at maximum stretch from the
same study. Regardless of the cruciform geometry, presence of homog-
enous stress and stress concentrations in the region far from the edges
and in vicinity of the edges, respectively, are notable. Strain distribu-
tions are shown in Fig. 9b indicating negligible differences between
cruciform samples with and without fillet. Although cruciform-tapered
manifested large strain, some inhomogeneity can be seen resulting in
less biaxiality in the central region. Finally, the square-hooks sample
demonstrates high strain which are evenly distributed. Fig. 9c indicates
a very small region of proper biaxiality (homogenous stress) for the
cruciform-tapered sample with respect to other samples showing rela-
tively high variations on the edges but better biaxiality in the middle. As
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(a ) ( b) Candidate Point 1 (mm) d (mm) £ (mm) Ae () Emax ()

1 140 10.17 259 0.033 0.88
2 264 10.00 10.05 0.054 097
3 1.89 10.01 7.38 0.067 097
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Fig. 7. Equi-biaxial tension test of reinforced magnetorheological elastomers with micro- and nanoparticles: (a) input variables for the Hammersley optimization
algorithm, (b) optimization results of three different geometries (c) comparison of equivalent strain distribution in two different cruciform geometries [76].

mentioned earlier, a larger area of uniform deformation in the middle
with respect to the central area results in a better biaxiality.

A uniform-biaxiality index denoted as Rpijax is defined in equation
(15) which is shown in Fig. 9d—e. The contour map shown in Fig. 9d
indicates that the area with the absolute differences less than 0.05 in E,,
and E,, are coloured i.e., blue colour is not biaxial region. It can be
concluded that a bigger region of the proper biaxiality is achieved for the
square-hooks and cruciform-slit samples whereas the cruciform-tapered
manifested the lowest biaxiality index. Finally, a stress correction factor
was defined (equation (16)) which was used as a criteria to show the
efficiency of load transferring from the grip area to the middle (Fig. 9f).
It was revealed that the cruciform-slit sample possesses the most uni-
form stress distribution as the correction factor is nearly one.

Ex+Eyy
2
Rpiax =

15
(Enax)oo (1>

. 1st Piola stress
Correction factor =

il 16
Nominal stress 6
where E,, and Ey, strains in x and y directions, respectively, and Emaxo o
is maximum strain in the centre. It should be noted that the Piola stress
was calculated at the central region using FEM while nominal stress was
obtained based on the initial dimensions.
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4. Biaxial test methodologies and results

This section is divided into two main subsections including elasto-
mers and hydrogels in which their viscoelastic and fracture properties
are separately reviewed in detail. It is worth noting that since there is no
specific standard for biaxial characterization, different test setups were
employed in the literature. Therefore, in this section, the test procedure
for biaxial test characterization of soft polymers will be briefly reviewed
including loading conditions i.e., pure shear (PS), equi-biaxial (EB) and
unequal-biaxial (UB), strain rate, strain amplitude, clamping systems,
and the final outcomes. Table 1 summarizes some of the notable works
conducted in biaxial conditions using square and cruciform samples.
From Table 1, it can be seen that different shapes, loading conditions
and various test setups were used. In addition, some studies used rein-
forcement in the edges using separate parts or by thickening the edges
via moulding [68,74,78,83,94]. In the following sections, some of the
studies listed in Table 1 are briefly reviewed.

4.1. Biaxial tests on soft polymers

4.1.1. Experiments for hyper-viscoelastic characterizations

Biaxial properties of a 3D printed hyperelastic photopolymer known
as TangoBlackPlus (70% elongation at break) was investigated by Moris
et al. [68]. The test was performed with a strain rate of 0.05 mm/s
where: (i) the specimen was pre-stretched in y-direction resulting in a
uniaxial deformation in this direction, (ii) keeping the y-displacement
fixed, the displacement in the x-direction was increased stepwise until

the sample failure (Fig. 10a). A relaxation time of 90 s was considered
between each stepwise increase. A cut of 3.5 mm was created (Fig. 2a) to
isolate the griping area from the centre resulting in a more uniform and
larger strain in the middle of the specimen. On the other hand, this is
disputable because creating a cut on the corner of cruciform sample
imposed further stress around the cut, thus, acts as a pre-crack, which
results in earlier failure collinear to the cut rather than achieving proper
biaxiality.

Pre-stretching in y-direction resulted in an induced force increase in
both directions followed by a stepwise force increase in both directions
upon a stepwise displacement increase in the x-direction (Fig. 10a-b).
Fig. 10c manifests the uniform strain distribution within the center of a
cruciform specimen. In addition the preliminary strain in the x-direction
exhibits a negative value after pre-stretching in the y-direction
(Fig. 10d). The stepwise increase of displacement resulted in strain in-
crease in the x-direction whereas a slight increase in the y-direction took
place. According to their results, the coefficients of the Moony- Rivlin
model can be thoroughly obtained from biaxial test due to high amount
of deformation states.

One of the typical phenomena in filled elastomers is Mullins effect in
which most of the previous studies were investigated in uniaxial mode
[126]. In an effort made by Mai et al. [69], this feature was probed in
biaxial and planar modes for a Styrene Butadiene Rubber (SBR) rein-
forced with silica particles as hwon in Fig. 11a.A crosshead speed of
0.25 mm/s was used for the biaxial test. A relaxation time of 30 min was
considered between unloading and reloading in which an equilibrium
strain state was achieved. The stress-strain curves of various filled SBR
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Fig. 9. Strain and stress distributions along with biaxiality index and stress correction factors: (a) Von Mises stress distribution laid over on real stretched samples,
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direction in the middle, (f) stress correction factor [80]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)

are shown in Fig. 11c—e where a pronounced stress increase can be
distinguished for equibiaxial and planar samples with respect to the
uniaxial test. The failure of the specimen is denoted by cross symbol in
Fig. 11b, though they did not indicate whether the sample are ruptured
from the gauge region (the middle region for EB and PE test) or it was
slipped from the grip. As mentioned earlier, one of the main challenges
in performing reliable biaxial test is to make sure that the sample fail
from the gauge zone i.e. the middle area for either cruciform or square
samples. Therefore, the failure location of specimen should be reported
in any biaxial test so that the reliability of test can be verified. In
addition, all samples were subjected to a cyclic loading-unloading con-
ditions with stepwise increase of stretch (1) from 1.1 to 3 for the
investigation of Mullins effects as shown in Fig. 11c-e in which the
presence of the Mullins effect is quite notable for all samples. It is worth
to note that residual strain and dissipated energy are highest (at the
same elongation )) in EB, followed by PS and uniaxial (U) conditions.
Heterogeneity and anisotropy are another pronounced characteris-
tics of soft polymers, especially for filled elastomers, 3D-prited soft
polymers and soft tissues [127-130] which need to be further investi-
gated thought biaxial tests. In this context, Johlitz et al. [70] studied
anisotropic behaviour of silicone elastomers, prepared by open
moulding, using biaxial test. Fig. 2¢ shows the geometry of the cruciform

samples with the thickness of 1.65 mm. Two experimental setups were
used i.e., set-1 was pre-stretched in x-direction from 0 to 30 mm with the
step of 6 mm while the other axis was subjected to a 3 mm stepwise
continuous loading at each pre-stretch. The set-2 experiment was
reverse (Fig. 12a). It can be concluded that the developed sample was
isotropic since the force in both sets of experiments are the same.
Fig. 12b—c show the change in force and stretch with respect to time,
respectively, in both directions when subjected to 18 mm pre-stretch
(direction 1 is pre-stretched while a continuous loading was applied in
the direction 2). Upon pre-stretching, the force and stretch in direction 1
(left curves in Fig. 12b-c) abruptly increase resulting in a slight increase
in force and stretch in the direction 2 ie., A < 1 (right curve in
Fig. 12b-c). Stepwise increase of the load in direction 2 leads to a sig-
nificant increment of the load and stretch in this direction whereas a
slight increase in force and stretch can be seen in the pre-stretched di-
rection. The importance of running biaxial test for soft materials to
identify materials heterogeneity can be well recognized indicating the
necessity of having proper guidelines for biaxial characterization.

In line with studying anisotropic behaviour of elastomers, Kodaira
et al. [82] studied anisotropic characteristics of a polyvinylidene
difluoride (PVDF) flat membrane. Due to anisotropy arisen from the
injection direction in moulded samples, the injection direction was

10
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Table 1
A summary of biaxial tests performed on various soft polymers.

Material Shape”  Dimension (mm) Test type”  Strain rate or speed*** Grip region Ref
Elastomers

Silicone Cr, Sq EB 1.3 mm/s [25]
Photopolymer (TangoBlackPlus) CR 67 x 67 UB 0.05 mm/s Reinforced [68]
SBR Sq 70 x 70 x 2 EB, PS 0.25 mm/s [69]
ELASTOSIL® RT 265 Cr 75 x 75 x 1.65 UB [70]
NR Cr 165 x 165 x 3 UB 0.5 mm/s Reinforced [71]
NR Cr 39.5 x 49.5 x 2 UB 2.5 mm/s [72]
ELASTOSIL ® RT 625 Cr 67 x 67 EB [73]
Polypropylene/polyethylene Cr 140 x 140 x 0.6 EB 0.1 mm/s Reinforced [74]
Silicone Cr 87 x 87 x 2 EB 0.03 mm/s [75]
Reinforced magnetorheological elastomers Cr 50 x 50 EB [76]

(MRE)
Poly Ethylene Terephthalate Cr 110 x 110 x 4 EB 100 mm/s [77]
SBR Sq 77 x 77 x 1.85 EB,PS 1Hz Reinforced [78]
Rubber Sq 20 x 20 x 0.5 EB 0.1 mm/s [80]
Cr 55 x 55 x 0.5
Latex, Oppo band, Ecoflex Sq 7 x 7 x 0.25 UB 0.28, 0.06,0.04 [81]
NBR Sq 60 x 60x EB 1.6 [82]
NRE211 film Cr 38 x 38 x 0.027 EB,UB,PS 0.014 Reinforced [83]
Silicone Cr 63.5 x 63.5 x 0.5 EB 0.63 [86]
MREs Sq 50 x 50 x 2 EB 0.16 mm/s [95]
Isoprene rubber (IR) Sq 115 x 115 x 1 EB [96]
Poly(dimethylsiloxane) (PDMS) Sq 40 x 40 x 0.5 EB Thickness [97]
optimized

Thermotropic liquid-crystalline polymer (TLCP) Sq 125 x 125 x 1 EB 0.01 1/sec [98]
Cholesteric elastomers Sq 10 x 10 x 0.02 EB [99]
VHB polyacrylic elastomer Sq 10 x 10 x 0.02 EB 0.025, 0.05, 0.075, 0.1, 0.2, 0.3 (1/sec) [100]
Hydroxy- terminated polybutadiene (HTPB) Cr 50 x 45 x 5 EB [101]
Propellants Cr 50 x 45 x 5 EB [102]
NR 75 x 75 x 0.5 EB 0-0.7 mm/s [103]
VHB and Ecoflex Sq 70 x 70 x 1 EB 0.3 1/sec [104]
Latex Sq 7x7x(th: 0.25, 0.5,1) EB,UB 0.43%/s, 4.3%/s, 10%/s [105]
CNT/polyolefin elastomer Cr 80x80x1 EB 10 mm/s [106]
SBR-1500 Cr 125x125x2 EB 25%/min [107]
Elastomeric scaffolds Sq 12x12 EB 10 mm/min [108]
NR Cr 50x50x2 EB 6 mm/min [109]
Silicone elastomers Sq 50x50x1 EB [110]
NR Cr 63.5x63.5x0.3 EB [111]
SBR Sq 70x70x0.8 PS,EB 0.2 mm/s [112]
NR Sq 60x60x2 EB 0.001 1/sec [113]
NR Sq 70x70x1.2 EB [114]
NR Cr 190x190x1 EB [115]
NR square 131x131x3 EB 60 mm/s [116]
Ecoflex square 131x131x3 EB 60 mm/s [117]
PDMS Cr 40.75x5x0.6 EB [118]
Hydrogels

Hydrogels Sq 65 x 65 x 1.5 UB,EB,PS 1 mm/s [79]
Hydrogels Sq 65 x 65 x 2 EB,PS 1 mm/s [84]
Hydrogels Sq 65 X 65 x 2 EB,UB,PS 1 mm/s [85]
PTHF and PDMS gels Sq 65x65x1 EB 0.002, 0.004 1/sec [119]
Bacterial cellulose hydrogel Cr 40x40x3 EB 0.067 1/sec [120]
Double network hydrogels Sq 65x65x1.5 EB,UB 0.1, 0.2,0.5,0.8,1,1.6 mm/s [121]
Poly(vinyl alcohol) (PVA) gel Sq 40x40 EB [122]
(PAAm) Hydrogels Sq 65x65x%x2 EB 1 mm/s [123]
Tetra-PEG gel Sq 50 x 50 x 2 EB 1 mm/s [124]
Polyrotaxane-based slide-ring (SR) gels Sq 65x65x1.5 UB 1 mm/s [125]

2 EB: Equi-Biaxial; PS: Pure Shear; UB: Unequi-Biaxial.
b Cr: Cruciform; Sq: Square.

considered at 90° whereas vertical direction was defined at 0°. An
evaluation area of 20 x 20 mm? was considered to guarantee a ho-
mogenous strain distribution as shown in Fig. 13a. A strain rate of 1.66
x 1072 1/sec was used for all tests. The uniaxial and biaxial charac-
terizations of PVDF manifest anisotropic behaviour as the stress-strain
curves in two directions are not matched (Fig. 13b-c). In addition,
both uniaxial and biaxial tests indicate the yield strength in 0° direction
is greater than 90° direction. It is worth noting that a material subjected
to biaxial stress can be considered as yielded if the material yields in any
direction. Therefore, they have performed a biaxial test with strain ratio
of 2:1, i.e., the strain ratio in 0° is twice as that of 90° (Fig. 13d-e). The
yield strength was obtained using proof stress (0.2 % strain) in both
directions as shown in Fig. 13d. The stress-time curve (Fig. 13e) was
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used to obtain the yielding time in both directions. Since the strain rate
in 0° direction was twice than 90°, the yield time was smaller. It was
concluded that the yielding strength in 90° should be obtained at the
same time of yielding in 0°.

In order to understand the dissipative behaviour of natural rubbers,
Dedova et al. [131] investigated energy dissipation of oil-extended so-
lution styrene butadiene rubber (SSBR) filled with 50 phr carbon-black
particles subjected to biaxial tension. In this case, specimens were
pre-stretched equi-biaxially up to 120 % strain at 1 Hz for 30 cycles to
reduce Mullins effect. Then, the samples were loaded quasi-statically
(0.1 mm/s) up to the same strain imposed during cycling loading. The
dynamic loading and unloading test was performed using a triangular
waveform in four different settings including PS, EB, Asymmetrical
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Fig. 10. Biaxial test results (a) displacement versus time, (b) force versus time, (c) strain distribution, (d) strain versus time [68].

Biaxial (AB) and Uniaxial (U). For the AB, the strain in x-direction was
twice than that in y-direction. The stress-strain curve of the last
loading-unloading cycle i.e., cycle number of 300, at different condi-
tions are shown in Fig. 14a. Regardless of the loading condition and
strain amplitude, all samples show hysteresis loss; in addition to
increasing softening effect when the applied strain amplitude increases.
The dissipated energy is the same for all deformation states if an
equivalent von Mises strain is considered (Fig. 14b). Further, they have
also investigated biaxial characteristics of SBR filled with 20 phr
carbon-black using a square specimen with beading bulge at the edges
[132]. Two different clamping systems were designed for samples with
uniform and non-uniform thickness in the edge as shown in Fig. l4c.
This was done to obtain the optimum design for the sample edges as well
as clamping systems to avoid stress concentration in the edges and to
guarantee larger area of uniform strain distribution in the middle can be
achieved. According to their results, sample with thicker edges and
associated clamping systems shown in Fig. 14c reaches much better
biaxially degrees. This finding is substantially important to reach proper
biaxial test, for high cyclic fatigue test when reinforcing sample edges
and proper gripping are very crucial.

In addition to Mullins behaviour and energy dissipation of elasto-
mers under biaxial mode that mentioned earlier, the rate dependency of
the elastomer is also important characteristic that need to be studied. In
an effort to understand the rate-dependency behaviour of soft polymers,
Meredith et al. [83] investigated biaxial properties of Nafion membrane
(a brand name for a sulfonated tetrafluoroethylene based fluo-
ropolymer-copolymer) subjected to tension loading. The strain was ob-
tained in the middle of the sample using a DIC device as shown in
Fig. 15a. Three different biaxial ratios were considered based on equa-
tion (17):
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_h

B=
A

a7

where 1; and A, are the stretching rates in directions 1 and 2, respec-
tively. A strain rate of 14 pm/s was used in both directions for B = 1
(equi-biaxial) whereas the strain rate in the direction-1 was half of di-
rection 2 at B = 0.5. The movement in the direction 1 was constrained
for B = 0. Fig. 15b shows the top right region of the cruciform specimens
prior to and after deformation in which the sample is subjected to
different biaxial ratios resulting in a concave curvature. Finally, the true
stress-strain curves under static condition (Fig. 15c) for all biaxial ratios
indicate elastic-viscoelastic behaviour quite similar to a uniaxial test i.e.,
an initial elastic region followed by a nonlinear strain hardening region.
For equi-biaxial condition (B = 1), the elastic modulus and yield stress
are larger than the one in the uniaxial test (Fig. 15¢). The stress in di-
rection 1 decreases with respect to direction 2 for B = 0.5 and B =
0 resulting from its lower strain rate. In addition, a reduced yield
strength hysteresis pattern can be detected for all cyclic biaxial condi-
tions (Fig. 15d-f).

4.1.2. Experiments on fracture characterizations

Elastomers are typically subjected to alternating loading conditions
in which final fatigue failure is attributed to crack initiation and crack
propagation [133]. The ability of an elastomer to resist against crack
propagation is called fracture toughness, which is one of the most
important properties of elastomers. Therefore, some studies evaluated
fracture properties of elastomers in biaxial mode which is typical
loading scenarios of them. In this context, Marano et al. [71] conducted
extensive investigation to understand the mode I fracture toughness of
carbon black-filled natural rubbers with different filler concentrations
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under biaxial loading using a cruciform specimen (3 mm thickness) as
shown in Fig. 16a. For the experimental study, natural rubbers filled
with 25, 50, and 75 phr carbon black were prepared in which a 4 mm
crack was introduced in the middle of the cruciform sample (Fig. 16a).
The biaxial test was performed in two stages including pre-stretching the
sample in direction 2 up to A < 2.5, followed by loading continuously in
the direction 1 until final failure (Fig. 16b). The fracture toughness was
obtained using equation (18):

Kc=0 7T Xa (18)

where 2a = \y. a is the notch length prior to the final failure (with the
onset of crack propagation), ag is the initial notch length in the direction
2 and o is the critical stress in the direction 1 (perpendicular to the
notch plane upon the onset of crack propagation). Two different types of
crack growth can be distinguished including forward crack (along the
notch plane) and two sideways crack perpendicular to the notch plane as
shown in Fig. 16¢c—d, respectively. For the unfilled natural rubber (NRO),
regardless of the induced stretch in the direction 2 (), the crack growth
takes place only in the forward direction and K¢ decreases slightly in the
response of Ay (filled squares in Fig. 16e). Similarly, filled rubbers
manifest forward crack propagation at high stretch in which K¢ ap-
proaches a constant value irrespective of A, (filled squares in Fig. 16f-h).
However, the fracture toughness obtained from the onset of forward
crack at a low stretch shows significant changes as a function of A (open
squares in Fig. 16f-h) while the Kjc related to the onset of sideway crack
shows only a slight change (filled circles in Fig. 16f-h). It can be
concluded that fracture resistance of elastomers can be thoroughly
evaluated in biaxial modes which can be very useful information
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especially for dielectric elastomers [100,104]. However, lack of stan-
dardized procedure for biaxial characterization aiming to investigated
viscoelastic, anisotropic, energy dissipation, fracture toughness and fa-
tigue properties of elastomers resulted in various testing parameters as
discussed earlier. For instance, a 4 mm pre-crack length was used in
Marano et al. [71] for fracture toughness characterization, however a
16 mm pre-crack was induced into an square sample studied by the same
authors in another study [116].

4.2. Biaxial tests on hydrogels

4.2.1. Experiments for hyper-viscoelastic characterizations

Extremely soft hydrogels have been experimentally characterized
using biaxial loading conditions. For instance, Mai et al. [79] investi-
gated characteristics of hydrogels in different loading conditions
including uniaxial and biaxial tension tests as shown on Fig. 17a. The
crosshead speed in x-direction was double than that of y-direction in the
unequal biaxial (UB) sample. In addition, for the unidirectional test (U),
a specimen with the dimension of 65 x 6.0 x 1.5 mm® and the gauge
length of 35 mm was prepared while a crosshead speed of 0.70 mm/s
was used. As it can be seen from Fig. 17b, the stress in response to
equi-biaxial (EB) strains is the highest followed by UB, PE (planar), and
U conditions. In addition, Mullins effect can be clearly seen for all
time-dependent loadings as shown in Fig. 17c—f. The residual strain
increases as a function of applied stretch, though it is negligible at a very
low strain. It substantially increases at high strains (Fig. 17g). Moreover,
the initial elastic modulus of each deformation state at its corresponding
stretch was obtained from the initial slope of the reloading stress-strain
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Fig. 12. Biaxial tension characterization of silicone rubber: (a) force-stretch
respectively [70].

curve at a low strain denoted as A' whereas Ay is the elastic modulus of
the virgin loading. The elastic modulus and its ratio 2—; decrease in
0

response to stretching and become insensitive to the state of deforma-
tion at large stretches (Fig. 17h-i). Finally, the dissipation energy, input
work, and dissipation factor (the ratio of dissipation to input work)
denoted as D, W, and A, respectively, subjected to a single cycle are
shown in Fig. 17j-m. It can be concluded that EB manifests the highest
dissipation factor followed by UB, PE, and U and a critical strain known
as the threshold value, the dissipation factor increases dramatically. The
study reported a critical strain, denoted as 4% equals to 1.03, 1.06, 1.08,
and 1.12 for EB, UB, PE, and U, respectively.

Biaxial properties of an extremely soft polymer gel known as poly
(acrylamide) (PAAm) hydrogel in pure shear and equi-biaxial modes
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in biaxial loading, (b—c) force-time and stretch-time in fixed prestretch of 18 mm

were investigated by Yohsuke et al. [84]. Fig. 18a shows the extremely
soft hydrogel as its self-weight induces bending resulting from its very
low modulus typically in the range of 102 Pa. Therefore, the biaxial test
was conducted in the solvent bath to avoid initial bending by self-weight
(Fig. 18b). A crosshead speed of 1 mm/s was used for the uniaxial and
biaxial tests. The nominal principal stress versus principal stretch is
shown in Fig. 18c whereas a more detailed view at A < 1.3 is shown in
Fig. 18d. No differences can be seen in the EB test in both directions
manifesting a uniform strain was applied in the middle of the sample. In
addition, a linear stress-strain region is obtained at small elongation for
all deformation states as shown in Fig. 18d, which can be used to find the
initial modulus of the sample. The initial modulus obtained by the slope
of the curves in that region agrees well with the one obtained by the
linear elasticity theory.
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and biaxial tests, respectively for polyvinylidene difluoride (PVDF), (d-e) true stress-strain and true stress-time, respectively, in biaxial test at strain ratio of 2:1 [82].

4.2.2. Experiments for fracture characterizations

In addition to traditional rate-dependent viscoelastic experimenta-
tions of polymers and hydrogels, Mai et al. [85] conducted an extensive
campaign to reveal the fracture behaviour of soft hydrogels. For
instance, strain energy release rate and crack tip strain field distribution
of PDMA hydrogel subjected to different biaxial loadings including PS,
UB and EB were investigated by the same authors [85]. The samples
were tested with a crosshead speed of 1 mm/s in both x- and y-directions
for EB whereas the crosshead speed of 0.5 and 0.0 mm/s were used in the
x-direction for UB and PE specimens. In addition, single edge notched
samples with different initial notch lengths (X.) in the range of —10 to
+10 mm (with respect to the specimen centre) were also introduced for
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the measurement of strain energy release rate as shown in Fig. 19a. It is
worth noting that X, = —5 mm was selected for the strain field mea-
surement for single edge notched samples subjected to biaxial loading.
Biaxial characterization of the sample without a notch was also per-
formed as shown in Fig. 19b. The EB sample possesses higher nominal
stress (oy) followed by the UB and PE samples when compared at the
same Ey (the cross mark in nominal stress-nominal strain in Fig. 19b
point to failure of the sample). No anisotropic behaviour is seen in the
equiaxial test because the value of stress in both x and y directions are
almost the same (Fig. 19b). A 2D local strain distribution of exy, &yy, €xy in
various biaxial deformations at Ey = 0.2 is shown in Fig. 19¢. A uniform
local strain distribution is achieved throughout the surface other than
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the vicinity of the edges. Most importantly, the local strain distribution
within the surface is equal to imposed strain (nominal strain) without
the presence of shear strain, i.e., exy = EX, &yy = Ey, &xy = 0.

Fig. 19d shows the force-displacement plot up to failure (imposed
displacement) of a single edge notched samples with various initial
lengths in the range of —10 to +10 mm subjected to different biaxial
loadings. The force perpendicular to the notch length (Fy) substantially
decreases with an increase in X, whereas the force along the notch di-
rection (Fy) is less affected by an increase in X,. It is worth noting that the
notch opening increases by displacement increase, though no propaga-
tion takes place until macroscopic failure as shown by the crossmarks in
Fig. 19 d. Similar to the sample without a notch, Fy for the EB sample
was larger, followed by UB and PE samples, respectively.

Two different approaches were used to obtain strain energy release
rate. The first one is done by biaxial loading of single edge notch sample
with varied initial notch lengths (X.) while equation (19) was used for
the calculation:

1 [dW(XC, Us, Uy)]
UX,U\"

G(E E,)=- yra (19)

in which G is the strain energy release rate, W is the strain energy, X, is
the initial notch length, U, and U, are imposed displacements in x and y
directions, respectively and t is the sample thickness. The strain energy
was obtained from the integrated area of force-displacement in Fig. 19d
using equation (20) as shown in the inset of Fig. 19e:
W=W,+W, = / F.dU, + / F,dU, (20

It can be concluded that regardless of the deformation state, the
strain energy at the same U, and U, is decreased with the increase of X,
besides, it is increased when imposed displacement increase (at the same
notch length). Finally, the W-X, relation can be approximated by linear
regression of the curve in Fig. 19e, thus, 37"" at different U, and U, can be
obtained from the slope.

The other method used in their study to measure stress energy
release rate was based on the strain energy differences between two
different deformations. One is biaxial loading of the sample without any
notch as shown in Fig. 19b and the other one is a uniaxial tensile test in
which one edge is constrained and the other one is loose as shown in the
inset of Fig. 19f. This represents the condition of the specimen right after
crack passage called Residual Extension (RE). The dimension of the RE
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sample was 65 x 32.5 mm? i.e. half of the original sample. The differ-
ence in the strain energy density amongst two states denoted as AA was
obtained using equation (21):

AA(Ey,Ey)) =A(E,,E,) — Ape(Ey) 21)
where A(Ey,E,) and Agg(Ex) are the strain energy densities for biaxial
loading without notch and RE sample, respectively. A(Ey,E,) and
Agg(Ey) can be obtained from ¢;~E; (i = x and y) and 6,-E, for biaxial and
RE samples, respectively, using equation (22)-(23), respectively. The
Agg for PE sample was zero as there is no strain at this direction.

A(E E,) =A,+A, = / o.dE, + / 6,dE,

Arg = / 0, dE,

The AA — E, curves for different deformation states are shown in
Fig. 19f indicating larger AA for the EB sample, followed by UB and PE,
respectively. Finally, the ratio of strain energy release rate and initial
length in y-direction (Lo,) is equal to AA (equation (24)) indicating that
two methods reach to a similar strain energy release rate as shown in
Fig. 19f. It can be concluded that the strain energy release rate in the
biaxial states can be accurately obtained using a simpler approach by
two different biaxial loading states without any notches rather than
laborious approaches of making various notches. This remarkable
finding in measuring energy release rate using a cost-effective and user-
friendly approach need to be further investigated for other soft materials
so that it can be extended as robust and versatile technique for fracture
toughness measurement in viscoelastic materials.

(22)

(23)

G(E.,E,)

L() i :AA(E,uEy) :A(ExyEy) 7ARE(E):)

(24)

In summary, as listed in Table 1 and briefly reviewed in this section,
different test parameters including strain rate, strain amplitude, pre-
stretch, pre-crack length were used for viscoelastic and fracture char-
acterization of soft materials in biaxial modes. This necessitates
importance of writing a guideline for biaxial characterizations of soft
materials in which few agenda will be suggested in section 6 by taking
into account the previous works performed on biaxial characterizations.
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Fig. 15. Biaxial characterizations of Nafion membrane: (a) measurement of local strain in biaxial test, (b) comparison of undeformed and deformed sample during
different biaxial loadings, true stress-true strain curves (c) different biaxial tests under monotonic loading, (d) equi-biaxial loading under cyclic loading, (e) cyclic
biaxial loading with the strain rate twice in one direction with respect to other direction, (f) cyclic biaxial loading with one direction fixed [83].

5. Inflation test literature that the strain field distribution near the edges are planar
tension whereas the one in the vicinity of the pole are mostly equibiaxial

The previous sections were focused on biaxial characterization using [141,142]. It was first discussed by Treloar et al. [143] in which a
square or cruciform samples. However, inflation, bubble or bulge test is vulcanized latex behavior and its model parameters were investigated.
also one of the most common equibiaxial tests performed on elastomers Likewise, this test was also used for biological human tissues to explore
[62,63,67,134-139]. It is employed to examine hyperelastic and visco- the aneurysms under biaxial strain and stress fields, and to characterize
elastic properties of various polymers [140]. It is well addressed in the viscoelastic properties of human tissues [144,145].A brief review will be
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conducted throughout this section to better understand the sample
configurations and test setups for the bulge test.

Sasso et al. [67]. studied properties of a hyperelastic rubber using
uniaxial and biaxial tensile tests. Afterwards, they fitted the experi-
mental data with some hyperelastic constitutive models including
Mooney-Rivlin (first and second order), Ogden, Yeoh, neo-Hookean,
Arruda-Boyce. For the biaxial test, a bulge test was conducted as
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shown in Fig. 20a by holding a thin disc of rubber using two flanges and
inflated by pumping liquid into the flange orifice so that the specimen
became a balloon-like shape. A very low strain rate of 2 x 1072 s~ was
employed to avoid viscous behaviour of the rubber. Uniaxial test man-
ifested quite a larger elastic deformation at the same stress with respect
to a biaxial test (Fig. 20b). The fitting of different models with uniaxial
and biaxial tests are also plotted in Fig. 20c and d, respectively.
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Fig. 17. Uniaxial and biaxial characteristics of hydrogel: (a) various loading conditions, (b) nominal stress-strain curve in quasi-static condition, (c-f) nominal stress-
strain curve at loading-unloading cycles for U, PE, UB, and EB respectively, (g) residual strain versus stretch ratio, (h) Initial elastic modulus (A) versus stretch ratio,
(i) ratio of initial modulus to virgin loading-unloading at one complete cycle with respect to stretch ratio, (j) illustration of the input energy and dissipation energy at
first loading-unloading of EB, (k-m) dissipation, input work and dissipation factor for virgin loading loading-unloading, respectively [79].
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Fig. 18. Biaxial characterization of soft polymer gel, PAAm-CG-2: (a) deflecting of the sample by its own weight, (b) biaxial setup in a solvent bath, (c) stress-strain

curve in different loading conditions, (d) stress-stress curve in A < 1.3 [84].

According to their results, Ogden and Mooney— Rivlin models man-
ifested the best fitting with the experimental data in both uniaxial and
biaxial data, though the latter manifested higher RMS (Root Mean
Square). Unlike to proper fitting of Ogden and Mooney- Rivlin models
reported by them [67], the aforementioned numerical models failed to
reproduce the inflation-jump and limit-point instabilities [146,147] in
incompressible materials during inflation test. Indeed, these variations
in fitting experimental datasets with existing hyperelastic models can be
attributed to either lack of robust standardized protocol for experi-
mental characterizations of the elastomers including biaxial modes or
different invariants used in each hyperelastic models. In other words,
some models can be well fitted with the uniaxial experiments whereas
they fail to capture the deformation in a more complex loading condi-
tions including biaxial and inflation tests. This again shows the impor-
tance of preparing a standardized protocol for biaxial characterizations
of elastomers which can help to develop a versatile and comprehensive
hyperelastic model for incompressible materials.

Similar to unfilled elastomers, biaxial fatigue properties of filled
elastomers such as magnetorheological elastomers (MREs) (a silicone
rubber filled with carbonyl iron particles up to 20 vol %), were studied
using a bubble inflation method [134]. The samples for the fatigue test
were a disk with 50 mm diameter and 1 mm thickness. This experi-
mental setup (Fig. 21a) can reduce the drawback of stretching specimens
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by the grips, thus, hindering stress concentration in the clamping region.
For the fatigue tests, different stress amplitudes ranging from ¢, = 0.75
MPa to 6, = 1.4 MPa with a minimum stress of zero and stress ratio of R
= 0 were utilized (Fig. 21b). Quasi-static tensile strengths of 3.5 MPa
and 4.1 MPa were achieved for the isotropic and anisotropic specimens,
respectively. A common “S” type stress -strain curve was observed for
both samples at 6, = 0.75 MPa at different cycles as shown in Fig. 21c~d.
In addition, hysteresis and stress softening effect were also noted,
especially at the cycles less than 100. Finally, an induced permanent set
resulting from the cyclic loading was noted throughout the progressive
cyclic loading, though the increase was more pronounced in the
isotropic specimen compared to the anisotropic one indicating higher
elongation in the former and less stiffness with respect to the latter.
Xu et al. [137], studied the effects of different fillers such as Gra-
phene Oxide (GO) and Carbon Nanotubes(CNTs) on biaxial fatigue
properties of SBR elastomer using an inflation test (Fig. 22). Hysteresis
effect can be clearly seen for all composites resulting from viscoelastic
properties of the SBR. As it is shown in Fig. 22a-c, the hysteresis can still
occur at high cycles when samples are subjected to biaxial fatigue
loading. In other words, the fillers change their structures and orienta-
tions continuously throughout this type of loading condition. Likewise,
the hysteresis area of hybrid SBR composites is higher than the binary
resulting in more dissipation of energy in the former composite. Finally,
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Fig. 19. Biaxial characterization of PDMA hydrogel: (a) different biaxial deformations of single edge notched specimen, (b) nominal stress-nominal strain curves of
the sample without notch, (c) 2D local strain distribution at E, = 0.2 (d) tensile force-imposed displacement for the single-edge notched specimens, (e) strain energy
versus initial notch length, (f) calculation of strain energy release rate using uniaxial tensile test where one edge is constrained and the other one is loose [85].

the S-N curve presented in Fig. 22d indicates higher fatigue life for

6. Future works

GO-SiO3/SBR > CNT-SiO/SBR > SiOy/SBR, respectively, under the

same stress amplitude while it decreases by increasing stress amplitudes.

Significant variations in terms of materials, sample dimensions and
configurations along with various test setups including strain rate, pre-
stretching, clamping systems were found in the literature for the
biaxial test (Table 1). Indeed, it is hard to compare the results together
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Fig. 20. Uniaxial and biaxial tension characterizations of a hyperelastic rubber: (a) bulge test setup, (b) experimental uniaxial and biaxial tensile test results, (c-d)
fitting uniaxial and biaxial tests with different constitutive models respectively [67].
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due to lack of consensus amongst the research communities and the
absence of a standardized protocol for the biaxial charaterization. This
becomes more significant as many elastomers are subjected to biaxial
loading in their service life, thus, it is of importance to establish a new
standard in which a good agreement can be met amongst scientists and
engineers. Although a wide range of biaxial tests were already well
established for metallic materials [148], no standard or test procedure
was adopted for soft polymers where experimental study through biaxial
tension test is of significant importance for developing proper under-
standing of polymer properties as well as achieving high-fidelity hy-
perplastic constitutive models. A few preliminary studies were
conducted on biaxial test setups and sample optimization [149,150],
however it is hard to conclude which sample geometry and test setup
should be used for soft polymers. For example, Chretien et al. [149]
mostly discussed a biaxial tension rig as well as gripping mechanism
designed for soft tissues while a very small square samples (25 x 25
mm?) was used. Pini et al. [150] performed a comprehensive study on
cruciform sample optimization by comparing their designs (G1 and G2
design as shown in Fig. 23 a-b, respectively) with types A and D shown in
Fig. 3c that suggested in Ref. [73]. They indicated that both geometries
could reach proper biaxiality, but the G2 manifested higher strain in the
middle with less reliability.

Therefore, we suggest that a comprehensive study shall be done
using different materials such as natural rubbers, silicone rubbers,
acrylics, polyurethanes, hydrogels, etc while at least three different
cruciform geometries must be used as shown in Fig. 23. It is worth noting
that the clamping system of square samples is quite more complex with
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respect to the cruciform samples, especially for the cyclic loading tests;
thus, making it more expensive test compared with a cruciform sample.
We believe that the best optimization for the biaxial cruciform speci-
mens were performed by Refs. [73,75,76], though different configura-
tions was used. Therefore, it is worth comparing these three geometries
(Fig. 23c—e) at different test parameters while using various soft poly-
meric materials. This should be done at least in three different strain
rates i.e. 0.01 s71, 0.05 s™! and 0.1 s™! and several strain amplitudes
ranging from 50 % to 200 % with 50 % interval. This would provide a
better understanding of the distribution of biaxial strain within the re-
gion of interest (i.e., in the middle of a cruciform sample) as well as
achieving the higher strain in the middle. In other words, amongst the
three suggested designs, the one with proper biaxiality degree based on
equations (1)—(3), can be an ideal configuration for any biaxial tension
test. This can be further validated using numerical analysis by fitting a
proper viscoelastic model into the experimental results.

In addition, additional thickening needs to be performed for the
suggest configurations to achieve maximum strain in the middle while
equations (2) and (3) shall be met. This is done to avoid reaching
maximum strain in the arm, which leads to final failure within the arm.
Therefore, gauge section reduction of the cruciform sample shall be
done like the works illustrated in Fig. 24a-b. Same concepts shall be
applied to the square samples as shown in Fig. 24c. The thickness
reduction in the gauge section or edge thickening for both cruciform and
square specimens are critical i.e. not only to achieving proper biaxially,
but also to avoid stress concentration arisen from the grips. Fig. 24d—f
illustrate the extra stress imposed on the sample edge which resulted in
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Fig. 23. (a-b) Two different geometry developed in Ref. [150] which were further modified based on type A and D in Ref. [73] respectively,(c-e) three suggested sample
configurations for future experimental and numerical investigations: (c) [73], (d) [75],(e) [76].

failure of the samples in vicinity of the gripping region during cyclic
biaxial test which is shown by red arrows. It is worth noting that the
cyclic biaxial fatigue tests represented in Fig. 24d-h are currently
running in our lab to better explore the geometrical and gripping effects
on running proper biaxial test and to provide better guidelines for future
investigations.

7. Conclusion

This review paper was aimed to investigate biaxial properties of soft
polymers. Very limited works were conducted on biaxial characteristics
of soft polymers since it is a challenging and expensive test procedure.
Due to lack of specific test protocol for the biaxial characterization of
soft polymers, significant variations were observed in the literature in
terms of sample dimension and configuration, testing protocol, and
gripping systems. Therefore, a comparison of different studies was done
in this review in terms of sample shape and dimension, and biaxial test
methodology. The following conclusions can be drawn:

¢ High variations in terms of shape and dimension of the samples were
seen in which the smallest and largest cruciform samples with the
dimensions of 38 x 38 mm and 165 x 165 mm were used, respec-
tively, while a minimum sample of 7 x 7 mm and maximum of 70 x
70 mm were used for the square specimen. It is quite difficult to
identify which configuration is optimum for the biaxial test as
various materials and loading scenarios were used. This necessitates
the importance of preparing new protocol for biaxial characteriza-
tion for soft polymers based on the testing materials and
applications.

Many optimization approaches were performed to find out an opti-
mum shape of cruciform sample in reaching highest biaxiality de-
gree. It was noted that the clamping mechanism for square samples
was more complex than the cruciform samples, especially for cyclic
loading; thus, made it a more expensive configuration for biaxial
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testing. We believed that the best optimization of biaxial cruciform
sample were done by Refs. [73,75,76], although different configu-
rations was used.

Equations (1)-(3) were defined for proper biaxiality in which a
perfect biaxiality means that the principal strains in the center of the
sample, ES,. and Ecyy , should be equal, thus, test function I'(x,y)
(equation (1)) demonstrated the variations from perfect biaxiality in
the region of interest i.e. the more I'(x,y) the more uniaxiality and
vice versa. In addition, the uniaxial strain in the arms was much

higher than the middle area for a cruciform sample i.e. ES”>E¢_and
E}(,’}(,‘J’)»E;y , thus, a new factor was taken into account to define De-
gree of Efficiency (DOE) (equation (2)) demonstrating the strain
discrepancy between the arm and the center region.

Various loading conditions including EB, UB, PS were used while
various strain amplitudes and strain rates were employed. In addi-
tion, different pre-stretching values and gripping systems were also
used to smoothen the effects of grips to avoid either slipping from the
grips or sample failure in the vicinity of the grips due to large stress
concentration induced. In this context, several techniques were
suggested including reinforcing the edge by gluing two pieces on
both sides or thickening the edges by moulding if the sample should
be one piece. This would help to increase the biaxial strain of the
middle area of cruciform sample without any failure from the grips.
Three cruciform geometries were suggested for future investigation
to be tested with different test parameters and different materials. It
was recommended to use at least three different strain rates, i.e. 0.01
s71,0.05 57! and 1 s7! and several strain amplitudes ranged from
50% to 200 % with 50 % interval. This resulted in a better grasping of
strain distribution within the region of interest and subsequently the
status of proper biaxiality.

Apart from the suggest geometries, gauge reduction or edge thick-
ening should be considered on both cruciform and square geometries
to achieve better biaxiality and to avoid stress concentration induced
by the grips. This was of vital importance to conduct reliable biaxial
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Fig. 24. (a-b) Various gauge reductions for the cruciform samples developed by Refs. [91,93], respectively, (c) edge thickening performed on square sample [117], (d-f)
ongoing cyclic biaxial tests on cruciform sample conceptualized based on type D geometry suggested by Seibert et al. [73], (g-h) our ongoing cyclic biaxial tests on

square samples.
test, for high cyclic conditions; otherwise, biaxial test performed on

samples with uniform thickness resulted in uniaxial failure rather
than biaxial.
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