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Abstract

Silicone rubbers are promising materials that have extensively been used in many areas, including wear-
able electronic devices, actuator materials in soft robotics, and energy harvesters. Ecoflex, a commercially
available polymer, is a group of silicone rubbers appearing with various Shore hardnesses that has become
popular in recent years. While silicone rubbers in their real applications are subjected to repeated loading-
unloading conditions, their mechanical behaviour under cyclic loading in different deformation modes and
the corresponding stress recovery behaviour are yet to be well investigated. In this contribution, we conduct
loading-unloading cyclic experiments in different time gaps between the first cycle and the second cycle
to demonstrate the stress recovery behaviour after stress softening happens during the first cycle. For that,
three different modes of deformations, i.e., uniaxial tension, planar tension, and equibiaxial tension tests
are selected. Besides, Shore hardness dependence with different strain levels is also taken into considera-
tion. The results show that the stress softening could recover significantly with time. These findings will
help to understand the mechanical behaviour of Ecoflex silicone rubbers before selecting them in practical
applications that are exposed to repeated loading-unloading cycles.

Keywords: Ecoflex silicone rubber, Stress recovery, Shore hardness, Deformation mode

1. Introduction

Silicone rubbers attract considerable attention in recent years thanks to their wide range of promising and
unique properties. For example, non-toxicity, non-reactiveness, and biocompatibility of silicone rubbers
avoid rejection and inflammation when implanted in human tissues, and therefore facilitate the unrivalled
applications in bio-medical accessories and devices [1, 2, 3]. Moreover, the matchable stiffnesses of sili-5

cones with biological tissues place them as ideal candidates for the use as substrates in mechanobiology,
see [4, 5]. Silicone sealants are also massively used in the industry thanks to their good thermal stability
over a wide range of temperature, UV resistance, antioxidative properties, and high hydrophobicity [6, 7].
The electrical insulation also brings about the usage of silicone rubbers in electronic and electrical devices
and apparatus [8]. More recently, silicone composites are increasingly utilised in several emerging sectors10

such as soft robotics [9, 10, 11, 12, 13], flexible electronics [14, 15], and energy harvesters [16, 17, 18]
due to their large stretchability, reduced dissipative behaviour and other thermal, physical, mechanical, and
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biological behaviour.

EcoflexTM polymers (Smooth-On, USA), a group of commercially available silicone rubbers with several15

Shore hardnesses, e.g., 00-50, 00-30, 00-20, 00-10, and so on, are typical elastomers for a variety of prac-
tical applications in recent years. They are two-component platinum-catalysed silicones cured at room
temperature with negligible shrinkage and a relatively short curing time ranging from few minutes to sev-
eral hours. Thanks to the high stretchability and durability, Ecoflex rubbers have widely been used in
many fields such as cushioning, prosthetic appliance, wearable strain sensors for epidermal electronic sys-20

tems with the mechanical compliance close to human skin. For example, several researchers designed
and manufactured single-wall or multi-wall carbon nanotube (CNT)-Ecoflex nanocomposite thin films as
soft strain sensors [15, 19, 20, 21], dielectric elastomer actuators [22], and smart keypad [23] with good
sensitivity and flexibility. Other types of composites were demonstrated such as graphene foam/Ecoflex
strain-pressure sensor [24, 25], carbon black/thermoplastic polyurethane/Ecoflex composite strain sensor25

[26], and starch/Ecoflex/biomass waste composite green materials [27]. Ecoflex had also been applied to
BaTiO3/Ecoflex-based piezoelectric nanogenerators for self-powered human motion monitoring [28] and
multifunctional flexible piezo/triboelectric hybrid water energy harvesters based on biocompatible AlN and
soft parylene-PDMS-Ecoflex [18].

30

In applications such as wearable sensors and energy harvest devices made of silicone elastomers, most com-
ponents are subjected to multiple cyclic loads that considerably influence the mechanical behaviour, giving
rise to the so-called Mullins effect or the stress softening. In the case of filled rubbers, Mullins [29] found
that the stress of a material during reloading decreases significantly compared to the stress of the first load-
ing at the same strain level. It is noteworthy that the stress softening is not permanent. The stress of the35

pre-stretched material can recover to the initial level after keeping it with stress-free state at room temper-
ature or annealing it at an elevated temperature for a certain time, as Mullins [29] discussed. The stress
softening and recovery show that the mechanical behaviour of silicone components keeps changing during
the application and therefore influences the performance of the appliance to a certain extent. To this end,
a comprehensive investigation of the mechanical behaviour with respect to the stress softening and stress40

recovery is necessary. After Mullins’ work in 1948 [29], the effect was researched extensively via both
experimental studies [30, 31, 32] and mathematical modelling procedures [33, 34, 35, 36, 37, 38]. Some
works also considered about softening behaviour of different deformation modes and the softening induced
anisotropy, see for example [35, 39].

45

Since many studies dealing with experiments and constitutive modelling assume that the Mullins effect is
a type of irreversible damage, the investigation of the stress recovery from the stress softening is relatively
rare. After Mullins’ findings [29], Rigbi [40] reported that at room temperature, carbon-black-filled rub-
bers could recover partially four weeks after the first cycle. Hanson et al. [30] reported a similar finding
for silica-filled polydimethylsiloxane (PDMS) after a rest period of up to half a year. Yan et al. [41] also50

reported a complete recovery of the Mullins effect of the nanoparticle-filled PDMS polymer under a simple
shear loading condition. In addition, the recovery of the Mullins effect has also been observed by Zheng et
al. [42] in the tough gels with a faster speed than filled rubbers.

One of the ways to accelerate the stress recovery of polymeric materials is to anneal them at elevated55

temperatures. Increasing the annealing temperature plays a similar role as increasing the recovery time.
Laraba-Abbes et al. [43] demonstrated that carbon-black filled rubbers recover completely after 48-hour
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annealing at 95◦C. Similarly, Diani et al. [36] observed a complete recovery of a carbon-black filled
styrene-butadiene-rubber (SBR) after annealing it for 17 hours at 80◦C. Amin et al. [44] also found the
stress recovery in the blend of natural rubber (NR) and polybutadiene rubber. Plagge and Klüppel [45] re-60

ported the temperature-induced recovery on non-crystallising rubbers including Ethylene-propylene-diene
(EPDM), SBR, and hydrated-nitrile-butadiene rubber (HNBR) and well as strain-crystallising rubbers such
as NR filled with different amounts of carbon black and silica. In addition to the recovery by annealing, NR
can also recover from the Mullins effect by swelling in solvents, as investigated by Harwood and Payne [31].

65

The physical interpretations of the Mullins effect and its recovery are also extensively investigated in the
literature. Diani et al. [36] gave an overview of physical interpretations and constitutive models of the
Mullins effect. Diaz et al. [46] investigated the physical change in the microstructure of a carbon-black
filled SBR and claimed that the stress softening is caused mainly by the desorption of chains at the filler
surface while the recovery is due to the adsorption of the free chains on the filler surface during heating at70

an elevated temperature. Li et al. [47] analysed the energy dissipation and its recovery of the carbon-black
filled nitrile butadiene rubber (NBR) nanocomposites and also found that the softening and the slow recov-
ery process is due to the retardation of the rubber chain related to the filler. Later on, Li et al. [48] also
found that the softening and its recovery are also dependent on filler types, temperature and the crosslinking
agents. Several constitutive models for capturing the stress recovery from the Mullins effect are proposed in75

the literature. For instance, Drozdov and Dorfmann [49] developed a framework combining permanent and
temporary networks to capture the Mullins effect as well as its recovery caused by thermal annealing and
solvent exposure. Wang and Chester [34] developed a phenomenologically-motivated thermo-mechanically
coupled constitutive model that captures the thermal recovery of the Mullins effect of three NR vulcanizates
obtained from Harwood and Payne [31]. Very recently, Chu et al. [50] incorporated the micromechanical80

concepts of the dynamic scission and recovery of polymer chains to model the Mullins effect and its anneal-
ing recovery in the case of filled rubbers such as EPDM and silicones.

To the best of the authors’ knowledge, the investigations of the mechanical behaviour of Ecoflex are limited
in the literature. Sparks et al. [51] conducted unconfined compression experiments on Ecoflex 00-10 and85

00-30 as well as indentation tests on Ecoflex 00-30 to mimic the stress and strain distribution in deep mus-
cle tissues and shed light on how deep tissue injury disrupts blood flow and metabolic clearance. Park et
al. [52] compared several silicone elastomers, including Ecoflex, Dragon Skin, and Sylgard etc., and their
blended compositions for the applications of highly stretchable and deformable microfluidic devices syn-
thesizd using a soft lithography technique. Vaicekauskaite et al. [53] also investigated the mechanical and90

electrical properties of the blends of commercial silicone elastomers, including Ecoflex 00-50, 00-30, 00-10
and Sylgard 184, 186, for the fabrication of specific transducers. Very recently, Liao et al. [32] conducted
systematic experimentation on Ecoflex 00-30 to characterise the thermo-mechanical behaviour including
cyclic loading-unloading behaviour at various strain rates and temperature and relaxation tests at different
strain levels with different pre-treatment. It is found that this material not only shows significant stress soft-95

ening behaviour in subsequent cycles, but also reveals stress recovery behaviour at different waiting time
after the pre-treatment. Liao et al. [38] extended the research to other Shore hardnesses including 00-50,
00-35, 00-30, 00-20, 00-10, and discovered that all these materials share similar mechanical behaviour in-
cluding the stress softening and the stress recovery behaviour.

100

As mentioned above, cyclic loads in complex deformation modes are often applied to the silicone compo-
nents resulting in stress softening. The stress recovery of the softening often involves a long time span that
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could significantly influence the subsequent mechanical behaviour of the silicone-based components. There-
fore, sufficient research on the stress recovery behaviour of Ecoflex rubbers is required to understand how
this behaviour is influenced by different factors. However, very few investigations into the stress recovery105

behaviour of the Ecoflex are carried out in the literature concerning the different recovery time, deformation
modes, strain levels, Shore hardness. To make up for the absence of these researches, in this manuscript,
we carry out a comprehensive investigation on the stress recovery behaviour of Ecoflex series silicone rub-
ber, considering the factors mentioned above. The details of the experimental schedule will be discussed in
Section 2.3. This manuscript is organised into five sections. Apart from the current section, the Section 2110

elaborates the preparation work including the material and the specimen preparation, the experimental set-up
and the schedule for experiments that are carried out. The following Section 3 illustrated our comprehensive
experimentation in detail with discussion and analysis in consideration of factors including strain levels in
Section 3.2, Section 3.3, Section 3.4, deformation modes in Section 3.5, and Shore hardness in Section 3.6.
Finally, the conclusions of our major contributions in this study are drawn in the final Section 4. Some115

supplementary information is put in Appendix A.

2. Experimental preliminaries

2.1. Material and specimen preparations

In this contribution, four different Shore hardnesses, i.e., 00-50, 00-30, 00-20, 00-10, of Ecoflex are adopted120

for the experimental investigation. Ecoflex appears in two-component forms in which a platinum catalyst
is added to cure the polymer. Specimens are prepared following the procedures as detailed in our previous
works [32, 38]. The two liquid components with a 1:1 volumetric ratio are mixed and stirred to make them
uniform. The mixed liquids are injected into specimen moulds, where the weights of the specimens are
controlled by an electronic scale. The liquids have low a viscosity that ensures easy mixing and degassing.125

Although the curing times for four types of Shore hardness are three to four hours as per the supplier guide-
lines, all specimens are demoulded smoothly after 24 hours for sufficient curing. To minimise the slippage,
aluminium sheets are bonded to the grip sections of all specimens. When the specimens are put to rest after
unloading for the recovery, they are put in ziplock bags storing in the lab so that the temperature can be
controlled by the air conditioner at 22◦C130

In this manuscript, the materials are tested under three different in-plane modes of deformations, i. e., uni-
axial tension (UT), planar tension (PT), and equibiaxial tension (ET), which represent the simple tension,
pure shear, and simple compression state of the materials, respectively [54, 55, 56, 57, 58]. As silicone rub-
bers are considered as incompressible materials, the product of three principle stretches is equal to identity,135

i.e., λ1λ2λ3 = 1. Considering in-plane deformations, we can take λ1 = λ as the axial direction, λ2 as the
orthogonal in-plane direction, and λ3 as the direction perpendicular to the plane. For uniaxial tension, both
transverse directions contracted freely and equally, i.e., λ2 = λ3 = λ−1/2. For planar tension, the in-plane
transverse deformation is restricted, i.e., λ2 = 1, and the remaining principal stretch reads λ3 = λ−1. For
equibiaxial tension, both principal in-plane stretch are the same, i.e., λ1 = λ2 = λ, and therefore, λ3 = λ−2.140

These three deformation modes can be represented by a biaxiality ratio µ [39], defined as

µ =
ln(λmin)

ln(λmax)
, (1)

where, λmin and λmax are the maximum principal in-pane stretch and the minimum principal in-pane stretch,
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(a) (b)

(c)

Figure 1. The shapes and dimensions of three types of specimens utilised in this manuscript (in mm). (a) Uniaxial tension, (b)
planar tension, (c) equibiaxial tension.

respectively. Here, λmax = λ1 and λmin = λ2. We can easily achieve that the biaxiality ratio of uniaxial,
planar and equibiaxial tension modes are -1/2, 0, and 1, respectively.

145

The shapes and sizes of specimens for the three different cases are depicted in Figure 1. All specimens adopt
a 1 mm thickness that is small enough to exclude the influence of thickness on the mechanical responses.
Specimens for the uniaxial tension tests adopt a 10:1 (length to width) rectangular shape of the gauge section
as Figure 1(a) shows to ensure that no transverse constraint takes place in the main part of the specimens
(c.f. [35, 59]). In contrast, the specimens for the planar tension tests adopt a 1:10 (length to width) rectangu-150

lar shape as is shown in Figure 1(b) to ensure that no transverse contraction happens in the width direction
(c.f. [35, 60]). In the case of equibiaxial tension tests, according to [61], three types of experiments are
often used, including loading a cross-shape or a rectangular specimen in both the perpendicular axes (e.g.
[62, 63]), inflating a circular plane membrane into a ”bubble” shape by air (e.g., [35]), and loading an ax-
isymmetric specimen in radial directions (e.g., [56]). Here, we adopt the last technique. The specimens155

utilise a disk shape with sixteen grip sections surrounding the circumference, as shown in Figure 1(c). Such
an axisymmetric geometry enables an approximately homogeneous radial deformation state in the main part
of the specimen. The length or diameter of the gauge section is used for the calculation of stress and strain.
The detailed calculation of the stress for a disk shape specimen can be found in [56]. The information of the
deformation homogeneity can be found in Appendix A.160

2.2. Experimental set-up

The comprehensive experimental study on the stress recovery behaviour of Ecoflex rubber is conducted by
a testing system called Instron 5567 universal test machine. The machine frame can move up to 800 mm
with a maximum crosshead speed of 8 mm/s. The loading conditions are controlled by the Instron built-in165

software, Bluehillr. The testing machine equips with two force sensors with the capacity of ±500 N and
± 50 N, respectively, which are used for this study. In addition, specific grippers for different deformation
modes are equipped. Note that the Digital Image Correlation (DIC) technique is adopted to capture the
deformation of specimens more accurately, see Appendix A.

170
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2.3. Experimental schedule

The stress recovery behaviour of Ecoflex can be investigated by the two-cycle loading-unloading tests, see
Figure 2 in Section 3.1. In our previous studies [32, 38], we observe that the first loading-unloading cycle
applied on a virgin Ecoflex specimen triggers the stress softening (Mullins effect), where the stress level
during the subsequent reloading cycle decreases significantly. However, the stress softening is not perma-175

nent. An increment of the stress, i.e. the stress recovery, is observed when the specimen is stored at the
stress-free state for a certain amount of time between the two cycles. For a further investigation of the stress
recovery, the two-cycle loading-unloading tests are carried out with regard to factors that can influence the
recovery behaviour. The factors considered here are the dependence of recovery time varying from 0 sec-
ond, 1 hour, 1 day (24 hours), 1 week (168 hours), 1 month (720 hours), and up to 1 year (8760 hours); the180

dependence of the strain level from 160% to 400% for different deformation modes (see Section 3.2, Sec-
tion 3.3 Section 3.4); the dependence of the deformation modes including uniaxial tension, planar tension,
and equibiaxial tension (see Section 3.5); the dependence of the Shore hardness including 00-10, 00-20,
00-30 and 00-50 (see Section 3.6). In consideration of these factors, the experiments at ambient temperature
are planned as in Table 1. Note that all tests are carried out under the same strain rate of 0.1 /s, as we found185

the influence of the strain rate variation is relatively small for Ecoflex, see Liao et al. [32].

Table 1. The schedule of the recovery experiments at room temperature. •Uniaxial tension, •Planar tension,
•Equibiaxial tension.

Shore
hardness

Strain
level

Recovery time
0 sec 1 hr 1 day 1 wk 1 mon 3 mon/ 1 yr

00-50

400% • • • •
300% • • • •
200% • • • •
240% • • •

00-30

400% • • • • • •
320% • • • •
300% • • • • • •
240% • • • •
200% • • • • • • • • • • • • • •
160% • • • •

00-20

400% • • • •
300% • • • •
200% • • • •
240% • • •

00-10

400% • • • •
300% • • • •
200% • • • •
240% • • •

All experimental results will be presented using nominal stresses (also known as the first Piola-Kirchhoff
stresses) and nominal strains (also known as the engineering strains). In addition, the time derivatives of the
nominal strains are termed strain rates. Good reproducibility of experimental results is of great importance.190
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Hence, we repeat each condition of the experiments at least five times. The mean value, as well as the
standard deviations, are calculated.

3. Results and discussion

3.1. Definitions and notes195
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Figure 2. Schematic of the stress-strain response of two-cycle
loading-unloading tests with and without recovery in between. The
initial softening dissipation (ws0), the subsequent softening dissipa-
tion (ws), the viscoelastic dissipation (wv), and the elastic energy
(we) are illustrated by various coloured areas.

Figure 3. Schematic of a rheological model illustrating the
macro-mechanical behaviour of the stress softening and re-
covery of Eooflex.

As is mentioned above, Li et al. [47] found that the total energy dissipation could be decomposed into a
so-called recovery hysteresis part that related to viscoelasticity (termed as the viscoelastic dissipation in this
manuscript) and a softening part related to the stress softening and stress recovery (termed as the softening
dissipation). To decouple the viscoelasticity and stress softening and characterise the stress recovery be-
haviour of Ecoflex, the two-cycle loading-unloading tests are carried out. As the schematic Figure 2 shows,200

each complete test consists of two cycles of loading-unloading under the same experimental condition, i.e.,
the same deformation modes, strain rates, strain levels, etc. In-between the two cycles, the specimen is
stored at a stress-free state for a certain duration (termed as the recovery time, tr). Here we define the en-
closed areas of the loop of a cycle, which represents the energy loss, as the dissipation energy density w,
i.e.,205

w =

∫ t

0
P : Ḟdt, (2)

where, P is the nominal stress, and F is the deformation gradient. If we only consider the work done by the
axial force, the dissipation yields

w =

∫
l
σdε, (3)

where, l is the loading-unloading path of a cycle, and σ and ε are the nominal stress and nominal strain,
respectively. The first cycle is applied to a virgin specimen. We denote the total dissipation energy density
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enclosed by the first loading (the red curve in Figure 2) and the unloading (the black curve) as w0 (the sum210

of the red and the blue regions in Figure 2). The first cycle triggers the stress softening and therefore any
subsequent loading will demonstrate an obvious stress decrease compared with the initial value. When the
subsequent cycle is applied immediately after the first cycle, i.e., tr = 0, the stress softening is just evacuated
and the recovery time is minimised. Therefore, it can be roughly assumed that no stress recovery occurs on
this loading path (the blue curve), and the dissipation is mainly contributed by the viscoelastic dissipation215

energy density wv = w(tr = 0), as the blue region illustrated in Figure 2. With different recovery time
tr > 0 such as 1 hour, 1 day, 1 month, etc., the subsequent cycle (the second cycle) is then performed. An
increase of stress in the second loading path with stress recovery (the green curve) and an increase of dissi-
pation energy density w(tr) (enclosed by the green curve and the black curve) can be seen with the increase
of recovery time. As the total dissipation is combined by the softening and viscoelastic dissipation, we can220

decouple initial softening dissipation energy density ws0, the softening part of dissipation in the first cycle,
by ws0 = w0 − wv, as the red region showed in Figure 2. Similarly, the subsequent softening dissipation
energy density, the softening part recovery during tr, can also be decoupled by ws(tr) = w(tr) − wv, as
the green (shaded) region shows. Note that our previous studies [32, 38] demonstrated that the unloading
path of the first cycle and the second cycle (regardless of the recovery time) are superposed since the stress225

softening has taken place and mainly the elastic response remains, as the black curve shows.

These mechanical properties can be interpreted using a rheological model as illustrated in Figure 3 with
three different elements arranged in parallel. Each element stands for a different physical nature. The first
elements Ee is a hyperelastic spring contributed by the stretchability of chains. It represents the entropic230

change of the rubber matrix (the polymer backbone) during deformation, where the energy potential corre-
sponds to we (black region in Figure 2). The second element Es is a damageable spring, standing for the
stress softening and the stress recovery behaviour. It corresponds to the red region ws0 and the green region
ws(tr) in Figure 2. According to the literature [36], apart from crystallising natural polymers, stress soften-
ing takes place mainly in filled elastomers. Note that Krpovic et al. confirmed that Ecoflex silicone rubbers235

are filled polymers [64]. It is proven that the interaction of fillers and the rubber phase is the main source
of the stress softening [46, 47]. The fillers in the matrix create obstacles to the materials flow and therefore
provide reinforcement [65]. During deformation, the desorption of polymer chains in the fillers surface
happens gradually, leading to the degradation of fillers-rubber surface and energy dissipation. As a result,
the reinforcement is disconnected, and on the macroscopic level, stress softening takes place. However,240

the rubber matrix can be absorbed again to the fillers’ surfaces with time after unloading, as the network
is moving towards the equilibrium conformation. It means that the stress softening is reversible. The third
element is a general Maxwell element that consists of springs Ei

v and dashpots ηi. This element represents
the viscoelasticity corresponding to the blue region wv in Figure 2. It is known that the viscoelasticity
is originated from the rubber phase [47, 66]. Considering an imperfect network of the matrix due to off-245

stoichiometry reaction during processing, dangling chains and a sol fraction are formed with more freedom
than the crosslinked chain network [66]. With a large molecular weight, entanglements tend to be formed
in the matrix, behaving as ’crosslinks’ that can slide [47, 66, 67]. These structures cause internal friction
and energy dissipation during deformation. The internal friction leads to the time lag between deformation
and stress response, and therefore the macroscopic time-dependent behaviours such as rate dependence, re-250

laxation, creeping and strain recovery of the residual strain. Different from the softening part that can be
removed, the viscoelasticity part still exists after cycles but can be removed after swelling to untrapped the
entanglements as solute the sol fraction[47]. The combination of these three sections yields the complete
stress response and the total energy accumulation of a filled polymeric material.
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Figure 4. Stress-strain responses of the two-cycle uniaxial tension tests for Shore
hardness 00-30 at three strains of 200%, 300%, and 400%. (a) The first cycles with
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coelastic dissipation energy density (wv , cir-
cular dots) of uniaxial tension tests for Shore
hardness 00-30 at different strains.

3.2. Uniaxial tension tests255

As a part of observing the stress recovery of Ecoflex polymer, first loading-unloading cycles (denoted as 1st

cyc) are applied to virgin specimens to trigger the stress softening. Figure 4(a) depicts the first cycles of
uniaxial tensile tests for Ecoflex 00-30 at strains of 200%, 300%, and 400%. The solid lines are the mean
values of the first cycles at different strains, while the coloured error bands stand for the standard deviations.
Note that the stress softening is found negligible at strain levels below 200%, possibly because the energy260

threshold of the filler-chain degradation is not met at this stage. Therefore, such a strain range is not included
in our experiments. Right after the first cycles, as is mentioned previously, the softening is evacuated with
only the minimum recovery. The viscoelastic response can be decoupled by applying the second cycles at
the same strain level immediately (denoted as 2nd cyc, 0 sec), see Figure 4(b). Then the initial softening
dissipation energy density ws0 = w0 − wv is calculated and plotted together with wv in Figure 5 with error265

bars. It is shown that even though bothws0 andwv increase with strain level, ws0 is markedly larger thanwv.

After the first cycle, apart from those reloaded immediately in Figure 4(b), all specimens are put to rest at
the stress-free state for a certain recovery time before the second cycles to allow for the stress recovery. The
second cycles are applied to the specimens under the same experimental conditions as the first cycles. Each270

subfigure of Figure 6 shows that the stress response for Shore hardness 00-30 is dependent on the recovery
time at a certain strain level. Note that for a clear presentation, only the first loading and the second loadings
of three different recovery time (0 second, 1 day, and 1 month) are presented, and the unloading paths are
not shown. At all three strain levels, the stress response of the second loading paths increase and approach
to the first loading path with the increase of the recovery times, showing that the subsequent stress response275

is recovering. As mentioned above, after the softening occurs, some of the polymer chains and fillers are
debonded. At the stress-free state after unloading, the molecular thermal motion offers a certain probability
to surpass the activation energy for bond rebuilding. Statistically, the probability can be accumulated with
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Figure 6. The time dependence of the stress recovery under a uniaxial tension mode for Shore hardness 00-30 at different strains.
The second loading paths with recovery times of 0 second, 1 day, and 1 month (solid lines) compared with the first loading path
(dash line) at strains of (a) 200%, (b) 300%, and (c) 400%, are presented, respectively.

time. In other words, a longer time results in a greater probability of bond rebuilding, which indicates the
macroscopic stress recovery in Figure 6.280

To have a quantitative understanding of the stress recovery, the subsequent softening dissipation energy den-
sities ws with different recovery times tr are calculated, see Figure 7(a). Note that all figures with a time
axis are plotted in a logarithmic form in this manuscript. It can be seen that as time evolves, the subsequent
softening dissipation also increases as a result of the stress recovery. Then the degree of recovery can be285

evaluated by the ratio of the subsequent dissipation energy density to the initial one (ws/ws0, termed as
softening dissipation ratio) as is presented in Figure 7(b). At all strain levels, as the recovery time increases,
the ratio increases continuously and have a trend to approach 100% ws/ws0, a full recovery. Considering a
certain recovery time with a higher strain level, even though the material generates a larger ws as is shown in
Figure 7(a). Regarding the microscopic behaviour, a larger external work is required to trigger the degrada-290

tion of the filler-rubber interface at a larger strain. This results in more debonded chains and fillers that tend
to rebuild bonds at the free-stress state after the unloading. Therefore, more recovery of the absolute soften-
ing dissipation is observed in Figure 7(a). However, the recovery is slower as the softening dissipation ratio
ws/ws0 is lower than that at a smaller strain level as is shown in Figure 7(b). According to [68], the fillers
are not distributed homogeneously but in clusters, leading to the variation of crosslinking densities around295

the fillers. A filler in the region of higher crosslinking density stands for a tougher filler-rubber link and a
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higher energy threshold of filler-rubber dissociation, which means the dissociation takes place at a higher
applied strain than a filler in the region of lower crosslinking density. Correspondingly, the reconnection of
such filler-rubber links is tougher. It requires either a longer time for an accumulation of statistical proba-
bility of reconnection, which means a slower recovery rate, or a higher temperature to raise the energy to300

reach the threshold and accelerate the recovery. This phenomenon also reveals that the recovery is retarded
at high applied strains [47].
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Figure 7. The time dependence of the dissipation during the second cycles of uniaxial tension tests for Shore hardness 00-30 at
strains of 200%, 300%, and 400%. (a) Subsequent softening dissipation energy density (ws), (b) softening dissipation ratio between
the subsequent and initial softening dissipation energy density (ws/ws0).

3.3. Planar tension tests

In view of another deformation mode, planar tension tests are then performed in addition to uniaxial tension.305

Similar to the uniaxial tension case, first loading-unloading cycles are also applied to virgin specimens to
trigger stress softening under planar tension mode, see Figure 8(a). The largest strain level we conducted
here is up to 320%. Beyond this strain level, specimens could experience slippery near the grippers. Note
that the strains in the figures presented herein are captured by the DIC technique. The viscoelasticity is also
decoupled by reloading the second cycle of some specimens 0 second after the first loading, see Figure 8(b).310

Both the initial softening dissipation ws0 and the viscoelastic dissipation wv under the planar tension mode
are illustrated in Figure 9 increase with a higher strain level, sharing similarity with the results of the uniax-
ial tension case.

The second cycle is also reloaded on each specimen with different recovery periods, showing that the stress315

level of the second loading path also recovers with a longer recovery time at different strains as shown in
Figure 10. Figure 11 quantifies the stress recovery presented in Figure 10 by calculating the subsequent
softening dissipation. A higher strain under a planar tension mode gives rise to a larger absolute subsequent
softening dissipation energy density ws but a smaller softening dissipation ratio ws/ws0. This is consistent
with the results obtained from the uniaxial tension case that the stress recovery is faster at smaller strains.320
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Figure 11. The time dependence of the dissipation during the second cycles of planar tension tests for Shore hardness 00-30 at
strains of 160%, 200%, 240%, and 320%. (a) Softening dissipation energy density (ws), (b) softening dissipation ratio between the
subsequent and initial softening dissipation energy density (ws/ws0).

3.4. Equibiaxial tension tests
Additional to the uniaxial tension and planar tension modes, the recovery behaviour under equibiaxial ten-
sion mode is also investigated. Here, we only consider the two-cycle loading-unloading equibiaxial tension
tests at the strain of 200% for Shore hardness 00-30. Note that we did not carry out tests over 200% strains,325

otherwise the equibiaxial specimens tend to break. For other Shore hardnesses and strain levels, similar re-
covery behaviour to the uniaxial and planar tension ones can be anticipated. Figure 12 shows the first cycle
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Figure 8. Stress-strain responses of the two-cycle planar tension tests for Shore
hardness 00-30 at three strains of 160%, 200%, 240%, and 320%. (a) The first
cycles with error bands, (b) the second cycles applied 0 second after the first cycles.
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Figure 10. Time dependence of the stress recovery under a planar tension mode for Shore hardness 00-30 at different strains. The
second loading paths with recovery times of 0 second, 1 day, and 1 month (solid lines) compared with the first loading path (dash
line) at strains of (a) 160%, (b) 200%, (c) 240%, and (d) 320%, are presented, respectively.
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and the second cycle reloaded immediately. Accordingly, we obtain the data that the viscoelastic dissipation
energy density wv equals 0.0117 ± 0.0032 MPa while the initial softening dissipation energy density ws0

equals 0.0215 ± 0.0045 MPa. The stress-strain of the second reloading at different reloading time and the330

corresponding subsequent softening dissipation energy density ws0 is presented in Figure 13 and Figure 14,
respectively. These figures confirm that the stress response and softening dissipation recover with time, re-
vealing that the stress recovery also exists under the equibiaxial tension mode.
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Figure 13. Time dependence of the stress recovery under an equibiaxial
tension mode for Shore hardness 00-30 at strains of 200%. The second
loading paths with recovery times of 0 second, 1 day, and 1 month (solid
lines) compared with the first loading path (dash line) are presented.
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3.5. Comparisons of the stress recoveries for the different deformation modes335

In previous sections, we discussed experimental results performed under a certain deformation mode sep-
arately. In this section, data under three different deformation modes, i.e., uniaxial tension, planar tension
and equibiaxial tension at the strain of 200% for Shore hardness 00-30 are compared, including the stress-
strain response of the first cycles and immediately reloaded second cycles (see Figure 15(a) and (b)), initial
softening dissipation ws0 and viscoelastic dissipation wv increase (see Figure 16), and the subsequent soft-340

ening dissipation ws and the corresponding softening dissipation ratio ws/ws0 (see Figure 17(a) and (b)).
From Figure 15 and Figure 16, we can find clearly that the stress level and both the initial softening and the
viscoelastic dissipation increase with the increase of the biaxiality ratio µ. It is noteworthy to mention that
under the uniaxial tension mode, where µ = −1/2, the second loading and unloading paths reloaded imme-
diately after the first cycles are almost overlapped along the first unloading path. That means only negligible345

viscoelastic dissipation wv is produced, and most parts of the dissipation in the first cycle are the contribu-
tion of the stress softening. In comparison, when µ = 0, i.e., under planar tension mode and µ = 1, i.e.,
under equibiaxial tension mode, the second unloading goes along a distinct path against the second loading
path, and the viscoelastic dissipation wv takes up a large part of the total dissipation that cannot be ignored.
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It is also noteworthy that, under a larger µ, a larger residual strain is observed, which also confirmed our350

assumption that the total dissipation consists of the contribution of the stress softening dissipation and the
contribution of the traditional viscoelastic dissipation. It is also demonstrated that larger values of the initial
softening dissipation shown in Figure 16 and the subsequent softening shown in Figure 17 are generated
with a larger µ. However, the softening dissipation ratio ws/ws0 is smaller if µ is larger. For polymeric ma-
terials with a positive Poisson’s ratio, stretch in a direction causes contraction in any perpendicular direction.355
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Figure 15. Stress-strain responses of the two-cycle uniaxial tension tests for Shore
hardness 00-30 at strains of 200% under deformation mode of uniaxial tension,
planar tension and equibiaxial tension. (a) The first cycles, (b) the second cycles
applied 0 second after the first cycles.
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Figure 16. The initial softening dissipation
energy density (ws0, black dots) and vis-
coelastic dissipation energy density (wv , red
dots) for Shore hardness 00-30 at strains of
200% under different deformation mode (bi-
axiality ratio).

From a microscopic perspective, due to the chain-chain interactions, the stretch of polymer in the transverse
direction leads to the tendency of reorientation and extra deformation for chains in other directions. There-
fore, with a larger µ, the axial polymer chains are extended more, and the stress responses including stress
softening and stress recovery at a certain axial strain resemble those at a larger equivalent uniaxial strain,360

for example, the resemblance between Figure 7 and Figure 17.

3.6. Shore hardness dependence

In addition to the strain-dependence, the Shore hardness of the materials could also affect the stress recovery.
Figure 18(a) illustrates the first cycles of virgin specimens for different Shore hardnesses, and Figure 18(b)365

illustrates the second cycles applied 0 second after the first loading. At both cycles, the stress level is higher
for a higher Shore hardness. With the data of first cycles and second cycles after 0 second, the initial soften-
ing dissipation energy density ws0 and the viscoelastic dissipation energy density wv can also be decoupled
and obtained, as Figure 19 shows. Again, ws0 is significantly larger than wv. Except that both dissipations
of Shore hardness 00-10 are slightly higher than those of 00-20, overall a higher Shore hardness yields a370

larger ws0 and wv. Note that according to the product information of Ecoflex series, the viscosity for 00-10

15



1 24 168 720 8760
0.000

0.004

0.008

0.012 00-30, 200%

 ET
 PT
 UT

w
s [

M
Pa

]

Time [hr]

(a)

1 24 168 720 8760
0

20

40

60

80

100

w
s/w

s0
 [%

]

(b)

Figure 17. Time dependence of the dissipation during the second cycles at strains of 200% for Shore hardness 00-30 under
deformation modes of uniaxial tension, planar tension, and equibiaxial tension. (a) The subsequent softening dissipation energy
density (ws), (b) the softening dissipation ratio between the subsequent and initial softening dissipation energy density (ws/ws0).
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Figure 18. Stress-strain response of the two-cycle uniaxial tension tests at strains
of 400% for four Shore hardnesses 00-10, 00-20, 00-30, 00-50. (a) The first cycles
with error bands, (b) the second cycles applied 0 second after the first cycle.

00-10 00-20 00-30 00-50
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

UT, 400%

 ws0

 wv

En
er

gy
 D

en
si

ty
 [M

Pa
]

Shore Hardness
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dots) of uniaxial tension tests at strains of
400% for different Shore hardnesses.

After different recovery times under the stress-free state, the second cycles are applied under the same condi-
tions as their first cycles for all four Shore hardnesses. Each subfigure of Figure 20 depicts the stress-strain375

curves of the first loading and the second loadings of three recovery times (again, 0 second, 1 day and 1
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Figure 20. Time dependence of the stress recovery under a uniaxial tension mode at strains of 400% for different Shore hardnesses.
The second loading paths with recovery times of 0 second, 1 day, and 1 month (solid lines) compared with the first loading path
(dash line) for Shore hardnesses (a) 00-10, (b) 00-20, (c) 00-30, (d) 00-50, are presented, respectively.
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Figure 21. The time dependence of the dissipation during the second cycles of uniaxial tension tests at strains of 400% for different
Shore hardnesses. (a) The subsequent softening dissipation energy density (ws), (b) the softening dissipation ratio between the
subsequent and initial softening dissipation energy density (ws/ws0).
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month) for a particular Shore hardness. It demonstrates clearly that the stress responses for all four hard-
nesses recover with time. With regard to the softening dissipation energy density, as is shown in Figure 21,
a larger Shore hardness has a higher subsequent softening dissipation energy density ws except for Shore
00-10. It is also highlighted in the technical manual that the viscosity of 00-10 is significantly larger than380

other Shore hardness in the series. However, the softening dissipation ratio ws/ws0 is in an opposite trend,
i.e., a larger Shore hardness recovers at a slower speed than the smaller one regarding a certain recovery
time for all four Shore hardnesses.

Under planar tension, the dependence of Shore hardness is also observed. Figure 23 illustrates that a larger385

Shore hardness has a higher absolute softening dissipation ws, while a larger Shore hardness yields a lower
softening dissipation ratio ws/ws0 at a certain recovery time, showing a very similar pattern as the uniaxial
one in Figure 21.
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Figure 22. Time dependence of the stress recovery under a planar tension mode at strains of 240% for different Shore hardnesses.
The second loading paths with recovery times of 0 second, 1 day, and 1 month (solid lines) compared with the first loading paths
(dash line) for Shore hardnesses (a) 00-10, (b) 00-20, (c) 00-30, (d) 00-50, are presented, respectively.

With the help of thermogravimetric analysis, Krpovic et al. [64] obtained that Ecoflex 00-50 contains a larger390

amount of fillers than 00-30. Besides, using the nuclear magnetic resonance spectroscopy and Fourier trans-
form infrared spectroscopy analyses, they found that Ecoflex 00-50 has a higher crosslinking degree than
00-30. With the increase of filler volume fraction, the polymer matrix forms more physically crosslinked
networks. Therefore, both the crosslinking density and the filler volume fraction contribute to the total re-
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Figure 23. The time dependence of the dissipation during the second cycles of planar tension tests at strains of 240% for Shore
hardnesses 00-10, 00-20, 00-30, 00-50. (a) The subsequent softening dissipation energy density (ws), (b) the softening dissipation
ratio between the subsequent and initial softening dissipation energy density (ws/ws0).

Figure 24. The softening energy density for different Shore hardness with the equivalent strain invariant. (a) The subsequent
softening dissipation energy density (ws), (b) the softening dissipation ratio between the subsequent and initial softening dissipation
energy density (ws/ws0).

inforcement of the materials. Accordingly, a higher Shore hardness results in a stronger stiffness as well395

as a greater stress softening during the loading-unloading cycle. As we mentioned in Section 3.2, a higher
crosslinking density leads to a more significant softening as well as a slower recovery rate. Now, a larger
Shore hardness of Ecoflex has a larger filler volume fraction and a higher crosslinking density which makes
it plausible that a slower recovery rate for a higher Shore hardness can be observed as in Figure 21.

400

In previous sections, we mentioned that the crosslinking degree determines the entropic elasticity of the
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polymer networks, while the fillers cause the stress softening. According to literature [46, 47], the fillers
are supposed to cause deformation concentration in the polymer network, and therefore the microscopic
deformation is larger than the macroscopic one. In other words, a higher filler volume can be regarded as
an amplification of the strain. This phenomenon is characterised by introducing a strain amplification factor405

for the uniaxial stretch [69] or amplifying the first strain invariant I1 in the case of a three-dimensional
deformation [70], and this concept is adopted frequently, see [71, 72, 73, 74]. Li et al. [47] used the strain
amplification factor to investigate the viscoelastic response, stress softening as well as the stress recovery.
Note that in our previous work [38], we generalised the strain amplification factor for the case of Shore
hardness variation regardless of the unknown commercial formulation of Ecoflex, and successfully modelled410

the stress-strain response and stress softening behaviour for different Shore hardnesses. We amplified the
first strain invariant I1 to the equivalent first invariant I1,h as

I1,h = X[I1 − 3] + 3, (4)

where, the strain amplification factor X is a function of a normalised variable s as

X = 1 + g1s+ g2s
2, (5)

s =
H

H0
− 1, (6)

where, g1 =1.788e-01 and g2 =1.851e-02 are the parameters that were identified in Liao et al. [38]. Note415

that H is the last two digits of a Shore hardness, and 00-10 is taken as the reference Shore hardness H0.
Here, the variation s serves similarly to the filler fraction (ϕ) in the literature. Using the superposition
method adopted in [47] based on Equation 4 to Equation 6, the softening dissipations at various strain levels
(200%, 300%, and 400%) for all four Shore hardnesses (00-10, 00-20, 00-30, and 00-50) are plotted on the
equivalent first invariant I1,h axis as Figure 24. Figure 24(a) shows the superposed initial softening dissipa-420

tion ws0 and subsequent softening dissipation ws(tr) including tr =1 hr, 1 day, 1 month. It reveals that the
stress softening and the stress recovery are dependent on the amplified microscopic deformation. We can
see at each recovery time, the data basically falls in one monotonically increasing line with the increase of
I1,h. Comparing data at different recovery times, the subsequent dissipation is regaining towards the initial
softening dissipation. In light of ws/ws0 against I1,h, it shows an opposite trend that a larger equivalent425

first invariant I1,h the recovery is slower, indicating the retardation of rebuilding the chain-filler interface as
mentioned previously. Overall, the results again confirm the effectiveness of the strain amplification factor
for the Shore hardness.

4. Conclusions430

In this study, we have carried out a series of systematic experimental studies on Ecoflex, a widely-used
silicone rubber in soft robotics, stretch-based sensors, and energy harvesters. In this regard, stress softening
and stress recovery behaviour have extensively been studied with respect to recovery time, strain level,
deformation modes, and Shore hardness. Our findings can be summarised as follows:

• The total energy dissipation of a loading-unloading cyclic test could be decomposed into viscoelastic435

dissipation and softening dissipation. The stress softening is triggered on the first cycle, and stress
recovery commences at the stress-free state with time and can be observed on the subsequent cycles,
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• A larger strain level results in more significantly stress softening but slower stress recovery with regard
to the softening dissipation ratio,

• A larger biaxiality ratio of the deformation mode also causes more apparent stress softening as well440

as a slower stress recovery.

• The Shore hardness dependence of the stress recovery shares a similarity to the strain level depen-
dence. The variation of the Shore hardness can be regarded as the strain amplification. Using the
strain amplification factor, the Shore hardness dependence can be confirmed and is consistent with
our previous work [38].445

From a microscopic point of view, the stress softening is strongly dependent on filler and matrix (rubber)
interactions. In fact, the strain level, biaxiality ratio, and the Shore hardness dependences are all able to
be interpreted as the dependence of microscopic deformation of polymer chains. Overall, a microscopic
larger stretch causes more debonding of the rubber matrix and the fillers, and therefore more energy and
longer time are required for the bond rebuilding of the fillers and the rubber matrix. Therefore, it takes a450

longer recovery time for the material to recovery to the same level of softening dissipation ratio. This work
gives a comprehensive investigation of the factors that influence the stress recovery process and reveals that
the microscopic reasons for the dependence of these factors coincide. Since Ecoflex silicone rubbers and
other congeneric polymers often experience multiple complex deformations, their stress softening and re-
covery are of great importance to predict the long-term mechanical responses of a product made of such455

soft polymeric materials. Our experimental data shed light on modelling the complete constitutive mechan-
ical response as depicted in Figure 3 including hyperelasticity, viscoelasticity, stress softening, and stress
recovery.

Appendix A The application of the DIC technique

In order to confirm further the homogeneity of the specimen deformation, the DIC technique is adopted.460

Figure 25 shows the contour of the axial strain filed of a specimen for the planar tension. It can be seen the
strain filed is homogeneous in the main part. In addition, Figure 26 shows the transverse strain field of the
same deformed specimen. The overall value is close to zero in most part of the specimen. Therefore, the
assumption of negligible in-plane transverse deformation is satisfied. The DIC technique is also utilised to
analyse the test for equibiaxial tension. Figure 27 shows the relatively homogeneous strain contour of an465

equibiaxial tension specimen in the central region.

Figure 27. The DIC countour of strain of a equibiaxial test test.
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Figure 25. The DIC Contour of axial deformation of a planar tension test.

Figure 26. The DIC Contour of width transverse deformation.
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