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Abstract

Silicone elastomers have attracted considerable attention due to their wide
range of biomedical engineering and soft robotics applications. In this work,
an extensive thermo-mechanical characterization of Ecoflex Shore hardness
00-50, a commercially available silicone elastomer, has been carried out to
compensate for the lack of relevant literature. The mechanical behaviour
of the material has been characterized by performing monotonic and cyclic
loading tests. These tests were performed in different deformation states, i.e.
uniaxial tension, pure shear and biaxial tension, at different strain rates and
temperatures. Experimental findings allowed to highlight a time-dependent
response of the material and to quantify the contribution of dissipative de-
formation phenomena to the overall strain energy. Uniaxial tensile tests
performed at different temperatures (between -40°C and 140°C) showed that
the material mechanical behaviour is sensitive to temperature in this range:
a decrease of ultimate stress and strain has been observed with increasing
temperature. Finally, the data obtained from the latter tests has been used
to define a failure envelope, applied for the first time to Ecoflex silicones, and
valuable to describe the material ultimate stress and strain at any tempera-
ture and strain rate.
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Deformation states, Dissipative behaviour

1. Introduction

Silicone elastomers have seen increasing interest in recent times because of
their unique set of mechanical and physical properties, such as extremely
low glass transition temperature (usually below -120°C), good thermal sta-
bility (in the temperature range from -50°C to 250°C), high hydrophobicity,5

chemical resistance and biocompatibility. Furthermore, silicones are typi-
cally characterized by large stretchability and low stiffness, closely matching
those of compliant biological tissues [1, 2, 3]. This set of properties led to
a variety of applications such as tubes, pumps and catheters in biomedical
engineering [4], actuators and sensors in soft robotics and flexible electronics10

[5], as gaskets, diaphragms and sealants in the aerospace and automotive
industries [6]. Silicones also find applications in the mechanobiology field as
substrates [7].

Ecoflex™ (Smooth-On inc., USA) elastomers are commercially available sil-15

icones characterized by different Shore hardness ranging from Shore 00-10
to Shore 00-65; they are two-component platinum-catalyzed silicones, cured
at room temperature in a relatively short time, from a few minutes to a
couple of hours. Even if no information is provided by the producer on the
chemical structure or the filler nature and content of the material, previ-20

ous studies suggest they may be polydimethylsiloxane (PDMS) based elas-
tomers, filled with silica to some extent [6, 8]. Due to their low viscosity,
high biocompatibility and high stretchability, Ecoflex silicones are ideal can-
didates for applications in flexible sensors and biomedical actuation systems.
For example, in [9, 10], super-stretchable, skin-mountable, and ultra-soft25

strain sensors based on Ecoflex-carbon nanotube nanocomposite thin films
were developed. In [11], a method is proposed to manufacture bio-inspired
Ecoflex/hydrogel hybrids with tough interfaces and functional microstruc-
tures. In [12], a strategy is proposed for printing conductors based on Ag
ink onto Ecfolex/hydrogel stretchable substrates using a water-soluble tape.30

In [13], soft pneumatic actuators based on Ecoflex/paper composites were
fabricated and tested. In [14], compression tests were performed on Ecoflex
Shore 00-10 and Shore 00-30 to mimic the stress distribution in deep tissue in-
jured muscles, and a preliminary patient simulator prototype was developed.
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Finally, piezoelectric nanogenerators based on BaTiO3/Ecoflex and carbon35

nanotubes (MWCNT)/Ecoflex composites for self-powered human motion
and pressure monitoring were manufactured [15], and [16, 17], respectively.

Within this series of silicone rubbers, the mechanical behaviour of Ecoflex
Shore 00-30 has been deeply studied and reported in literature. In [3], an40

extensive mechanical investigation was carried out through cyclic loading-
unloading tests and single-step relaxation tests. The material resulted to be
highly hysteretic, characterized by significant strain-induced stress softening
(or Mullins effect, as originally proposed in [18]) during loading, as well as
by a time-dependent behaviour, as clearly shown in stress relaxation tests.45

Furthermore, the study highlights that the material hysteretic behaviour is
significantly reduced if the material is pre-stretched or undergoes a prelim-
inary relaxation test before a tensile test is performed. It is suggested that
this may be caused by material structural changes occurring when the mate-
rial is deformed. It was observed that no residual strain is present after the50

unloading of the material, in contrast with what is reported in [8], where a
significant residual set was observed for both Ecoflex Shore 00-30 and 00-50.
As reported in [3], a very limited strain rate and temperature dependence of
the mechanical response were observed for Ecoflex Shore 00-30.

55

In [19], tests similar to the previously described ones were performed on
Ecoflex Shore 00-10, 00-20 and 00-50: it was found that all the considered
Ecoflex grades have similar behaviour concerning time and temperature de-
pendence, and that material stiffness, hysteretic behaviour, the range of time
over which stress-relaxation phenomena occur, and strain-induced or relax-60

ation induced softening, increase with the increase of Shore hardness. These
results, although insightful of the material mechanical behaviour, are limited
to the uniaxial tension deformation state; in order to completely describe
the material response, other deformation states more resembling real appli-
cation conditions should be tested; some preliminary results for pure shear65

and equibiaxial deformation states are reported in [20], where larger appar-
ent stress softening is observed for pure shear and equibiaxial deformation
modes with respect to uniaxial tension; furthermore, residual deformation
after unloading, which was not observed in uniaxial tensile tests in [3], is
noted in the other deformation states.70

To the best of the authors’ knowledge, the ultimate tensile stress (σU) and
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strain (ϵU) of Ecoflex elastomers, and their dependence on time and tempera-
ture, have not been investigated in literature. Because of the large variability
of these two quantities, depending on testing conditions, it has been difficult75

to relate unambiguously ultimate properties to the molecular structure of
an elastomer: a possible approach, based on the concept of ”failure enve-
lope”, has been proposed in [21, 22] for unfilled elastomers; from creep tests,
it was observed that it is possible to obtain a curve, defined by the failure
points of the material, which is independent of time and temperature. This80

envelope, which is unique for every material, is indicative of the topological
characteristics of a specific polymeric network. This approach was further
investigated in [23]: considering a sample subjected to a constant load test
(creep test), the material will undergo a progressively increasing macroscopic
elongation while, at a microscopic level, small tears will form and start to85

grow. In [24], it was proposed that the time taken for the material at the tear
tip to rupture is determined by the rate of retraction of the broken filament
and the creep response of the subsequent filament to the load to which it
is subjected. Therefore, the tear propagation rate that controls the time to
failure tU is determined by the creep response (i.e. the creep compliance)90

of the elastomer. In the same papers, it was observed that these consid-
erations could be extended to tensile tests, too, obtaining a singular failure
envelope: based on these considerations, the ultimate stress and strain can be
computed from the creep compliance of the material in any loading condition.

95

Despite the presence of comprehensive studies on the mechanical behaviour
of Ecoflex Shore 00-30 in literature, Ecoflex polymers of different Shore hard-
ness have been studied in a much more limited way; furthermore, in most
applications, the deformation state to which components are subjected is
more complex than uniaxial extension. Therefore, this experimental work100

aims at providing an in-depth study on Ecoflex Shore 00-50 mechanical be-
haviour, starting from already available observations present in literature and
including missing information regarding the effect of different modes of de-
formation and temperature on the material response, focusing in particular
on ultimate tensile properties.105

The manuscript is structured as follows: in Section 2, the details about
the adopted material and specimen preparation are presented, alongside the
different testing setups and the testing campaign performed. Furthermore,
details about the calculation of the energy density associated with cyclic ten-110
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sile tests are reported. Section 3 presents the theoretical details concerning
the comparison of the material mechanical response in different deformation
states, applied in the following section to compare and discuss experimental
data. In Section 4, the experimental details are presented and discussed,
considering monotonic and cyclic tensile tests, in addition to the effects of115

temperature on Ecoflex 00-50 ultimate properties. Finally, the main findings
and observations are summarized in Section 5.

2. Experimental details

2.1. Material preparation and adopted specimens

Ecoflex Shore 00-50 was provided in two liquid components, mixed in a 1:1120

weight ratio, and thoroughly mixed for 5 minutes with a mechanical mixer,
working at 600 rpm. Afterwards, the mixture was cast in the bottom half of
a mould which was placed for 10 minutes in a vacuum oven at 23°C and -0.9
Pa to remove entrapped air and minimize bubble presence in the material.
Then, within the material pot life of 18 minutes, the mould was closed with125

its upper half, and the material was left to polymerize and crosslink for 3
hours at 23°C. Different moulds were used to obtain specimens of different
geometries.

The material was tested in three different deformation states, namely uniaxial130

tension (UT ), pure shear (PS ) and equibiaxial tension (ET ). The UT state
is such that the elementary volume is deformed along one principal direction
(λ1 = λ) and left free to contract in the other two; calling λ2 the in-plane
orthogonal direction and λ3 the direction perpendicular to the plane, and
assuming constant volume deformations (i.e. λ1λ2λ3 = 1), one obtains that135

λ2 = λ3 = 1/
√
λ. In the PS state, the contraction in the in-plane orthogonal

direction is prevented (λ2 = 1), and so λ3 = 1/λ. In the case of ET state, the
in-plane principal stretches are equal (λ1 = λ2 = λ), and therefore λ3 = 1/λ2.

In order to achieve the different deformation states, different specimen ge-140

ometries were adopted during testing, which are illustrated in Figure 1: the
short strip-shaped specimens (Figure 1b) were used in place of the dumbbell
specimens (Figure 1a) to test the material at temperatures different than
23°C (see Section 4.3): these tests were carried out in an environmental
chamber, in which the crosshead displacement is limited to about 200 mm.145
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For PS, ET and strip-shaped specimens, a thicker border is needed to fix the
specimens in the adopted clamping systems.

(a) (b)

(c) (d)

Figure 1: Geometry and dimensions (in mm) of the specimens used for tests in uniaxial
tension (1a and 1b), pure shear (1d) and equibiaxial tension (1c) deformation states.

2.2. Experimental set-up

Uniaxial tensile tests and pure shear tests were performed on an Instron 5967
screw-driven dynamometer equipped with a 2 kN load cell. UT tests were150

video recorded to evaluate the variation of the distance ∆L between two
black marks drawn on each specimen at an initial distance L0 = 20 mm; the
strain was evaluated accordingly. In the case of PS tests, the strain along
the stretching direction was evaluated as the ratio between the crosshead
displacement and the specimen gauge length after verification of negligible155

testing machine compliance.

Equibiaxial tension tests were performed on the custom-built biaxial dy-
namometer shown in Figure 2. The machine is equipped with two 25 kN
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load cells along one of the loading directions and two 50 kN load cells in160

the other direction. Five clamps for each side are mounted on rails and free
to slide during the test to adapt to the deformation in different directions.
Further details on the testing setup can be found in [25]. In this case, strains
were determined through Digital Image Correlation (DIC) analysis by ap-
plying a speckle pattern to the specimen surface. Stress and strain were165

computed by averaging the values obtained in the two orthogonal loading
directions.

Figure 2: The custom-built biaxial test setup with the clamping system, designed in [25],
consisting of four rigid arms, equipped with two 25 kN and two 50 kN load cells. The
specimen is mounted in a custom-built clamping system, free to slide during testing. The
test is video recorded through a video camera mounted parallel to the specimen surface.

Tests at different temperatures (ranging between -40°C and 140°C, see Sec-
tion 2.3) were performed on an Instron 5967 dynamometer equipped with a 2170

kN load cell and an environmental chamber, using a liquid CO2 based cooling
system to reach temperatures lower than 23°C. Strains were determined as
the ratio between the crosshead displacement and the specimen gauge length
since the testing machine compliance, as already reported, was negligible.

175
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In all video-recorded tests, a 10 MPixel uEye UI 5490 SE camera was used,
with a framerate between 1 and 20 fps (defined to obtain at least 1000 frames
for each test, depending on their duration).

2.3. Experimental tests

Monotonic tensile tests at room temperature and in different deformation180

states were performed at different strain rates until specimen failure. Several
specimens were tested in each condition in order to quantify the response
variability:

• nine UT specimens were tested at three different nominal strain rates
(0.1 s−1, 0.01 s−1 and 0.005 s−1);185

• five PS specimens were tested at two different nominal strain rates
(0.1 s−1 and 0.01 s−1);

• four ET specimens were tested at ϵ̇ = 0.05 s−1 and one at ϵ̇ = 0.001 s−1.

Cyclic tensile tests at room temperature and in different deformation states
were performed at different nominal strain rates and up to different values190

of maximum nominal strain, ranging between ϵ = 1 and ϵ = 5:

• four UT specimens were tested for each value of maximum nominal
strain (tested at both 0.1 s−1 and 0.01 s−1);

• four PS specimens were tested for each value of maximum nominal
strain (tested at both 0.1 s−1 and 0.01 s−1);195

• one ET specimen was tested up to ϵ = 1 (tested at 0.05 s−1).

The effect of temperature on the material mechanical response was investi-
gated by performing tests at -40°C, -20°C, 0°C, 23°C, 60°C, 80°C, 100°C and
140°C: this temperature range was chosen in order to have a direct compar-
ison with already available data, present in [3, 19] for Ecoflex 00-30. The200

upper limit was fixed to avoid material degradation during testing. For each
temperature, four strip specimens (see Figure 1b) were tested at ϵ̇ = 0.1 s−1

after conditioning for 15 minutes. Furthermore, tests at different nominal
strain rates (0.1 s−1, 0.01 s−1 and 0.001 s−1) were performed at 23°C, 60°C
and 100°C.205
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2.4. Identification of energy density from cyclic tensile tests
In Section 4.2, the energy density associated with each loading-unloading
cycle was determined from experimental data obtained during cyclic tensile
tests. The dissipated energy density (wd) was calculated by integration of the
area between the loading and unloading curves, whereas the stored energy210

density (ws) was calculated by integration of the area beneath the unloading
path (as shown in Figure 3).

Figure 3: Definition of dissipated (blue) and stored (red) energy densities from loading-
unloading test.

The sum of the two contributions is the total energy density (wtot) associated
with the loading-unloading cycle:

wtot = wd + ws =

(∫
l

σdϵ−
∫
ul

σdϵ

)
+

∫
ul

σdϵ =

∫
l

σdϵ (1)

where the subscripts l and ul identify the loading and unloading paths, re-215

spectively.

3. Comparison of different deformation states

To summarize the results obtained in Section 4.1 in the different deformation
states, an alternative way of representing stress-strain curves is presented to
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clearly compare experimental data, following the derivation reported in [26].220

Assuming a Neo-Hookean behaviour, the strain energy function is defined as
[27]:

W =
G

2
(I1 − 3) (2)

where G is the shear modulus of the material and I1 is the first stretch
invariant, which is equal to λ2

1+λ2
2+λ2

3, being λi the principal stretches (λi =
ϵi+1, where ϵi are the principal nominal strains). For an ideal incompressible225

elastomer λ1λ2λ3 = 1 and λ3 = 1/(λ1λ2), therefore Equation (2) can be
written explicitly as:

W =
G

2

(
λ2
1 + λ2

2 +
1

λ2
1λ

2
2

− 3

)
(3)

The nominal stress-stretch relationship can be obtained by derivation of
Equation (3), as:

σ1 =

(
∂W

∂λ1

)
= G

(
λ1 −

1

λ3
1λ

2
2

)
(4)

The first true principal stress is defined as σt,1 = λ1σ1 which, combined with230

the incompressibility relation, leads to:

σt,1 = λ1σ1 = G(λ2
1 − λ2

3) (5)

A similar expression is obtained for σt,2 and, in the case of plane stress
(σt,3 = 0), the general true stress state is defined as:

σt,1 = G(λ2
1 − λ2

3)

σt,2 = G(λ2
2 − λ2

3)

σt,3 = 0

(6)

The difference between the first and second true principal stresses will al-
ways be proportional to the difference between the first and second principal235

stretches squared:

σt,1 − σt,2 = G(λ2
1 − λ2

2) (7)

In particular, for UT, PS, and ET deformation states, the expression is sim-
plified to:
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σt,1 − σt,2 = G

(
λ2
1 −

1

λ1

)
for UT

σt,1 − σt,2 = G
(
λ2
1 − 1

)
for PS

σt,1 − σt,2 = G

(
λ2
1 −

1

λ4
1

)
for ET

(8)

Notice that, according to the definition reported in [26], for the ET state
λ1 = λ3 = λ, and therefore λ2 = 1/λ2. Equation (8) can be expressed in240

terms of nominal stress and stretch as follows:

σλ = G

(
λ2 − 1

λ

)
for UT

σλ

(
1− 1

λ2 + 1

)
= G

(
λ2 − 1

)
for PS

σλ = G

(
λ2 − 1

λ4

)
for ET

(9)

Finally, the value of shear modulus can be obtained by fitting the region of the
stress-strain curves, which showed an overall decreasing slope (corresponding
to ϵ ≤ 1 for UT and PS and to ϵ ≤ 0.3 for ET) through the use of the
Neo-Hookean model, as already proposed in [19]. The Neo-Hooke model245

expression is obtained by rearranging Equation (9) as:

σ =



G

(
λ− 1

λ2

)
for UT

G

(
λ− 1

λ3

)
for PS

G

(
λ− 1

λ5

)
for ET

(10)

4. Results and discussion

4.1. Monotonic tensile tests

Ecoflex 00-50 uniaxial tension specimens (see Figure 1a) were tested at differ-
ent nominal strain rates, namely ϵ̇ = 0.1 s−1, ϵ̇ = 0.01 s−1 and ϵ̇ = 0.005 s−1,250
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in order to investigate the time-dependency of the material mechanical re-
sponse. The nominal stress-strain curves for uniaxial tensile tests performed
at the different strain rates are reported in Figure 4.

(a) (b)

(c)

Figure 4: Ecoflex 00-50 nominal stress-strain curves for uniaxial tension tests, performed
at 4a) ϵ̇ = 0.1 s−1, 4b) ϵ̇ = 0.01 s−1 and 4c) ϵ̇ = 0.005 s−1. All tests performed at T =
23°C.

Some degree of variability is observed among curves obtained from tests at
the same strain rate, which could be attributed to experimental errors in255

the specimen preparation process (e.g. micro-bubbles formed during casting,
defects at the specimen edge from die-cutting etc.) or to some structural
inhomogeneity of the material. To better compare the material behaviour at
different strain rates, the highest and lowest experimental stress-strain curves
with variability intervals (the area between the two curves) for each test are260

reported in Figure 5; in this representation, ultimate stresses and strains are
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not considered meaningful.

Figure 5: Ecoflex 00-50 nominal stress-strain curves for uniaxial tension tests, performed
at T = 23°C and ϵ̇ = 0.1 s−1 (black curve), ϵ̇ = 0.01 s−1 (red curve) and ϵ̇ = 0.005 s−1

(blue curve).

No significant difference is observed between the curves relevant to tests
performed at ϵ̇ = 0.01 s−1 and ϵ̇ = 0.005 s−1. It is possible to notice
that all the curves superimpose for strains lower than ϵ ≈ 2, suggesting265

a strain rate independence of the mechanical behaviour in this range. At
larger strains, for a given deformation, the stress increases, increasing the
deformation rate, especially for the curves at ϵ̇ = 0.1 s−1. The averaged
values, with relevant standard deviation, of tensile modulus (E) evaluated
at ϵ = 0.1, and ultimate strain (ϵU) and stress (σU) for each strain rate are270

reported in Table 1: an increase of both ultimate strain and ultimate stress
is observed with increasing strain rate, mainly for stress values.
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Strain Rate, [s−1] E(ϵ = 0.1), [MPa] ϵU , [-] σU , [MPa]
0.1 0.08± 0.01 5.87± 0.49 1.34± 0.16
0.01 0.08± 0.02 5.94± 0.18 1.22± 0.06
0.005 0.08± 0.01 5.29± 0.45 0.99± 0.12

Table 1: Averaged values (with relevant standard deviation) of tensile modulus (evaluated
at ϵ = 0.1), ultimate strain and ultimate stress for the different strain rates considered in
uniaxial tension tests.

The stress and strain at failure obtained for ϵ̇ = 0.1 s−1 are comparable with
those reported in [19] of ϵU = 6.5 and σU = 1.6 MPa, although being slightly
lower. Furthermore, as expected, practically no variation of tensile modulus275

is observed with varying strain rate.

The nominal stress-strain curves for monotonic tensile tests performed on
PS specimens (see Figure 1c) at different strain rates, namely ϵ̇ = 0.1 s−1

and ϵ̇ = 0.01 s−1, are reported in Figure 6. It should be noted that, for all280

specimens, failure occurred near the thick clamped edges, most likely due
to stress intensification, so stress and strain values at break have not been
considered in this study.

Figure 6: Ecoflex 00-50 nominal stress-strain curves for pure shear tests, performed at
ϵ̇ = 0.1 s−1 (black curves) and ϵ̇ = 0.01 s−1 (red curves). All tests performed at T = 23°C.
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The curves corresponding to the PS specimen tested at ϵ̇ = 0.01 s−1 show a
very limited variability compared to UT curves. Similarly to UT tests, the285

portion of the curves up to ϵ ≈ 2 is unaffected by strain rate variations. In
contrast, an increase in stress with increasing strain rate is clearly noticeable
at higher strains.

The nominal stress-strain curves of different equibiaxial tension tests, per-290

formed at ϵ̇ = 0.05 s−1 and ϵ̇ = 0.001 s−1, are reported in Figure 7. A single
curve is reported for each strain rate because of the limited tests performed.

Figure 7: Ecoflex 00-50 nominal stress-strain curves for equibiaxial tension tests, performed
at ϵ̇ = 0.05 s−1 (black curve) and ϵ̇ = 0.001 s−1 (red curve). All tests performed at T =
23°C.

It is noticeable how failure occurs at ultimate strain much lower than those
observed for UT and PS tests, despite always starting from the holes at the
border of the specimen (see Figure 1d), due to stress intensification. A neg-295

ligible strain rate effect is observed for ϵ < 0.3 although, given the limited
experimental data available, this effect should be further investigated with
more tests.

In order to compare the results obtained in different deformation states, the300
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derivation presented in Section 3 was applied to the experimental data ob-
tained during the monotonic tests. The shear modulus G was determined by
simultaneously fitting Equation (10) to experimental data in the strain rate
independent region (ϵ ≈ 1 for UT and PS, and ϵ ≈ 0.3 for ET) obtained in the
different deformation states, through the use of least square curve-fitting ap-305

proach (lsqcurvefit) built-in the commercially available software MATLAB.
The obtained value of shear modulus is G = 0.044 MPa: no data is available
in literature regarding measured values of shear modulus for Ecoflex 00-50,
but the value is comparable to that reported in [19] of G = 0.039 MPa, de-
termined by a Shore hardness amplification factor multiplied by the G value310

estimated from UT data for the lower hardness Ecoflex 00-10. The compar-
ison between experimental data and the Neo-Hookean model is reported in
Figure 8.

Figure 8: Comparison of experimental data (dashed lines) and Neo-Hookean model with
G = 0.044 MPa (see Equation (10), continuous lines). Experimental nominal stress-strain
curves for uniaxial tension, pure shear and equibiaxial tension deformation states obtained
at T = 23°C.

Despite the experimental data dispersion, it can be seen that the model prop-
erly describes the response of the material in all three deformation states.315

However, it slightly overestimates the response in UT and underestimates
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the one in PS.

Since the value of G has been determined, it is possible to represent ex-
perimental data obtained in the different deformation states on a common320

(σt,1 − σt,2) vs (λ
2
1 − λ2

2) plot (according to Equation (9)), as shown in Fig-
ure 9. The curves for PS and ET states correspond to a specimen tested at
ϵ̇ = 0.05 s−1, whereas the curve for the UT state corresponds to a specimen
tested at ϵ̇ = 0.01 s−1, since no strain rate influence is observed in this range.
For the theoretical trend, the value of G = 0.044 MPa was used.325

Figure 9: Difference of true principal stresses (σt,1 − σt,2) vs Difference of true principal
stretches (λ2

1−λ2
2) plot. Comparison between the experimental curves obtained in different

deformation states at T = 23°C (see Equation (8), continuous lines) with the theoretical
linear trend (see Equation (7), dashed line).

It can be seen how the three curves corresponding to the different deformation
states converge, as expected, to the theoretical linear trend (Equation (7))
for λ2

1 − λ2
2 ≤ 1. The PS and ET data agree with the theoretical trend up

to larger strain values than UT. Furthermore, it can be seen that for both
PS and ET states, the theoretical trend underestimates the real material330

response whereas, on the contrary, the UT response is overestimated for
1 ≤ λ2

1−λ2
2 ≤ 6. The deviation from linearity and the upward trend observed
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for large strains are indicative of the limits of the Neo-Hookean description,
which neglects finite chain extensibility and, therefore, the strain stiffening
observed in Ecoflex 00-50 [26].335

4.2. Cyclic tensile tests

The cyclic loading behaviour of Ecoflex 00-50 was investigated by performing
multiple loading-unloading uniaxial tensile tests for different values of the
applied strain. The nominal stress-strain curves corresponding to the first
loading-unloading cycle, performed on five UT specimens stretched up to340

different nominal strains, are reported in Figure 10.

Figure 10: Ecoflex 00-50 nominal stress-strain plot of first loading-unloading cycle in
uniaxial tension conditions. Tests performed on different specimens at ϵ̇ = 0.01 s−1 and
T = 23°C.

It can be seen how the loading and unloading paths of a cycle do not coin-
cide, except for tests performed up to ϵ ≈ 1.2, suggesting a hysteretic (that is,
dissipative) behaviour of the material. The dissipative behaviour was quanti-
fied through the calculation of the dissipated energy density associated with a345

loading-unloading cycle, as presented in Section 2.4. The dependence on the
nominal strain of the total, dissipated and stored energy densities for the first
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cycle, obtained from cyclic tests performed at ϵ̇ = 0.1 s−1 and ϵ̇ = 0.01 s−1,
is reported in Figure 11.

Figure 11: Strain dependence of total (black), dissipated (blue) and stored (red) energy
densities relevant to the first cycle for uniaxial tension virgin specimens tested at ϵ̇ =
0.1 s−1 (full squares) and ϵ̇ = 0.01 s−1 (empty triangles). Fitting of data obtained from
tests performed at ϵ̇ = 0.1 s−1 (continuous lines) and ϵ̇ = 0.01 s−1 (dashed lines). All
tests performed at T = 23°C.

As expected, both energy density components increase with increasing ap-350

plied strain. In particular, significant dissipation occurs for strains larger
than ϵ ≈ 2. Furthermore, it can be seen how wd remains almost half of ws

between ϵ = 2 and ϵ = 4, but for larger strain levels, the dissipated compo-
nent becomes almost equal to the stored one. As reported in Section 4.1, an
increase in strain rate leads to an increase of stress in the time-dependent355

region of the material response, and this effect is valid also during cyclic
loading; therefore, tests at 0.1 s−1 were performed only at strains larger than
ϵ = 3. An increase in total energy density is observed with increasing strain
rate, which is associated with an increase in dissipated energy density; on
the other hand, no net increase in stored energy density is associated with360

an increase in strain rate.
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Residual strain is present at the end of unloading (even for tests performed
up to ϵ ≈ 1.2, where negligible energy dissipation is observed), and it follows
a quasi-linear trend with respect to the imposed maximum strain, as shown365

in Figure 12.

Figure 12: Residual strain at the end of the first loading-unloading cycle, for virgin uniaxial
tension specimens tested up to different strains at ϵ̇ = 0.01 s−1. All tests performed at T
= 23°C.

In Figure 13 some of the curves for a 10 cycles cyclic loading test, performed
on a single specimen stretched up to ϵ ≈ 5 at ϵ̇ = 0.01 s−1, are reported.
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Figure 13: Ecoflex 00-50 nominal stress-strain plot of a multicycle uniaxial tension loading-
unloading test. Test performed on a single specimen at ϵ̇ = 0.01 s−1 and T = 23°C. The
curves are relevant to the first, second, fifth and tenth loading-unloading cycles.

The hysteresis decreases with the number of cycles considered, as shown in
Figure 14. It is evident that strain-induced stress softening (or Mullins effect)370

is present and mainly occurs during the first loading cycle. After the fifth
cycle, the dissipated energy density becomes constant, and the maximum
stress is reduced by less than 5% between two subsequent cycles (consid-
ered a negligible reduction), identifying the stabilized cyclic response of the
material.375
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Figure 14: Dissipated energy density as a function of nominal strain. Data relevant to the
first (black squares), second (red circles) and fifth (blue triangles) cycle. Data obtained
from uniaxial tension cyclic tests performed up to different strains at ϵ̇ = 0.01 s−1 and T
= 23°C.

Up to ϵ ≈ 2 negligible hysteretic behaviour and softening are observed with
an increasing number of cycles. On the contrary, for larger strains, an in-
crease in stress softening and dissipation is associated with the number of
cycles considered. These last observations are in agreement with the results
reported in [3, 19], although no residual deformation was reported for UT380

tests.

Similar results were also obtained from the pure shear cyclic tests. The first
cycle nominal stress-strain curves for several PS specimens subjected to cyclic
loading at different strains are reported in Figure 15.385
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Figure 15: Ecoflex 00-50 nominal stress-strain plot of first loading-unloading cycle in pure
shear conditions. Tests performed on different specimens at ϵ̇ = 0.1 s−1 and T = 23°C.

For the cyclic tensile test in PS state, too, for strains up to ϵ = 1, the
hysteresis area is practically negligible. The total, stored and dissipated
energy densities relevant to the first cycle are reported in Figure 16 as a
function of the nominal strain, obtained from cyclic tests performed at ϵ̇ =
0.1 s−1 and at ϵ̇ = 0.01 s−1.390
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Figure 16: Strain dependence of total (black), dissipated (blue) and stored (red) energy
densities relevant to the first cycle for pure shear virgin specimens tested at ϵ̇ = 0.1 s−1

(full squares) and ϵ̇ = 0.01 s−1 (empty triangles). Fitting of data obtained from tests
performed at ϵ̇ = 0.1 s−1 (continuous lines) and ϵ̇ = 0.01 s−1 (dashed lines). All tests
performed at T = 23°C.

The trends of both energy density components are very similar to those ob-
served for UT cyclic tests, where the dissipated component is negligible for
ϵ ≤ 2 and is approximately half the stored energy density for strains between
ϵ = 2 and ϵ = 4. Furthermore, the strain rate has a very limited effect on
the energy density components since a slight variation is observed only at395

ϵ = 4. In contrast, for lower strain, the two components values are almost
identical for the two strain rates considered. Results at larger strains may
have helped confirm this strain rate effect but for specimens stretched up to
ϵ = 5 at ϵ̇ = 0.01 s−1, premature failure occurred during the unloading of
the first cycle.400

Because of the limited extensibility of Ecoflex 00-50 in equibiaxial tension
deformation state, cyclic tests were performed only up to ϵ ≈ 1 imposed
maximum strain in both stretching directions. Only five cycles were per-
formed during testing. The nominal stress-strain curves for an ET specimen405

subjected to cyclic loading at ϵ̇ = 0.05 s−1 are reported in Figure 17.
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Figure 17: Ecoflex 00-50 nominal stress-strain plot of loading-unloading cycles of an equib-
iaxial tension cyclic test, performed up to ϵ ≈ 1 at ϵ̇ = 0.05 s−1 and T = 23°C.

Differently to what was observed for the UT and PS cyclic tests up to ϵ ≈ 1,
energy dissipation is not negligible in the cyclic ET test: this is in agree-
ment with what is observed during ET monotonic tests, where the strain
rate-independent region of the material response in ET state is limited to410

ϵ = 0.3. Furthermore, it can be observed that from the second cycle, the
cyclic response is substantially stable, showing negligible variations of maxi-
mum stress and hysteresis area.

The stored (ws/wtot) and dissipated (wd/wtot) energy fractions are used to415

compare the energy density trends in the different states of deformation. The
results, obtained from tests performed at ϵ̇ = 0.01 s−1 for UT and PS, and
from tests performed at ϵ̇ = 0.05 s−1 for ET, are reported in Figure 18.
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Figure 18: Stored (red) and dissipated (blue) energy fractions relevant to the first cycle
for uniaxial tension (squares) and pure shear (circles) specimens subjected to cyclic tests
at ϵ̇ = 0.01 s−1, and equibiaxial tension (triangles) specimens subjected to cyclic tests at
ϵ̇ = 0.05 s−1. All tests performed at T = 23°C.

It can be seen that for both UT and PS states ws/wtot is close to 1 for
ϵ ≈ 1, highlighting how negligible dissipation occurs below this strain level,420

although a slightly larger dissipated fraction is observed for the PS speci-
mens, compared to the UT ones. The values of the energy fractions become
comparable for the two deformation states for 3 ≤ ϵ ≤ 4 and, for UT, the
two energy fractions become almost equal at ϵ ≈ 5. On the contrary, the
value of dissipated energy fraction for the ET state at ϵ ≈ 1 is almost twice425

the PS value, highlighting how dissipation is not negligible at this strain level
for this deformation state.

The knowledge of the dissipative behaviour of Ecoflex 00-50 and its depen-
dence on both the strain rate and state of deformation considered are fun-430

damental for the future constitutive modelling of the material, to be used to
predict its response in more realistic applications, where it is subjected to
complex loading states and histories.
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4.3. Temperature effects

In Figure 19 the nominal stress-strain curves obtained from tensile tests per-435

formed on strip-shaped specimens at ϵ̇ = 0.1 s−1 at different temperatures
are reported. In order to compare the material behaviour at different tem-
peratures, the highest and lowest experimental nominal stress-strain curves
with variability intervals (the area between the two curves) for each testing
temperature is reported.440

Figure 19: Ecoflex 00-50 nominal stress-strain curves obtained at different testing temper-
atures (from -40°C to 140°C). Tests performed on strip specimens at ϵ̇ = 0.1 s−1.

The material response variability for temperatures higher than or equal to
23°C (which will be referred to as ”high-temperature range”) is larger than
the variability at temperatures lower than 23°C (which will be referred to as
”low-temperature range”). Generally speaking, given the curves dispersion,
it can be stated that the variation in the material response in the strain445

range explored is not significant for tests performed in the high-temperature
range. The main effect of increasing temperature in the high-temperature
range is a progressive decrease in the material stress and strain at failure,
with respect to their values at 23°C. On the contrary, in the low-temperature
range, the material shows a higher stiffness at low strains and higher stress at450

high strains, especially at T=-20°C and at T=-40°C. In [28], it is highlighted
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how, for unfilled silicone elastomers, the stiffness in the low-strain region in-
creases as the temperature increases: this trend is not consistent with what
has been observed in this work for Ecoflex 00-50, supporting the idea that
the studied material contains a reinforcing filler as proposed in [6, 8]. In455

fact, the filler-related contribution to the material stiffness, associated with
an enthalpy-related response, becomes more significant at low temperatures
where the elastomer-related contribution, associated with an entropy-related
response, decreases; the overall filler-elastomer system mobility is therefore
reduced in the low-temperature range, resulting in a stiffer response upon460

stretching the material [29].

Overall, the effect of temperature on Ecoflex 00-50 response is complex and,
to the best of the authors’ knowledge, an accurate model able to reproduce
such behaviour has not been proposed yet; on the other hand, the ultimate465

stress and strain show a clear dependence on temperature, which is presented
and discussed following the concept of failure envelope [21, 22], introduced
in order to determine a functional relation between ultimate stress (σU) and
strain (ϵU), independent of testing method and conditions: by reporting the
ultimate stress versus the ultimate strain on a double logarithmic plot, the470

curve interpolating the rupture points, obtained in different testing condi-
tions, identifies the failure envelope which is unique for any material and is
independent of time and temperature. The ultimate stress values are mul-
tiplied by a temperature factor T0/T in order to reduce all values to the
arbitrary reference temperature T0 (chosen to be 296 K), although no direct475

experimental evidence was presented to justify the procedure for ultimate
stress superposition in [21]. The Ecoflex 00-50 rupture points relevant to
the tests performed at different temperatures are reported in Figure 20 in a
log-log scale plot.
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Figure 20: Relationship between ultimate stress (normalized by a temperature factor
T0/T ) and ultimate strain on a double logarithmic plot. Ultimate tensile data obtained
from tests performed on strip specimens at different temperatures (from -40°C to 140°C)
and ϵ̇ = 0.1 s−1.

Some scattering of experimental data exists, especially for the values obtained480

at 140°C. However, it is evident how the points clearly define a curve, which
identifies the failure envelope of Ecoflex 00-50, resembling the ones reported
in [21] for other unfilled elastomers. Two separate regimes can be identi-
fied in the curve: the high-temperature region (corresponding to T ≥ 23°C),
where a linear trend of the envelope is observed with increasing temperature,485

and a low-temperature regime (corresponding to T < 23°C) where a change
of trend is observed, since ϵU remains almost constant, whereas σU slightly
increases with decreasing temperature.

An alternative representation of stress and strain at failure is reported in490

[21]. From the values of stress and strain, it is possible to define a linear
relationship between the two, according to Martin, Roth and Stiehler (MRS)
equation [30]:

σ = Ee

(
λ− 1

λ2

)
exp

[
A

(
λ− 1

λ

)]
(11)
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where Ee is the equilibrium tensile modulus of the material, and A is an
empirical constant. This relationship can be applied to high-temperature495

ultimate stress and strain values since the stress-strain curves obtained from
tests in the high-temperature range correspond to the equilibrium response
of the material, showing a trend not dependent on testing temperature [22].
The same multiplying factor used in the failure envelope representation is
employed to reduce data obtained at different temperatures to a single ref-500

erence temperature. Thus, the logarithmic form for ultimate tensile data of
Equation (11) becomes:

log

[
σUλ

2
U

(λU − 1)

296

T

]
= log

(
Ee

296

T

)
+ 2.303A

(
λU − 1

λU

)
(12)

which, in double logarithmic plane, corresponds to a linear relation with
slope 2.303A and intercept log (Ee296/T ), as shown in Figure 21.

Figure 21: Martin, Roth and Stiehler (MRS) representation of ultimate tensile data,
obtained at different temperatures (from -40°C to 140°C) and strain rates (from ϵ̇ =
0.001 s−1 to ϵ̇ = 0.1 s−1), and theoretical linear trend (see Equation (12), dashed line).

It can be seen that the ultimate data obtained in the temperature range505

between 23°C and 140°C fall perfectly on the theoretical line, whereas the
data measured in the low-temperature range (below 23°C) show, as expected,
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a very limited degree of deviation from the predicted behaviour. This is in
agreement with the results reported in [22] for various unfilled elastomers,
where it is observed that only the high-temperature ultimate stress and strain510

identify the equilibrium behaviour of the material and low-temperature data
do not fall on the linear trend. Furthermore, from the slope of the linear
trend, it is found that A = 0.1 MPa and from the intercept Ee = 0.17 MPa
(at 23°C), which is the same value as the one estimated from the slope of
the linear region of the stress-strain curves (up to ϵ = 0.1), as reported in515

Table 2.

T, [°C] E(ϵ = 0.1), [MPa] ϵU , [-] σU , [MPa]
23 0.17± 0.02 6.46± 0.06 1.10± 0.05

Table 2: Averaged values (with relevant standard deviation) of tensile modulus, ultimate
strain and ultimate stress obtained from tests performed at T = 23°C and ϵ̇ = 0.1 s−1.

Comparing the results reported in Table 1, obtained during tensile tests per-
formed at ϵ̇ = 0.1 s−1, and those reported in Table 2, performed at the same
strain rate on strip specimens, it is noticeable how, as expected, the tensile
modulus corresponding to strip specimens is twice the modulus of dumbbell520

specimens: this is a result of the adopted specimen geometry which increases
the apparent modulus of the material at low strain levels. On the other hand,
the values of ultimate stress and strain obtained with the two specimen ge-
ometries are comparable (also considering the large variability observed for
dumbbell specimens): this can be attributed to the deformation state experi-525

enced by the specimen during tensile testing, which becomes more and more
similar to UT as strain increases. Therefore, the last considerations about
ultimate stress and strain can be applied to the UT deformation state.

To evaluate the predictive capability of the obtained MRS equation, tests530

at 23°C, 60°C and 120°C were repeated at different strain rates: as can be
observed in Figure 21, the obtained data lie on the same curve, indicating
that the method here adopted can be used to predict ultimate stresses and
strains of Ecoflex 00-50 in a wide range of temperatures and strain rates.

5. Conclusions535

In this work, the mechanical behaviour of Ecoflex Shore hardness 00-50 has
been characterized in different deformation states, namely uniaxial tension,
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pure shear and equibiaxial tension; the effects of strain rate and tempera-
ture on the mechanical response were investigated. The main findings are
summarized as follows:540

• The material response for strain levels between 0 and 2 in uniaxial
tension and pure shear and between 0 and 0.3 in equibiaxial tension
is practically unaffected by the strain rate. In cyclic tests, for applied
strain values up to 2, the material showed negligible energy dissipation
when tested under uniaxial tension and in pure shear loading condi-545

tions. In contrast, non-negligible energy dissipation occurred in equib-
iaxial tension.

• The overall stress-strain trend is not affected by the temperature in the
temperature range above 23°C. However, a decrease in ultimate mate-
rial properties with increasing temperature was observed. For tempera-550

tures below room temperature, an increase in stiffness in the low-strain
region was observed, as well as an increase in stress in the high-strain
region.

• The failure envelope can be used to represent Ecoflex 00-50 ultimate
tensile data at different temperatures, and the Martin-Roth-Stiehler555

(MRS) equation constitutes a valuable engineering tool, allowing an
adequate description of the combined effects of strain rate and temper-
ature on the stress and strain at failure of the material.

This extensive thermo-mechanical characterization highlighted the need to
consider many different aspects, which often influence each other, to be able560

to, in the future, correctly model and predict the material response in realistic
loading scenarios.
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