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1Abstract: Equibiaxial tension tests for hyperelastic electroactive 
polymers (EAPs) are important means to obtain the mechanical 
properties. There are three main methods: equibiaxial planar 
tension, radial tension and bulge test. The finite element analysis 
software is used to model and analyze the influence of testing 
apparatus, specimen geometric parameters on the test results and 
accuracy. The results show that the uniformity of the deformation 
of the square film can be effectively improved by using single 
corner point fixed tension in equibiaxial planar tension test, and the 
force error also decreased; the number of the cuts and the size of 
punched holes should be appropriate in radial tension test of 
circular diaphragm specimen to avoid the material strength failure 
caused by excessive tension along the edge of transition arc 
between grips and excessive deformation of tensile belt between 
the cuts; in bulge test, the sampled deformation data should be near 
the spherical pole to obtain more accurate stress-strain relationship 
owing to contour error and non-uniform deformation, a certain 
range of model parameters will limit the scope of simulation 
analysis. This paper proposed research provides guidance for the 
design of equibiaxial tension test apparatus and method to obtain 
more accurate test results. 
Keywords: Hyper elasticity • Equibiaxial tension test • EAP • 
Bulge test • Radial tension • Equibiaxial planar tension 

 

1  Introduction 

 

Recently, equibiaxial testing of rubber-like materials is 
becoming prevalent for establishing the mechanical 
properties of the hyperelastic film [1–4]. Because there 
exists obvious discrepant between uniaxial tension and 
biaxial tension test results, and the friction between contact 
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surfaces during uniaxial compression makes it have 
complex stress states such as compression and shear, which 
makes the actual test results inaccurate. Therefore, the 
equibiaxial tension test of hyperelastic film is an 
indispensable means to determine the mechanical properties. 
There are three typical equibiaxial tension test methods, i.e. 
equibiaxial planar tension test for square specimen, radial 
tension test for circular specimen and bulge test for inflating 
circular specimen (Figure 1). 

After the pioneer works about the rabbit skin test finished 
by Lanir and Fung in 1974 [5], the equibiaxial planar tension 
test has been widely used in the mechanical property studies 
of soft tissue materials [6]. The strain of such materials is 
small, at the same time the specimens generally need to be 
processed. Another common application field of the 
equibiaxial tension is polymer materials such as rubbers [7–
9] with the characteristic of hyperelasticity. In these cases, 
the non-uniform deformation near the corner in the tension 
test will affect the accuracy of the test results [10]. Yutaka 
obata [11] modified the corner chucks to minimize non-
uniformity of the deformation of the specimen at the corners; 
Blatz et al. added clamps at four corner points of square film 
specimen for clamping and stretching [12]; Jacobs used 
finite element software to analyze the stress concentration 
and stress shielding problems in biaxial planar tension [13]. 
Due to the fact that the equibiaxial planar tension equipment 
can meet the requirements of uniaxial, biaxial and 
equibiaxial tension tests, the most testing machines were 
developed for equibiaxial planar tension. However, there are 
also deficiencies in the complex structure and large size of 
such machines. Then a special radial tension mechanism 
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appeared for equibiaxial tension test [4, 14], the specimen is 
made of cut circular sheet. 

Inspired by the phenomenon that the inflated balloon 
expands into a sphere with equibiaxial deformation, the 
bulge test was used for equibiaxial tension test at the earliest. 
By modeling the rubber film, Treloar [15] explored the 
shape and strain distribution on the sphere surface with 
inflated in varying degrees. Rivlin and Saunders [16] 
adopted the data acquired from the pole region of the 
inflated diaphragm as the uniform two-dimensional tensile 

data of the strain energy potential of Yeoh. Adkins and 
Rivlin [17] firstly used the Neo-Hookean and Mooney form 
of strain energy to conduct meaningful theoretical research. 
Hart Smith [18] used exponential hyperbolic model to 
further analyze the bulge test and verify the previous 
research results. The bulge test apparatus is simple in 
structure and easy to operate, making it the first choice for 
equibiaxial tension test such as EAP membrane materials [9, 
19].

 
a 

 

b 

 

c  

 

Figure 1 Typical equibiaxial tension test: (a) Equibiaxial planar tension, (b) Radial tension and (c) Bulge test 

 VHB acrylic series hyperelastic EAP elastomers are 
provided by 3M™ with characteristics of large elasticity and 
high strain energy density, possessing a wide application 
prospect in hightech fields such as soft robot [20], actuator 
[21], flexible sensor [22–23] and other dielectric elastomer 
transducers [24–25]. In this paper, the stress-strain 
relationship of hyperelastic EAP film under quasi-static 
condition was studied. The finite element analysis software 
ABAQUS was used to simulate the three typical equibiaxial 
tension tests and analyze their characteristics. The accuracy 
of the methods was compared, and the influence of typical 
test apparatus structure and specimen geometry parameters 
on the accuracy were also discussed. The conclusion of this 
paper is helpful for the selection and application of 
equibiaxial tension test method and the design of the device. 
 

2 Constitutive Model of Hyperelastic Film 
Materials Based on Equibiaxial Tension 

 

For hyperelastic rubber-like materials, it is considered that 
the energy (work) stored in the materials depends only on 
the initial and final state of deformation, which is 
independent of the path of deformation (or load). Therefore, 
the most convenient way to describe the stress-strain 
constitutive relation of such hyperelastic materials is by 
means of strain energy potential. The commonly used strain 
energy potentials are as follows. 
 

2.1  Mooney-Rivlin Model  

For incompressible materials, the strain energy potentials 
can also be considered as a function of two strain invariants 

[26–27]: 
 WW= ∑ Ckl(I1-3)k(I2-3)l

N

k+l=1
            (1) 

 

 

where Ckl are Mooney-Rivlin material parameters, N is 

model order. In practical application, the first two terms of 

its power series are usually taken, i.e. 

 

W=C10(I1-3)+C01(I2-3)              (2) 

 

here I1 and I2 are the strain invariants of Cauchy-Green 
deformation tensor, determined by the stretch ratios λi (i=1, 
2 and 3) in three principal directions, and the stretch ratio is 
the ratio of the specimen length after stretching to the 
original one in principal directions: 
 

I1=λ1
2+λ2

2+λ3
2
                   (3) 

 

I2=λ1
2λ2

2+λ2
2λ3

2+λ3
2λ1

2
                 (4) 

 

2.2  Yeoh Model 
In the strain energy potential formula of Mooney-Rivlin, if 
only term I1 is partially expanded, the typical third order 
Yeoh strain energy potential can be obtained [28]: 
 

W =C10(I1-3)+C20(I1-3)2+C30(I1-3)3     (5) 
 

2.3  Ogden Model  

Ogden removed the restriction that the strain energy 

p 
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potential is an even power of the stretch ratio and proposed 
a strain energy potential in series form [29]: 
 

WW = ∑ μk
αk

(λ1
αk+λ2

αk+λ3
αk-3)N

k=1                  (6) 

 

Where μk、αk are the material parameters. In some literatures 
[9, 19], the above-mentioned Ogden strain energy potential 
usually takes another form: 
 

WW = ∑ 2μk
αk

2 (λ1
αk+λ2

αk+λ3
αk-3)N

k=1             (7) 

 

This formula is also used in the finite element analysis 
software ABAQUS. It is basically the same as the original 
formula with only formal difference. For incompressible 
materials, with the relation λ1λ2λ3=1, the strain energy 
potential can be simplified. 

 

2.4 Stress-Strain Relationship Based on Equibiaxial 
Tension  

According to the strain energy potential, the principal 
Cauchy stress σi (i=1, 2 and 3) can be derived: 
 

σi=λi
∂W
∂λi

-Ph                 (8) 

 

where Ph is the hydrostatic pressure, which is determined by 
the dynamic boundary condition. According to σ3=0, the 
expressions of the stress in two principal directions under 
the condition of equibiaxial tension can be deduced: 
 

σ1=σ2=σ=λ1
∂W
∂λ1

-λ3
∂W
∂λ3

             (9) 

 

Under the assumption of isotropy and incompressibility, 
λ1=λ2=λ , λ3=1/λ2 , the equibiaxial tensile stress σ can be 
derived. When the strain energy potential of Yeoh or 
Mooney-Rivlin was used, Eq. (9) also can be rewritten 
directly in terms of I1 and I2 as 

 

σσ =2(λ2-λ-4)( ∂W
∂I1

+λ2 ∂W
∂I2

)           (10) 

 

Substituting the above-mentioned strain energy potential 
into Eq. (9) or Eq. (10), the stress formula for different 
models of equibiaxial tension can be obtained. In general, 
the relationship between engineering stress S and stretch 
ration λ is used to express the stress-strain relationship of 
hyperelastic materials where S equals to Cauchy stress (also 
known as real stress) divided by λ: 
 

S=σ/λ                    (11) 

 

The EAP analyzed in this paper is VHB4910 from 3MTM, 
a commercial double-sided adhesive tape, which belongs to 
acrylic polymer and is widely used to manufacture flexible 
actuator due to its good deformation capacity under the 
action of electric field. Referring to the literature [9], the 
material model parameters are taken as the values in Table 
1 below. 

 

Table 1  Material model parameters 

Second order Ogden 

 (Abaqus form) [9] 

Second order  

Mooney-Rivlin 

μ1 / KPa 64.7 C01/ KPa 21.56 

α1/ - 1.39689 

μ2/ KPa 0.0457 C10/ KPa 0.0815 

α2/ - 5.8638 

Note: The second order Mooney-Rivlin parameters are obtained by 
refitting the data from the second order Ogden model. 

 

3  Equibiaxial Tension Tests Suitable for Hy-
perelastic Film 

 

3.1  Equibiaxial Planar Tension Test 
Equibiaxial planar tension is a method that applying 
uniform tensile stress (or displacement) to the periphery of 
the square film specimen to generate equibiaxial planar 
strain (or stress) (Figure 1(a)). In practical setup, mechanical 
clamping is required (Figure 2). In order to reduce stress 
concentration and stress shielding phenomenon [13], the 
uniformly distributed multipoint tensile method should be 
designed, and the clamping area minimized as much as 
possible. The concentrated loads were applied by the chucks 
along the four sides of the specimen to conduct equibiaxial 
free tension, where the tangential displacements of the 
tensile points were not constrained. Due to the resistance 
friction exists when the chucks moved, and the tensile point 
near corner cannot provide enough tension to realize lateral 
"fast" movement of other points, thus resulting in large 
strain between the tensile points, so the specimen can easily 
be torn when the stretch ratio is large enough. Therefore, 
during the stretching process，two clamping points on the 
mutually perpendicular edges near the corner were fixed 
each other [10], as seen in Figure 2(a). 

It is simple to calculate the stress and strain of equibiaxial 
planar tension. Measuring and recording the axial tensile 
force F, then divided by the original sectional area A0 of the 
square film, the nominal stress S can be obtained, i.e. 
 

S=F/A0=F/Lst0                 (12) 
 

where Ls is the side length of the square film specimen, t0 
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the original thickness. According to the manufacturer's 
instructions, the thickness of VHB4910 film is 1 mm. In the 
simulation, the axial tensile force F was calculated by 
summing the tensile force fn of the tensile points (n=1, 2..., 
NP, where NP is the total number of tensile points along the 
side), and the tensile force near the corner was taken from 
its force component. The strain of equibiaxial planar tension 
was calculated according to the displacement of the testing 
marks in Figure 2 in practice. 

The main factors affecting the equibiaxial planar tension 
are the number of tensile points and the chucks arrangement 
near the corner. Among them, the number of tensile points 
will impact the deformation uniformity and degree of the 
film specimen. In the two-corner-point-fixed tension 
(Figure 2(a)), the two fixed corner points will cause non-
uniform excessive deformation in the corner area, resulting 
in tearing of the specimen and adverse impact on the test 
accuracy. Therefore, four additional chucks also be added at 
the corner points in the single-corner-point tension to carry 
out equibiaxial planar tension [12] (Figure 2(b)), where the 
concentrated forces (or displacements) were exerted only at 
the corner points. The influence factors and the 
improvement effects shall be analyzed and verified by finite 
element simulation. 

 

a 

 
b 

 

Figure 2  Equibiaxial planar  tension test: (a) two-corner-point-
fixed tension and (b) single-corner-point tension 

 

3.2  Radial Tension Test 
Radial tension test is to apply uniform radial tensile force 
(or displacement) around the circular diaphragm specimen, 
so as to obtain the equibiaxial strain (or stress) and get its 
mechanical properties (Figure 1(b)). Circular film specimen 
with cuts and punched holes should be used in the actual 
radial tension (Figure 3) to reduce the tangential forces 
between the grips. The test apparatus can realize the 
equibiaxial deformation of the specimen by pulling the 
cable to move the uniformly distributed grips radially. The 
actual uniform deformation occurs in the range of the circle 
(ΦDi) which externally tangent to the punched holes, and 
the testing marks in Figure 3 are used for strain 
measurement during tension test in practice. The nominal 
stress S of equibiaxial radial tension is 

 

S=F/(π*Di*t0)               (13) 
 

where F is the sum of the radial tensile forces at each grip, 
and t0 the original thickness of the film. Generally, the 
displacement between two testing marks is measured by 
non-contact optical instrument in practice, then the strain 
can be calculated. 
 

 

Figure 3  Radial tension diagram 

 

3.3  Bulge Test 
In bulge test, the periphery of the elastic disc diaphragm is 
fixed and hydraulic oil (or compressed air) is applied on the 
bottom surface to make the film inflated into a sphere 
(Figure 1). The symmetry of the sphere determines that the 
equibiaxial stress and strain can be obtained in a natural way. 
In practice, a test apparatus generally uses upper and lower 
flanges to place and fix the periphery of the disc diaphragm. 
While inflating, the elastic film passes through the hole of 
the upper flange until it looks like a ‘‘sphere” shape (Figure 
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4). The stress-strain relationship can be calculated according 
to the deformation of inflated balloon and the pressure of 
hydraulic oil (or compressed air). 

 

Figure 4  Bulge test diagram 

 

3.3.1  The Strain of Bulge Test 
The strain of the film in bulge test is usually sampled from 
the large deformation area near the top of the inflated 
balloon. While inflating, the position changes of the balloon 
pole and the points nearby were recorded and selected for 
relevant calculation, then the sphere radii were fitted and the 
strain calculated (Figure 5). Based on the hypothesis of 
spherical shape, two observation points along the longitude 
of the inflated sphere surface, 𝑃𝑖−1 and 𝑃𝑖, were taken to 
analyze. In the figure, P0 refer to the pole, which is also the 
center of the disc diaphragm in undeformed state; θi and ∆𝜃𝑖  are the central angle corresponding to the arc 𝑃 0𝑃�̂� 
and 𝑃 𝑖−1𝑃𝑖̂  respectively; ℎ𝑖−1、ℎ𝑖 are the inflated height 
of the points, 𝑟𝑖−1、 𝑟𝑖  the distances from the axis of 
symmetry. Hence, the longitudinal and latitudinal stretch 
ratios at the point 𝑃𝑖 can be calculated: 

 

λ1 = Pi-1Pi
∆̂L

= Ri∆θi
∆ri

0                  (14) 

λ2 = ri
ri
0                     (15) 

 

where 𝑅𝑖 is the curvature radius at the point 𝑃𝑖; ∆𝑟𝑖0 is 
the distance between the points in undeformed state, 𝑟𝑖0 is 
the distance from the center to 𝑃𝑖. 

According to the above assumptions and the geometric 
relationship shown in the Figure 5, there also are 

 

∆θi
2

= tan-1 ∆L
2LP

                 (16) 

 Ri=
∆L
2

/ sin-1 ∆θi
2

                 (17) 

 

where 𝐿𝑃 is the chord distance to the sphere center, ΔL the 
chord length. 
 

 

Figure 5  Geometry calculation of a spherical cap 

 

When the distance between two observation points is 
small enough, the equation can be used to approximate the 
curvature radius of the surface points of the inflated sphere; 
When the starting point of chord is fixed to the pole, the 
obtained 𝑅𝑖 is the average radius, i.e., the "inflated sphere" 
is considered as standard. Therefore, by measuring the 
vertical and horizontal displacement of the observation 
points along the longitude, the stretch ratios of the inflated 
film can be calculated, and the deformation can be analyzed. 

3.3.2  The Stress of Bulge Test 
Assuming that the inflation shape in bulge test is spherical 
and its radius of curvature R, the longitudinal and latitudinal 
stretch ratios are equal, i.e., λ1=λ2=λ. According to force 
analysis, the equibiaxial tensile stress σ can be calculated 
[17]:  

 

σ=pR/2t=pRλ2/2t0             (18) 
 

where 𝑝 is the hydraulic oil (or compressed air) pressure. 
 

4 Simulation Analysis of Typical Equibiaxial 
Tension Tests 

 

The finite element simulation software ABAQUS can be 
used to evaluate whether the three typical equibiaxial 
tension methods are in good agreement with the theoretical 
calculation, or the influence of test apparatus and specimen 
parameters on the test accuracy. 
 

4.1  Simulation of Equibiaxial Planar Tension 

The simulation analysis of equibiaxial planar tension was 
carried out according to three cases: two-corner-point-fixed 
tension, single-corner-point tension and multi-point tension 
with two corner points fixed (Figure 6). λC was defined as 
the central stretch ratio calculated in the central region with 
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uniform deformation, and λo  the external stretch ratio 
calculated at the tensile point, then the ratio of λC to λo 
becomes the tensile efficiency ηλ. For convenient 
comparison, all the λo=4.6 were taken. 

3-dimensional 8-node hybrid solid elements (C3D8H) 
were used to mesh the finite element model of hyperelastic 
film. In order to reduce the number of elements and simplify 
the calculation, a symmetrical 1/4 film specimen was taken 
for analysis. The displacement was choosed as load, and the 
boundary conditions were set as axis symmetry for the left 
vertical side and the lower horizontal side of the specimen. 
In the two-corner-point-fixed tension (Figure 6(a)), in order 
to keep the distance between the two tensile points near the 
corner unchanged, the tensile displacement direction of the 
corner points were set as 45° to their principal direction 
respectively when the loads were applied on both sides. In 
the single-corner-point tension, just one single corner tensile 

point was set as 45° to horizontal (or vertical) direction 
(Figure 6(b)). In the multi-point tension (Figure 6(c)), the 
tensile points were increased based on the two-corner-point-
fixed tension. Except the corner points, the other points in 
the equibiaxial planar tension were free from tangential.  

Three strain contour maps for the different tension were 
shown in Figure 6. It can be seen that the large strain near 
the tensile points exist in the equibiaxial planar tension, and 
the strains are not uniform near the corner, and even there is 
no deformation in some areas between the two corner tensile 
points in the two-corner-point-fixed tension. Although 
increasing the tensile points in Figure 6(c), that phenomenon 
can not be eliminted completely. In contrast, the 
deformation of the single-corner-point tension (Figure 6(b)) 
is homogeneous in most central rectangle areas except for 
the small regions that close to tensile points (including 
corner). 

 

a 

 

b 

 

c 

 

Figure 6  Contour maps of principal strain: (a) two-corner-point-fixed tension, (b) single-corner-point tension and (c) multi-point 
tension with two corner points fixed. 

 

4.1.1  Analysis of the Axial Strain  

The uniformity of axial deformation in the principal 
direction of equibiaxial planar tension determines the 
accuracy of the sampled strain and the value of the tensile 
efficiency. A series of observation points were selected from 
the center of the film specimen to the boundary tensile point 
along the tensile direction, and the positions were expressed 

with the ratio of their geometry position to the original axial 
overall length of the analyzed specimen (Ls/2). Assuming 
that the stretch ratio, λc, of the observed point near the center 
of specimen is uniform and standard, the stretch ratio of the 
point closest to the center was taken to normalize the stretch 
ratios from other observation points, i.e. λ/λc. So, the relative 
axial strains in different equibiaxial planar tension can be 
derived in Figure 7.  

a b c 

   

Figure 7  The axial strains in equibiaxial planar tension: (a) two-corner-point-fixed tension, (b) single-corner-point tension and 
(c) multi-point tension with two corner points fixed. 
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It can be seen from the figure that the stretch ratios vary 
along the axial direction, and decreases slightly from the 
beginning, with the amplitude not exceeding 5%. After 
exceeding about 80% of the full axial length, the stretch 
ratios gradually increase due to the pulling of the tensile 
point, and reach the maximum at the tensile point. 
Obviously, the overall deformation of the single-corner-
point tension (Figure 7(b)) is more uniform, and the strain 
fluctuation amplitude is not more than 1% within 80% of the 
full axial length; the strain fluctuation at the tensile point 
will decrease due to the increasing number of tensile points 
(Figure 7(c)). It can also be found that uniform strain can be 
obtained when the sampled data from less than 20% of the 
overall length in the two-corner-point-fixed tension (Figure 
7(a), Figure 7(c)) and about 80% in the single-corner-point 
tension (Figure 7(b)). 

4.1.2  Analysis of the Stress-Strain Relationship  

The tensile force at each axial tensile point was summed, 
and then the nominal stress could be calculated according to 
Eq. (12). The strain in the equation was taken from the 
observation point near the center of the specimen, and the 
stress-strain relationships of the hyperelastic film under 
different tension were obtained (Figure 8).  

 

Figure 8  Stress-strain relationships of equibiaxial planar 
tension 

 

It can be seen that the mechanical properties obtained 
through the three typical equibiaxial planar tension methods 
are basically consistent with the theoretical calculation, and 
the discrepance increase slightly with the stretch ratio owing 
to the distortion. Among them, the stress-strain simulation 
result of the single corner point tension is the closest to 
theoretical result because of uniform deformation; while the 
highest tensile efficiency ηλ is obtained through multi-point 
tension with two corner points fixed due to the increase of 
tensile points and the overall deformation of the specimen is 
more sufficient. The stress error (when λ=4) and the tensile 

efficiency ηλ (when λO=4.6) calculated for three kinds of 
planar tension were listed in Table 2 

 

4.2  Simulation of Radial Tension 

In equibiaxial radial tension, the geometrical structure 
design of the circular specimen is key problem to ensure the 
test accuracy. Therefore, the circular specimen with 
different number of cuts and different diameters of inflation 
holes were modeled and analyze with ABAQUS. The 
specimens with the same outline dimension and equal 
punched hole diameter, but with 12, 16 and 24 cuts 
respectively, were firstly selected for modeling. 3-
dimensional 8-node hybrid solid elements (C3D8H) were 
used to mesh the finite element analysis models. Similarly, 
in order to reduce the number of elements and simplify the 
calculation, a symmetrical 1/4 film specimen was taken for 
analysis, the boundary conditions were also set as axis 
symmetry. The grips were simulated with the circular areas 
between the cuts close to the outer edge of the specimen [4, 
14], and the uniform radial displacements were applied to 
each grip. The stretch ratio λO caculated according to 
gripping location was 4.5. 
 

Table 2  Characteristics of equibiaxial planar tension  

Tension method 
Two-corner-
point-fixed  

Single-corner-
point  

Multi-point  

Stress error (%) 6.2 2.1 4.6 

ηλ(%) 93.9 91.4 98.1 

 

Figure 9 shows the Mises stress contour maps obtained 
by radial tension simulation of three kinds of specimens. It 
can be seen from the figures that the stress distribution in 
most areas around the center of the circular film is uniform. 
The maximum stress occurs along the transition arcs 
between the grips. Among them, the stress of 12-cut 
specimen is the largest and that of 24-cut the minimum. 
Obviously, the larger stress along the specimen transition 
arc between the grips is caused by larger strain due to the 
less cuts. However, too many cuts will lead to excessive 
stress on the tensile belt formed between the cuts and 
produce excessive deformation, which will easily lead to the 
material strength failure of the film specimen and decrease 
the tensile efficiency. Therefore, the number of cuts should 
be considered comprehensively between accuracy and 
strength. 

4.2.1  Principal Strain in Radial Tension 

In order to further study the uniformity of principal strain in 
radial tension, a series of observation points were selected 
uniformly from the center of the circular film to the circle 
Di, which is tangent to the punched hole. As with the 
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previous tension method, the position of each point was 
expressed as a percentage of the overall observation length 

(Di/2). 
 

a  

 

b 

 

c 

 

Figure 9  Mises stress under equibiaxial radial tension: (a) 12-cut, (b) 16-cut and (c) 24-cut. 

The strain calculated from each point was normalized 
according to the strain from the point closest to center (λ/λC). 
The results were shown in Figure10. It can be seen that the 
most stretch ratios are uniform in the principal direction, 
especially in the speimen with 16-cut (Figure 10(b)). From 
the center outwards, the strain increase slightly from the 
beginning , but the amplitude is very small, not more than 
0.5%, and then decrease sharply. In contrast to the strain 
changes caused by the planar tension of the rectangular film, 

the sampling points were taken in the direction of the 
symmetrical axis between the two grips, so the shrinkage in 
the stretching process led to the smaller strain at the outer 
end. With the number of cuts decreased, the shrinkage 
effects appear more obviously. It can be find from Figure 10 
that when λo=4.5, the shrinkage in the 12-cut specimen is 
close to 8% (Figure 10(a)), while that of the 24-cut specimen 
is less than 4% (Figure 10(c)). 

a                              b                            c 

   

Figure 10  Principal strain in radial tension: (a) 12-cut, (b) 16-cut and (c) 24-cut. 

4.2.2  Stress-Strain Relationship 

Summing the tensile forces of the radial tensile points, the 
nominal stress could be calculated according to Eq. (13). The 
calculated strains were also taken from the observation point 
closest to the center, and the stress-strain relationships of the 
hyperelastic film specimens with different number of cuts 
were obtained (Figure 11).  

It can be seen from Figure 11 that the mechanical 
properties of the film materials obtained by the three kind of 
specimens are close to the theoretical results. The more cuts 
the specimen are there, the more uniform the deformation of 
the specimen is, and the more accurate the stress-strain 
relationship can be gain. When λ=4, the stress error of 24-cut 
specimen is the smallest, which is less than 4% compared 
with the theoretical calculation result. 

 

 

Figure 11  Stress-strain relationships in radial tension 
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Due to the excessive deformation along the transition arc 
between the grips, the "pull" effect in the area near the center 
of the specimen becomes more obvious with fewer cuts, 
resulting in higher tensile efficiency ηλ, where the stretch 
ratios of 12-cut and 16-cut specimens even exceed that from 
the grips. The tensile efficiency ηλ (λo=4.5) and the stress 
errors (λ=4) were calculated and listed in Table. 3. 
 

Table 3  Comparison of stress error and tensile efficiency  

Specimen 12-cut 16-cut 24-cut 
Stress error (%) 8.48(8.59) 6.05(8.46) 3.83(4.65) 

ηλ (%) 101.52(98.03) 101.12(99.55) 96.72(100.04) 
Note: The data in brackets were from the punched specimens with the 

diameter reduced by half. 

4.2.3  Influence of the Punched Hole  

Reducing the diameter of the punched hole will increase the 
tensile stress along the transition arc, resulting in larger 
stress error, as shown in Table 3. However, reducing the 
diameter does not improve the tensile efficiencies in 12-cut 
and 16-cut specimens, which are mainly caused by the 
increase of the diameter (Di) of the deformed tangential 
circle at the same time. In addition, increasing the diameter 
of the punched hole will lead to excessively fine tensile belt 
between the cuts, which will lead to excessive stretching 
deformation and strength failure of the film material. 
 

4.3  Simulation of Bulge Test  

In bulge test, the deformation contour error and uniformity 
will affect the test accuracy. As the specimen is a circular 
diaphragm, the main influence factors affecting the test 
results should be the structure parameters of the test 
apparatus, including the inflation hole diameter Db of the 
upper flange, the thickness Hb of the flange which also forms 
the transition arc radius (Hb/2). Therefore, the simulation of 
bulge test mainly focused on the bulge test itself and the 
structure parameters of the apparatus. 

In order to reduce the calculation workload, the EAP 
diaphragm adopted 4-node, billinear axisymmetric 
quadrilateral hybrid element (CAX4H) model. The upper 
and lower flanges were set as discrete rigid bodies, there 
were no friction contact between the film and flanges during 
inflation, and the pressure was applied under the circular 
diaphragm. In the actual bulge test, in order to measure the 
deformation, optical device was used to measure the shape 
and strain of the circular marks printed on the surface of the 
specimen [19]. In the simulation, the positions of the center 
point and nearby points on the surface of the circular 
diaphragm were recorded during the inflation, then the 
spherical curvature radii calculated. Finally, the strain and 

stress were derived according to the above equations. 

4.3.1  Influence of the Profile Deformation  

Starting from the symmetry center of the circular film, a 
series of observation points with equal distance (1 mm) in 
the undeformed state were taken to record their positions 
during the test, then the profile curves of the balloon can be 
obtained (Figure 12). It can be seen from Figure 12 that the 
curvature at each observation point of the spherical surface 
is inconsistent in the process, which is flat near the pole and 
steep outwards. This phenomenon is especially obvious in 
the initial stage. 

 

 

Figure 12  Changes of the surface profiles  

 

(1) Contour error of the inflation sphere 

The curvature radii were calculated by fitting the small 

pieces of curve between the adjacent observation points 

on the surface of the inflated balloon, and the curvature 

radii were normalized by the radius of the point closest 

to pole (1 mm away from the symmetry axis) to 

understand the contour changes of the sphere under 

different pressures, as shown in Figure 13. 
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Figure 13  Normalized curvature radii  

 

As can be seen from the figure that when the pressure 
is less than 2.4 KPa, the curvature radius at the outside 
observation point (25mm away from the symmetry axis) 
is less than that at the point near the sphere pole (1 mm 
away from the symmetry axis) by more than 12%. With 
the volume increased, the difference gradually decreases. 
When the air pressure reached 4.1 KPa, the difference 
decreases to about 6.3%. It shows that the curvature radii 
of the profile tend to be the same and the shape becomes 
more spherical with the increase of the inflation pressure. 

(2) Uniformity of the deformation 

In bulge test, the deformation degree of the film is 
uneven because the periphery clamped and fixed, where 
the deformation in the latitude direction close to zero.  

From the comparison of the longitudinal and latitudinal 
stretch ratios as shown in Figure 14, the longitudinal 
stretch ratio is larger than that of the latitudinal in the 
deformation process, and the closer to the clamping edge, 
the greater the difference is; with the increase of air 
pressure, this trend becomes more significant. At the 
remote observation point (25mm away from the axis of 
symmetry), when the inflation pressure reached 4.1KPa, 
the longitudinal stretch ratio exceeds the latitudinal 
stretch ratio by about 25.4%, that wound result in large 
analysis errors if the test data were sampled here. 

 

Figure 14  Comparison of the longitudinal and latitudinal 
stretch ratios 

 

The contour error and the non-uniform deformation 
of the inflation sphere will lead to the inaccuracy of the 
calculation results of the stress-strain characteristic 
curve and affect the test result. Four points with different 
distances in undeformed state (1 mm, 5 mm, 10 mm, 20 
mm away from the center of disc diaphram respectively) 
were selected for observation. The stress-strain curves 
were deduced and compared with the theoretical 

calculation results (Figure 15). It can be seen from the 
figure that the farther the observation point away from 
the center, the greater the test error. At the same time, 
the effective test range is also reduced significantly at 
the far point. At the farthest observation point (20 mm 
away from the center), when the inflation pressure 
reached 4.1 KPa, although the calculated stress is larger 
than the theoretical result by 4.7%, the actual 
deformation is less than half of the deformation near the 
spherical top due to uneven deformation, which will 
affect the effective test range. 

 

Figure 15  Comparison of the stress-strain relationships at 
different observation points 

 

4.3.2  Influence of the Structure Parameters  

The structure of the bulge test apparatus is simple, and the 
main parameters are the thickness Hb of the upper flange and 
the diameter Db of the inflation hole (Figure 4). Therefore, 
three models were proposed for simulation analysis:  

 The original model: The structure parameters are Hb 

=6 mm, Db =54 mm; 
 The thick flange model: Based on the original model, 

the upper flange thickness of the test apparatus 
structure was doubled; 

 The small hole model: Based on the original model, 
the inflation hole of the structure was reduced by half. 

The stress-strain curves obtained from the above 
mentioned models were shown in Figure16 and compared 
with the theory result. When λ=1.9, the stresses in bulge test 
are slightly larger than that of the theoretically calculated, 
but not more than 2%. Within the stretch ratio, it can be 
concluded that the influence of the parameters of the 
apparatus on the test accuracy can be ignored as long as the 
calculated data are sampled in the uniform deformation area 
near the apex of the balloon. 
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Figure 16  Comparison of the stress-strain relationships with 
different structure parameters  

4.3.3  Influence on the Inflation Height 
According to the above mentioned models for different 
structure parameters, the inflation height of the balloon can 
also be obtained (Figure 17). The figure shows that when the 
stretch ratio reached about λ=1.9 at the balloon pole, the 
small inflation hole will reduce the volume of the inflated 
balloon: reducing the diameter of the inflation hole by 50%, 
the deformation height will be reduced by half to 17.2 mm, 
while the required air pressure will be doubled to about 8.83 
KPa. 

 

 

Figure 17  Deformation in bulge tests with different structure 
parameters 

 

It can be seen from Eq. (18) that the inflation pressure is 
inversely proportional to the curvature radius of the inflated 
balloon. When λ=1.9, the radius at the top of the balloon in 
the small hole model is 13.6 mm, which is about half of the 
radius of the original model, indicating that the deformation 
degree is large and then the required air pressure increased 
accordingly. In addition, Figure 17 also shows that 
thickening the upper flange will result in smaller 
deformation and larger required air pressure. In fact, 

thickening the flange will causes the inflation hole to be 
smaller slightly, which is the same as reducing the inflation 
hole. 

4.3.4  Inflation Range in Bulge Test Simulation  

In the above-mentioned simulation process, when the 
equibiaxial stretch ratio reaches about 1.9, ABAQUS 
reported errors, and did not converge, then the analysis 
quitted, resulting in the limited inflation range in bulge test 
simulation, which is inconsistent with the test results in 
practice. These problems were mainly caused by the material 
model and its parameters. Substituting the equibiaxial tensile 
stress σ in Eq.(10) into Eq.(18) gives 

p = 2σt
R

= 4t0(1-λ-6)
R

( ∂W
∂I1

+λ2 ∂W
∂I2

)          (19) 

On the righthand side of Eq. (19), there are differential 
expression of the strain energy potential. The variable R, 
∂W/∂I1  and  ∂W/∂I2  are the function of the equibiaxial 
stretch ratio λ, and the equation has multiple solutions to λ in 
theory. When studying large elastic deformations of 
isotropic materials with the strain energy potential of 
Mooney, Adkins [17] found that when the parameter 𝛤 =𝐶01/𝐶10>0.21, the air pressure increases monotonously with 
inflation; when Γ<0.21, the local extreme point will appear 
in the pressure-deformation equation, and the extreme point 
of p is near λ=1.84. In the bulge test simulation, the 
maximum equibiaxial stretch ratio λ can be reached is about 
1.90, which is close to the value in the above mentioned 
theorical result.  

In addition, the stress-strain values calculated by the 
Ogden material model parameters [9] were re-fitted to obtain 
the Moony-Rivlin model parameters (see Table 1). It is 
found that Γ=0.0038, which conforms to the latter condition, 
i.e., there are multiple deformation solutions to the pressure, 
leading to non-convergence in simulation analysis. 
Therefore, in order to increase the simulation analysis range 
of EAP films, the material model should be improved, and 
no further analysis will be made here. 
 

5 Conclusions 
 

In this paper, the finite element analysis software was used 
to model three typical equibiaxial tension methods, and the 
influences of the apparatus structure and specimen geometry 
parameters on the test results were also analyzed. The 
following conclusions were drawn: 
(1) Within a certain deformation range, the three 

equibiaxial planar tension methods proposed in this 

paper can meet the requirements of equibiaxial tension 

test. Among them, the deformation in the single corner 
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point planar tension is more uniform, and the stress-

strain relationship obtained is the closest to the 

theoretically calculated result. Increasing the tensile 

points can make the overall deformation of the 

specimen more sufficient, thus obtaining a higher 

tensile efficiency ηλ, which also helps to reduce the force 

error. 

(2) The main function of the cuts and punched holes in 

radial tension test is to avoid the specimen being torn 

during the test and ensure the deformation uniformity. 

The more the cuts are there, the more uniform the 

deformation is and the smaller the stress error is, but the 

tensile efficiency tends to decrease. The test force error 

can be reduced by increasing the diameter of the 

punched hole. However, the large hole will cause the 

finer tensile belt between the grips, resulting in 

excessive tensile deformation, and the film is prone to 

material strength failure. In addition, too many cuts in 

the specimen will make it difficult to fabricate. 

(3) In bulge test, the sampled point for calculation should 

be as close as possible to the pole of the sphere to obtain 

accurate equibiaxial stretch ratio and larger test range. 

The structure parameters of the test apparatus have little 

influence on the final test results, but the large inflation 

hole can reduce the required test pressure, while the 

small hole possesses low deformation height. In 

addition, the material model and its parameters will 

affect the range of EAP simulation analysis under 

certain conditions. 

In a word, after taking some effective measures, the 
above-mentioned three equibiaxial tension methods can 
obtain more accurate test results and meet the requirements 
of equibiaxial tension test. 
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Figures

Figure 1

Typical equibiaxial tension test: (a) Equibiaxial planar tension, (b) Radial tension and (c) Bulge test



Figure 2

Equibiaxial planar tension test: (a) two-corner-point-�xed tension and (b) single-corner-point tension



Figure 3

Radial tension diagram



Figure 4

Bulge test diagram

Figure 5

Geometry calculation of a spherical cap.



Figure 6

Contour maps of principal strain: (a) two-corner-point-�xed tension, (b) single-corner-point tension and (c)
multi-point tension with two corner points �xed.

Figure 7

The axial strains in equibiaxial planar tension: (a) two-corner-point-�xed tension, (b) single-corner-point
tension and (c) multi-point tension with two corner points �xed.



Figure 8

Stress-strain relationships of equibiaxial planar tension

Figure 9

Mises stress under equibiaxial radial tension: (a) 12-cut, (b) 16-cut and (c) 24-cut.



Figure 10

Principal strain in radial tension: (a) 12-cut, (b) 16-cut and (c) 24-cut.

Figure 11



Stress-strain relationships in radial tension

Figure 12

Changes of the surface pro�les



Figure 13

Normalized curvature radii



Figure 14

Comparison of the stress-strain relationships at different observation points



Figure 15

Comparison of the longitudinal and latitudinal stretch ratios



Figure 16

Comparison of the stress-strain relationships with different structure parameters



Figure 17

Deformation in bulge tests with different structure parameters


