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Abstract

The additive manufacturing (AM) is a new paradigm across various disciplines of engineering sciences.
Despite significant advances in the areas of hard material printings, the options for 3D printed soft materials
are still limited. Most of the existing 3D printed polymers are in the areas of acrylics and polyurethanes
or their composites. Recently emerged Digital Light Synthesis (DLS) technology hugely accelerates the
additive manufacturing of soft polymers. A DLS-inspired 3D printer uses a continuous building technique
instead of a layer-by-layer approach, where the curing process is activated by an ultra-violet (UV) light.
In this contribution, a DLS-based digitally printed silicone (SIL30) is experimentally characterized. To
understand polymer’s temperature-dependent mechanical responses, an extensive thermo-viscoelastic ex-
perimental characterisation at various strain rates under tensile deformation and temperature fields from
-20�C to 60�C is performed. The study reveals significant effects of time-and temperature-dependency
on the mechanical responses of the 3D printed silicone. Motivated by the thermo-mechanical results of
the polymer, a thermodynamically consistent constitutive model at large strain is devised. Afterwards, the
model is calibrated to the data that results in the identification of relevant parameters. The model predicts
the experimental results with a good accuracy. 3D printed soft polymers are major candidates in designing
complex and intricate architectured metamaterials for biomedical applications. Hence, a comprehensive
thermo-mechanical experimental study and subsequent constitutive modelling will facilitate in designing
and simulating more complex cellular metamaterials using 3D printed silicones.

Keywords: 3D printing, Silicone polymer (SIL30), Digital Light Synthesis (DLS), Additive
manufacturing, Thermo-viscoelastic modelling, Metamaterials

1. Introduction

Among other soft materials, silicone polymers have many outstanding properties. These include, but not
limited to, biocompatibility (ideal for medical applications), good transparency, chemical stability and resis-
tance to natural ageing, thermal stability over a wide range of temperature profiles, ability to withstand fire
without releasing toxic and irritating fumes, electrical insulation, and good elasticity. Silicones are less sus-5

ceptible to react chemically with other materials. Hence, they are more preferred polymers in manufacturing
bio-medical accessories and devices, e.g., for hearing aids, tubing, peristaltic pumps, breast prosthesis for
breast cancer patients, catheters and cardiovascular devices [6, 26, 27]. Thanks to their matchable stiffnesses
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with biological tissues, silicones and their composites are major materials as substrates in mechanobiology,
see [55, 56]. More recently, silicones and their blends and composites are becoming major ingredients in10

several emerging sectors such as soft robotics, soft and flexible electronics [10, 11, 30]. In addition to sil-
icones’ outstanding mechanical properties, reduced dissipative behaviour, large stretchability, temperature
insensitivity, pure silicones or their composites and blends become ideal materials in flexible-sensors, soft
robotics, and energy harvesters [2, 15, 17, 32, 42, 60].

15

Owing to a wide range of applications across many disciplines, experimental study and constitutive mod-
elling of silicone polymers, particularly at finite strain, attract considerable attention. In an effort to under-
stand the mechanical behaviour of two commercially available silicones (B452 and Sil8800), Shergold et al.
[53] performed an experimental study under compression tests at various strain rates spanning from 10

�3 to
10

3 /s. Their aim was to compare mechanical responses of human skins with the two aforementioned soft20

silicones. The study concluded that a strain rate-dependency of silicones could only be observed when the
strain rate exceeds 40 /s. To understand silicones’ thermo-mechanical behaviour, in contrast to isothermal
experimentations of Shergold et al. [53], Rey et al. [47] conducted an extensive investigation on the influ-
ence of temperature on elasticity, Mullins stress-softening, loading-unloading cyclic behaviour, and stress
relaxation. They concluded that, for commercially available RTV 141 and RTV 3428 silicones, the materials25

exhibited entropic elastic behaviour above 150�C. Guo et al. [20] conducted high strain rate tests on filled
silicones using a split Hopkinson tension bar (SHTB) with strain rates ranging from 10

�3 to 1400 /s. They
further conducted high strain-rate tensile tests at various temperatures which reveal that the materials stiff-
nesses increase with increased strain rates and decrease with increasing temperature profiles. Bernardi et al.
[6] conducted a couple of experiments including uniaxial and biaxial tensile deformation states for several30

silicone polymers. Furthermore, they developed constitutive models at large strains to predict stress-strain
responses of silicones. Ecoflex, a commercially available silicone, becomes an ideal choice in bio-medical
engineering and stretch-based sensors applications thanks to its high stretchability with a minimum viscosity
[2]. In an effort to quantify Ecoflex thermo-viscoelastic characteristics, very recently, Liao et al. [35, 36]
conducted an extensive study on the material of various Shore hardnesses. The Platinum-catalised, room35

temperature-cured polymer shows very insignificant strain rate-and temperature-sensitive responses. Based
on the experiment study, they further developed a Shore-dependent constitutive framework coupled with the
pseudo-elastic softening behaviour significantly observed in Ecoflex [35].

The additive manufacturing (AM) or 3D printing is relatively a new field of digital manufacturing. It not40

only revolutionises the area of rapid prototyping but also facilitates the production of multi-characteristics,
multi-purpose, complex metamaterials. The 3D printing closes the gaps between ideas and realities by mak-
ing prototypes within a very short span of time. Using a wide range of AM techniques, three-dimensional
structures of complex and intricate geometries with a very high precision and surface finish can be produced
which are simply impossible with traditional manufacturing processes. Therefore, the AM has been drawing45

unprecedented and ever-increasing interests from industry and academia alike. New materials and devices
made of additive manufacturing techniques have fast increasing applications in almost all areas, e.g., con-
struction, apparels, dentistry, medicine, flexible electronics, automotive, robotics, military, oceanography,
aerospace, to mention a few [38, 54, 55, 56]. A recent report revealed that almost half of the additively
manufactured materials are soft polymers that can be printed with a myriad of properties [61]. Several50

3D printing companies such as Stratasys, Carbon3D, ACEO3D, RepRap, Protolabs, Formlabs, Materialise,
SpectroPlast produce a wide range of soft polymeric materials that can sustain extremely large deforma-
tions before failure. Note that in almost all of the 3D printed soft polymers, an UV light is used for the
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hardening (curing) process. Soft photo-curing resins (uncured liquid monomers) could be acrylics, silicone,
and polyurethane resins, whereby several AM techniques such as Inkjet printing, Drop-on Demand (DOD),55

Stereolithography Apparatus (SLA), Digital Light Processing (DLP), and Digital Light Synthesis (DLS)
(previously known as Continuous Liquid Interface Production or CLIP) have widely been used. Among
other processes for soft polymers and their composites, the recently invented DLS helps reducing the design
and fabrication processes from several hours to a few minutes or even less [38, 55, 62].

60

Similar to experimental characterizations and numerical modelling of additively manufactured hard materi-
als such as metal and alloys [13], recently emerged digitally printed soft polymers also receive significant
attention thanks to the latter myriad of applications [19, 38, 39, 64]. However, thermo-mechanical exper-
imental studies of 3D printed soft and flexible materials at large deformations are rare in the literature.
Very recently, few experimental works only deal with small strain-based characterizations such as the de-65

termination of shear modulus, bulk modulus, loss modulus etc [7, 48]. For instance, Reichl and Inman
[48] characterized viscoelastic properties of 3D printed soft polymers such as frequency and temperature-
dependent complex moduli. Note that such experimental techniques based on linearized strain theories
provide inadequate data for materials undergoing large strains. 3D printed soft polymers are promising
materials in soft robotics and stretch-based sensor applications [2, 10, 11]. To develop reliable and accu-70

rate mathematical models that can predict the responses of soft materials over different time scales and
temperatures, experimental characterizations of time- and temperature-dependent material behaviour espe-
cially dissipative and relaxation behaviour are very much essential [14]. To fulfil the gaps in experimental
characterizations of digitally manufactured polymers (e.g.,Tangoflex series), Slesarenko and Rudykh [54],
Liu and Li [37] performed strain rate-dependent experiments on Tangoflex-Verowhite at large strains. Very75

recently, Abayazid and Ghajari [4] characterised the mechanical responses at large strains for two PolyJet
elastomers, namely Agilus30 (A30) and Tango+ (T+). Hossain et al. [25] conducted an extensive study
of a 3D printed soft elastomeric polyurethane (EPU) manufactured by the DLS technique. Moreover, they
developed a viscoelastic model incorporating nonlinear dependencies of viscosities significantly observed in
mechanical characterizations of the additively manufactured EPU. Note that experimental characterizations80

of FDM (fused deposition modelling)-based thermoplastic polymers and their composites have actively been
investigated in the literature [1, 17, 43, 49, 57]. However, chemical compositions and printing processes for
the thermoplastics are completely different from the 3D printed soft and flexible elastomeric polymers.

Thermo-viscoelastic experimental characterizations at large strains of any 3D printed silicone polymer are85

rare in the literature. The current contribution addresses two major aspects of a commercially available 3D
printed silicone, SIL30. Firstly, a comprehensive thermo-viscoelastic study of the polymer is demonstrated.
For that, some classical experiments which are paramount in understanding a viscoelastic polymer at large
strains are chosen. These include Mullins effect tests, cyclic tests, quasi-static tests, and two types of re-
laxation tests under thermo-mechanical loads. Secondly, based on the experimental study presented in the90

first half, a thermodynamically consistent geometrically nonlinear thermo-mechanical constitutive model is
proposed. Note that experimental results presented herein are obtained from homogeneous tensile defor-
mations. Therefore, the thermo-viscoelastic model formulated in a three-dimensional setting needs to be
devised as a set of one-dimensional equations. Afterwards, with the help of the data, model parameters
are identified by an optimization technique. For the model validation, other sets of experimental data are95

used which are excluded in the parameter identification. It is worth to mention that some classical silicone
polymers such as Ecoflex, Sylgard 184, RTV 141, RTV 3428, B452, and Sil8800 are temperature-cured
polymers. They are cured either at room temperature or at elevated temperatures. Hence, they are not suit-
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(a) (b)

Figure 1. Carbon3D DLS technology : (a) Carbon3D’s latest 3D printer CarbonM2, (b) a sketch describing the basic functionality
of the DLS technology

able for vat-based 3D printing in which an ultra-violet (UV) light is used as the curing initiator. UV-cured
silicones are essential for the manufacturing of bespoke and intricate geometries especially in biomedical100

engineering in which many traditional silicones are not suitable. The current silicone will fill up the gaps.

The manuscript has five sections. We briefly describe the experimental set-up and procedures which are
followed to conduct relevant tests in Section 2. In the same section, we present and analyse all experimen-
tal results. A novel thermo-viscoelastic computational model is proposed for the additively manufactured105

polymer in Section 3. Therein, for material parameters identification, all equations are decomposed in
one-dimensional forms. In Section 4, validations of the model are demonstrated and discussed. Section 5
summarises all major findings of the current work and gives an outlook for future works.

2. Thermo-viscoelastic experiments and results

Here, a comprehensive thermo-mechanical experimental study for a 3D printed silicone (SIL30) is per-110

formed using an Instron machine. In the case of thermo-viscoelastic experiments, the main frame of the
machine is inserted in the chamber, cf. Fig. 2(a). According to some classical literature on experimental
study and constitutive modelling for thermo-viscoelastic polymeric materials, e.g., Behnke et al. [5], Lion
[33], Dippel et al. [16], Hossain et al. [23], Liao et al. [34, 35], Amin et al. [3], a couple of distinct
experiments are required which will be discussed in the following sections.115

2.1. Working principle for the DLS process
The silicone polymer investigated in this study is manufactured by the recently invented Digital Light Syn-
thesis (DLS) technique. Hence, a very short note on the DLS process is given here. Earlier, the 3D printing
for soft polymers and their composites mainly uses layer-by-layer or dot-by-dot building processes such as
Inkjet printing, Stereolithography Apparatus (SLA), and Digital Light Projection (DLP). These techniques120

are time-consuming AM processes. The DLS (previously known as Continuous Liquid Interface Produc-
tion or CLIP) technology invented by DeSimone and co-workers [62] changes the arena of the traditional
layer-by-layer or dot-by-dot building processes, particularly for soft elastomers. A DLS printer such as
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(a) (b)

Figure 2. A set-up for the thermo-viscoelastic testing system with a 3D printed sample: (a) represents various sections of the system
where, 1� indicates the key structure, 2� shows a computer that controls the machine. Moreover, 3� illustrates a closed chamber
and 4� contains a force sensor, while 5� indicates the crosshead, (b) a bigger sample of 1 mm uniform thickness with a rectangular
area of 100 mm x 120 mm.

Carbon3D M2 (Fig. 1(a)) starts the curing process using a bottom-up approach. There exists an oxygen
inhibited dead-zone that prevents any adherence of the 3D part to the uncured part, see Fig. 1(b). The thin125

oxygen-permeable window is made of an amorphous Teflon film which has a high chemical resistance and
gas transport potential. It has a very low refractive index with an excellent optical clarity. Such a thin film
has an optical property that extends to the range of UV. When oxygen permeates through the window creat-
ing a very thin layer between the window and the printing part, known as the dead-zone, of uncured resin.
The extremely thin layer of one-third of a human hair is the area responsible for Carbon3D’s remarkable130

performance with isotropic 3D printed parts. In the dead-zone, oxygen prohibits lightening curing the resins
situated closest to the window, thereby allowing for the continuous flow of liquid resins beneath the part
[55].

2.2. Sample preparation
As mentioned earlier, in this study, we selected a DLS-based 3D printed silicone (SIL30) produced by135

Carbon3DTM1. Necessary samples of the silicone printed by a Carbon3D M2 were purchased from Paragon
Rapid Technologies (UK), a local Production Network of the Carbon3D. In preparing specimens for uniax-
ial homogeneous tests, two techniques have been widely used in the area of soft polymers experimentation.
First option is the so-called dog-bone samples that significantly reduce the grippers’ (edge) effects due to the
presence of enhanced areas at sample ends [17, 54, 58]. Second alternative route is the rectangular sample,140

in which a length to width ratio ⇡ 10:1 is maintained throughout the sample length [34, 35, 36, 28, 51, 59].
Due to excessive costs for the DLS 3D printed dog-bone samples, the second option for the specimen prepa-
ration is adopted in the current study. For that, a CAD (Computer Aided Design) geometry of 1 mm uniform
thickness with a rectangular area of 100 mm x 120 mm (Fig. 2(b)) is created. Afterwards, slices of 5 mm

1
https://www.carbon3d.com
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(a) (b)

Figure 3. Rectangular sample preparation : (a) A 5 mm x 60 mm x 1mm rectangular virgin sample (undeformed) before any test,
(b) A sample with its place of failure (middle) after a uniaxial tensile test (deformed)

wide and 120 mm long are cut from the 100 mm x 120 mm big sample. Again each slice is divided into two145

pieces of 5 mm wide and 60 mm long. Finally, a rectangular sample becomes 5 mm x 60 mm x 1mm (width
x length x thickness) which will be around 40 mm long and 5 mm wide excluding the portions captured in
the grippers. Such a dimension maintains 8:1 ratio (length: width). A similar sample dimension was taken
previously in the case of soft polymers like SIL30 for testing a homogeneous tensile mode of deformation,
see Liao et al. [34, 35, 36], Johlitz et al. [28], Sahu and Patra [51], Wissler and Mazza [59]. In order to150

prepare rectangular samples of 5 mm x 60 mm x 1mm, at first, desired lines are inscribed on the top of the
big sample (100 mm x 120 mm) using a soft ballpoint pen. Afterwards, a sharp trimmer (e.g., Dahle brand)
is used to cut a desired sample. As shown in (Fig. 3(a)), samples are precisely cut. Moreover, sharp and long
scissors are also used to cut the samples that result in less precise specimens, see (Fig. 3(b)). Regarding the
sample failures, most of them fail at the middle, see (Fig. 3(b)). However, few samples fail at the gripper155

ends. Hence, in order to reduce gripper’s influence, samples are glued with white papers at the ends, see
(Fig. 3(b)). For large stretched tests, a specimen could possibly slide out from the grippers. Therefore, the
layers of white papers used between the grippers and the specimen prevent sliding of specimens out of the
grippers. Slesarenko and Rudykh [54] mentioned that 3D printed UV-cured soft polymers might have some
time-dependent ageing phenomena that could affect their mechanical properties. Hence, in order to avoid160

any ageing, all tests are completed within the first month of the printed polymer.

2.3. Experimental set-ups
In order to perform thermo-mechanical tests, we use a purposively built temperature chamber, see Fig 2.
The chamber can be regulated ranging from temperature -50�C to 150�C. The machine frame can move165

up to 800 mm. However, the frame displacement is restricted to 200 mm when it is caged in the chamber.
The machine has a crosshead speed of 8 mm/s. Bluehillr, an Instron built-in software, is used to run the
machine. For presenting experimental results in stress-strain formats, we use nominal stresses (also known
as the first Piola-Kirchhoff stresses) and nominal strains. Subsequently, the time derivatives of the nominal
strains will yield strain rates. The Instron machine has a maximum capacity of ±50 N with a precision of170

0.001 N. A good reproducibility of experimental results is an important issue. Hence, we repeat each set of
experiment at least three to five times and the average one is chosen. For detailed set-ups of the machine
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(a) (b)

Figure 4. In search of stretchability of SIL30 silicone: (a) Elongation at break is highly dependent on strain rates, (b) stretchability
and ultimate strength of SIL30 increase with the increase of strain rates (error bars are added to show the variations in experiments)

to conduct thermo-viscoelastic experiments, readers are referred to our previous works, e.g., Liao et al.
[34, 36].

2.4. Stretchability and Mullins effect of the 3D printed silicone175

At first, our aim is to find the maximum elongation at break (stretchability) of SIL30. The polymer is
expected to be a viscoelastic material, i.e., it will show a strain rate-dependent behaviour. Therefore, in-
stead of a fixed machine speed, four strain rates, e.g., 0.0005 /s, 0.01 /s, 0.05 /s, and 0.1 /s are selected
to assess the stretchability of the material. Fig. 4 depicts that the material breaks at a lower strain with a
slowest strain rate. This behaviour is very similar to some other 3D printed soft polymers. For example,180

PolyJet printed Tangoflex-Verowhite soft polymers become less stretchable with a slower strain rate, see
[4, 37, 54]. From Fig. 4, it can be concluded that SIL30’s elongation at breaks is around 250%±20% (error
bars are added to demonstrate the variations in experiments) strain with a strain rate of 0.01 /s. Moreover,
the stress-strain curves demonstrate a significant nonlinearity within the strains, which is very similar to
the classical S-shaped curve (hardening-softening-hardening) demonstrated by major elastomers, see [63].185

Note that according to a manual supplied by Carbon3D [12], at 50% and 100% strains, the polymer should
yield 0.42 MPa and 0.69 MPa tensile stresses, respectively. A similar trend is observed in our experimental
study where, 50% and 100% strains yield 0.41 MPa and 0.70 MPa tensile stresses (at a strain rate of 0.05
/s), respectively, see Fig. 6. Hence, it can be concluded that the printing conditions of the samples we used
in this study resemble the standard conditions of a Carbon3D M2 printer.190

In order to verify whether a soft polymer shows any stress-softening or Mullins effect, a combination of two
distinct loading-unloading cyclic experiments is required as frequently suggested in the literature [18, 58].
The first category is the loading-unloading cyclic test which is conducted at a specified strain and strain rate.
For this, a sample is stretched up to a certain point and is reloaded to the zero strain without any stopover195

between a loading and an unloading cycles. The same sample is reloaded from the zero strain without any
delay between two consecutive full cycles. Most of the softening, which is characterized by a lower re-
sulting stress for the same applied strain, appears after the first cycle. After a few cycles (values up to 10
are reported in the literature depending on the material nature), the material responses coincide during the
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(a) (b)

Figure 5. Mullins stress-softening tests: (a) Stress-softening test with several loading-unloading cycles at a fixed strain and strain
rate, (b) repeated cycles at an increasing strain (@ 25%) with a fixed strain rate on a virgin sample; Different colors indicate
increasing loading-unloading paths

(a) (b)

Figure 6. Loading-unloading cyclic experiments at four strain rates 0.1 /s, 0.05 /s, 0.01 /s, and 0.0005/s: (a) 50% strain, (b) 100%
strain. Within these strains, an initial strain hardening is observed followed by a strain softening up to 100%
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(a) (b)

Figure 7. Loading-unloading cyclic experiments at four strain rates 0.1 /s, 0.05 /s, 0.01 /s, and 0.0005/s: (a) 150% strain, (b) 200%
strain. A significant strain rate-dependence and nonlinear stress-strain relation is illustrated by a hardening-softening-hardening
behaviour within these strain ranges.

following cycles. In order to re-assure the existence of the Mullins effect, a second form of tests is also200

required. For this, after a full loading-unloading cycle, the sample is reloaded to a higher strain (keeping the
strain rate same as in the first full cycle). In the second loading cycle, the actual strain will be larger than
the already applied maximum strain in the first cycle. The stress response will be lower than the first cycle
up to the maximum strain already applied. However, as soon as the sample crosses the maximum strain al-
ready applied in the first cycle, it goes along the same loading path of the first cycle. If this is the case, then205

the polymer exhibits Mullins effect. Both features are important characteristics of the Mullins effect [18, 44].

In this study, both categories of the stress-softening tests are performed on SIL30 polymer. In Fig. 5(a),
experimental results of ten repeated cycles are presented for a sample with 100% strain. Fig. 5(a) depicts
the stress-strain response of a primary loading path which clearly shows a nonlinear material behaviour for210

a virgin specimen. If we compare the first (primary) loading path with rest of the cycles, it is vivid that each
reloading path in the second and the subsequent cycles experience significant stress reductions. Note that
most of the stress reductions occur between the first and the second cycles. Moreover, after the third cycle,
the differences between the previous cycles and an actual cycle minimise that eventually result in a stable
loading-unloading dissipative loop. We further quantify the existence of Mullins effect with the help of215

cyclic tensile tests with increasing strains. Fig. 5(b), illustrates that if the actual strain becomes larger than
the already applied maximum strain, the stress-strain response goes along the same loading path of the first
cycle. Hence, after performing two different types of tests, it can be concluded that the 3D printed silicone
polymer (SIL30) shows a significant stress-softening or Mullins effect. Therefore, before performing any
viscoelastic experiments, three cycles of pre-treatments have been done on each virgin sample. Afterwards,220

all samples are used in the next day for actual thermo-viscoelastic experiments.
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(a) (b)

Figure 8. Loading-unloading cyclic experiments at four strain levels 50%, 100%, 150%, and 200%: (a) strain rate 0.1 /s, (b) strain
rate 0.01 /s. A higher strain rate results in a larger dissipative loop bounded by the loading-unloading paths.

2.5. Loading-unloading cyclic behaviour
One of the major characteristics of soft polymers is their dissipative behaviour. Majority devices made of
soft polymeric materials experience a large number of loading-unloading cycles in their service lives. An225

unloading path of a polymer will not coincide its loading path that results in a loading-unloading dissipative
loop. Moreover, stress-strain responses will significantly be varied with respect to how fast or how slow a
deformation is applied to the material. For the viscoelastic characterization, at first loading-unloading cyclic
tests are performed with respect to different strains, strain rates, and temperature profiles. In this study,
based on the stretchability results presented in the previous section, four different strain levels, i.e., 50%,230

100%, 150%, and 200%; four different strain rates, i.e., 0.0005 /s, 0.01 /s, 0.05 /s, and 0.1 /s are selected.
These consist of (at least) total forty eight tests (=4 strains x 4 strain rates x 3 repetitions) that are performed
at room temperature (20�C). For quantifying temperature-dependent behaviour, five different temperature
profiles, i.e., 60�C, 40�C, 20�C, 0�C, and -20�C are selected in which strain rates of 0.1 /s and 0.01 /s and
strains of 50%, 100%, and 200% are chosen (total 72 tests = 4 temperature profiles as the tests at 20�C235

are already performed x 3 strains x 2 strain rates x 3 repetitions). Note that if a good reproducibility is not
obtained, some of these tests are repeated up to five times.

2.5.1. Results and discussions
Results shown in Fig. 6 and Fig. 7 are room temperature (20�C) data. Fig. 6(a) and Fig. 6(b) compare the
loading-unloading curves with four different strain rates of 50% and 100% strains, respectively, wherein the240

stress-strain curves clearly depict a strain rate-dependence of the 3D printed silicone. Therein, a high strain
rate results in a higher stress response and the vice-versa. Moreover, the curves demonstrate significant non-
linear stress-strain behaviour at room temperature, in which strain hardening occurs initially and then strain
softening exists up to 100% strain which follows by a strain hardening again. Again, if someone compares
Fig. 6 and Fig. 7 of 50%, 100%, 150%, and 200% strains, it can be seen that the nonlinearity of the curves245

even enhances further with higher strains. After 100% strain, the strain-strain curves show upturn trend
which is, at 200% strain clearly resembling an ’S-shape’ curve, a typically stress-strain behaviour observed
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(a) (b)

(c)

Figure 9. Temperature-dependent cyclic test results at strain rate 0.1 /s and at temperature profiles -20�C, 0�C, 20�C, 40�C, and
60�C: (a) 100% strain, (b) a close-up view of (a), (c) 200% strain. The influences of temperature profile are massive in negative
temperature regime in contrast to its influences in positive regime.
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(a) (b)

Figure 10. Temperature-dependent cyclic test data at strain rate 0.01 /s and at temperature profiles -20�C, 0�C, 20�C, 40�C, and
60�C: (a) 100% strain, (b) 200% strain.

in highly stretchable soft elastomers. Furthermore, the dissipative loops bounded by loading-unloading
paths at different strains increase with the increasing strain rates, cf. Fig. 8. Note that some classical sil-
icone polymers such as Ecoflex, Sylgard 184, RTV 141, RTV 3428, B452, and Sil8800 do not show any250

major strain rate-dependent behaviour at room temperature. In contrast, the 3D printed silicone (SIL30)
shows a significant strain rate-dependence which might be good for its applications in damping.

In many applications, silicone polymers are exposed to variations of temperature profiles. Hence, it is imper-
ative to have a comprehensive thermo-mechanical study of any polymer prior to its intended applications.255

For investigating the influences of temperature, few classical silicones have been studied over the years
that were documented in the literature, see [6, 35, 47, 53]. Therein most of the silicones hardly show any
temperature-sensitive behaviour. However, the present study reveals a high temperature-sensitivity of sili-
cone SIL30, in which a higher temperature reduces its stiffness significantly. On the contrary, the polymer
becomes stiffer at a lower temperature resulting in a higher modulus. According to a manual supplied by260

Carbon3D [12], the polymer has a glass transition temperature (Tg) of 8�C. For the temperature-dependent
viscoelastic study, five different temperature profiles are selected within the range of -20�C to 60�C, in which
two different strain rates, 0.1 /s and 0.01 /s, are applied. Fig. 9 and Fig. 10 indicate that for all temperature
profiles under investigation, a lower temperature results in an enlarge loading-unloading hysteresis loop and
a larger residual strain. This means, the material becomes highly viscous below the room temperature which265

is manifested by the large dissipative loops for both 0.1 /s and 0.01 /s strain rates. Furthermore, at the same
strain rate and strain, the nonlinearity in the stress-strain relationship is becoming even stronger with the de-
creasing temperature. These features are more vivid when temperature-dependent residual strains and peak
stresses are plotted against temperature profiles, see Fig. 11. Especially, abrupt changes in residual strains
and peak stresses can be observed below the glass transition temperature (Tg = 8�C) of the polymer.270

Note that the silicone polymer is less temperature-sensitive above the room temperature due to the fact that it
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(a) (b)

Figure 11. Influences of temperature on residual strains and peak stress values, (a) Variations of peak stresses with temperature
profiles, (b) Sharp changes of the residual strains with respect to temperature variations.

becomes entropic elastic in these temperature ranges. Furthermore, if Fig. 9(a) and Fig. 9(b) are compared,
it is clear that the nonlinearity modes in the strain-strain relationship are distinct in low temperature in con-
trast to one above the room temperature. For instance, in Fig. 9(a), the stress-strain curve at -20�C becomes275

nonlinear with an initial strain hardening followed by a softening, whereby a similar trend is observed in
the unloading path. In contrast, as shown in Fig. 9(b), for all temperature profiles above 20�C, the loading-
unloading curves follow almost a linear pattern with a minor change. Such a large scale dissipative cycles in
the negative temperature profile is due to the fact that in this region the material obtains the transition from
a rubbery phase to a glassy phase.280

2.6. Relaxation behaviour: Single-step and multi-step tests
Stress relaxation is a classical phenomenon in viscoelastic soft polymers. Many devices made of soft poly-
meric materials are exposed to strains either in one or in several steps with multiple increments [14]. In
both cases, polymeric materials experience stress relaxations. Hence, on the one hand, to assess materials’285

stress relaxation behaviour at single-and multiple-strains, both types of relaxation experiments are impera-
tive. On the other hand, the two types of experiments will simply help to determine the equilibrium stress
of a polymer. For a relaxation test, a specimen is stretched at a particular speed of the machine and is held
at a desired strain. Afterwards, if we wait for several hours, the sample will reach to a stress that does not
change significantly further with respect to time. This is called the equilibrium stress. For single-step relax-290

ation tests, 25%, 50%, 75%, 100%, 125%, and 150% strains are applied at room temperature that result in
eighteen tests (6 strains x 3 repetitions). Moreover, three additional temperatures -20�C, 0�C and 40�C for
50% deformations and two more temperature profiles, i.e., -20�C and 0�C, are added in the case of 100%
deformations to quantity the influences of temperature on the relaxation mechanisms. Note that all multi-
step relaxation experiments are performed at room temperature.295
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(a) (b)

(c)

Figure 12. Single-step relaxation tests from 25% to 150% with a 25% strain interval. (a) Stress-time curves, (b) normalised stress-
time curves obtained by dividing the actual stresses with the peak stresses, (c) stress-strain curves. The relaxation time is increasing
with the increase of strains.
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(a) (b)

Figure 13. Multi-step relaxation test data at strain steps from 25% to 150% with a 25% strain interval. (a) Stress history curves, (b)
stress-strain curves.

2.6.1. Results and discussions
In the absence of any available data demonstrating the relaxation behaviour of SIL30, a sample is allowed to
relax for several hours. However, it is observed that almost all of the so-called overstress (total stress minus
equilibrium stress) disappear within the first one hour period, cf. Fig. 12. Hence, for the rest of the stress300

relaxation experiments, an hour holding time is selected both for the single-step and the multi-step (in each
step strain) relaxation experiments. The stress at the end of an hour holding time is considered as the equi-
librium stress. For single-step relaxation tests, specimens are elongated starting from 25% to 150% strain
with a 25% interval. The material is unable to sustain any strain beyond 150% for a longer time in single-and
multi-step relaxation tests. In order to understand the relaxation phenomena, we can compare the behaviour305

of the material at two different deformations, i.e., 25% and 150%. For tests at 150% deformation, after 20
seconds of the relaxation, the normalised actual stress becomes 0.862 (peak stress =1.0) which reduces to
0.802, 0.694, and 0.658, respectively, after 1 min, 30 mins, and 1 hour of the relaxation. In contrast, for 25%
deformation, after 20 seconds, the normalised actual stress becomes 0.769 which reduces to 0.703, 0.623,
and 0.611, respectively, after 1 min, 30 mins, and 1 hour of the relaxation. From the analyses, several con-310

clusions can be drawn for the 3D printed SIL30. Most of the overstresses are depleted within a few seconds
of the holding time. For instance, 20% overstress disappears after 20 seconds of the relaxation for 150%
deformation, while a 24% reduction in the stress for samples stretched at 25%. That means, a relaxation test
conducted at a higher strain will take a longer time to reach an equilibrium stress. This will be more vivid
when normalised stresses obtained by dividing the actual stresses with the peak stresses are plotted against315

the relaxation time as in Fig. 12(b). It further reveals the strain-dependence of the relaxation behaviour. It
also substantiates our assumption that one hour holding time is enough to obtain an equilibrium stress as
the differences in overstresses between half an hour and one hour are very minimal (1%-3%). Now, if we
connect all equilibrium stresses, the basic elasticity data of the material will be obtained.

320

In an effort to quantify the material’s relaxation behaviour at multiple strains, few more relaxation tests are
performed, in which incremental strains are applied. Another aim of these tests is to verify the equilibrium
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(a) (b)

(c)

Figure 14. Temperature dependent relaxation test results at 50% strain and at temperature profiles -20�C, 0�C, 20�C, and 40�C.
(a) Stress history curves, (b) normalised stress-time curves obtained by dividing the actual stresses with the peak stresses, (c)
stress-strain curves.
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stresses of the polymer obtained by the single-step relaxation tests performed earlier. In comparison to
the step-wise relaxation tests, for the multi-step relaxation experiments, a specimen is elongated in several
consecutive steps and it is allowed to relax in each step. In addition to other usages of the multi-step re-325

laxation tests, with the help of one relaxation test set-up, several equilibrium stresses at few strain intervals
can smoothly be obtained. In this study, to observe relaxation behaviour at multiple strains, step strains are
applied at intervals of 25%, 50%, 75%, 100%, 125%, and 150% strains. Further efforts are put to increase
the strains beyond 150% for the 3D printed silicone. However, the material breaks after six consecutive step
strains of six hours (total) time which is vivid in Fig. 13(a). Fig. 13 shows that for a particular strain, relaxed330

stress (equilibrium stress) data from a single-step relaxation test (Fig. 12(c)) and a multi-step relaxation tests
(Fig. 13(b)) closely share the same history. In summary, the 3D printed polymer shows significant stress
relaxation phenomena which can be diminished with an hour of the holding time. The relaxed stresses ob-
tained from the two different types of experiments will be used to develop a thermo-viscoelastic model in
Section 3. Note that all multi-step relaxation tests are conducted at room temperature (20�C).335

For understanding the effects of temperature on relaxation mechanisms, a couple of single-step relaxation
tests are performed within the temperature chamber. For this, single-step relaxation experiments at 50% and
100% strains are selected with four different temperature profiles, i.e., -20�C, 0�C, 20�C, and 40�C. One
of the aims of these tests (Fig. 14(a)), at first, is to assess the influences of temperature on the equilibrium340

stresses of the material. Fig. 14 and Fig. 15 illustrate single-step relaxation results of 50% and 100 % step
strains, respectively, for four different temperature profiles. Owing to thermal influences below the room
temperature, total (peak) stresses are increasing dramatically in contrast to the total stress above the room
temperature. However, after stress relaxations in both cases, there are no significant differences in equilib-
rium stresses. For instance, if we compare total stresses for experiments conducted at -20�C (2.0 MPa) and345

20�C (0.4 MPa) up to 50% strain, the former is almost five times larger than the latter, cf. Fig. 14(c). How-
ever, their equilibrium stresses are almost identical. Noteworthy to mention here that at higher strains, the
stress relaxation requires more time to obtain the equilibrium stresses. Therefore, a single-step relaxation
experiment conducted under -20�C requires more relaxation time than the one at 20�C up to 100% strain,
see Fig. 15. Such an assertion can also be illustrated with the help of normalised stress versus time curves350

as in Fig. 14(b) and Fig. 15(b). Hence, despite a significant difference in relaxed stresses of the two tests,
it can be assumed that after a sufficient time of relaxation, the actual stress of the former will reduce to a
closer value of the latter. In summary, it can be assumed that temperature has significantly less influence on
the equilibrium (elastic) stresses than on the non-equilibrium (viscous) stresses.

355

3. A constitutive model for thermo-viscoelastic polymers

3.1. Kinematics
One of the classical approaches in modelling viscoelasticity at finite strain is due to a multiplicative defor-
mation of the deformation gradient (F ), where it is decomposed into an elastic and a viscous parts as

F = F j
eF

j
v, j = 1, · · · , N. (1)

The aforementioned decomposition resembles the spring-dashpot analogy in small-strain viscoelasticity,360

where N counts the number of Maxwell elements that represent the possibility of multiple viscous mech-
anisms in polymeric materials, see Reese and Govindjee [46], Liao et al. [34]. The decomposition of the
deformation gradient yields few more strain tensors as C = F TF , Cj

v = F j,T
v F j

v, and Cj
e = F j,T

e F j
e =
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(a) (b)

(c)

Figure 15. Temperature-dependent relaxation test data at 100% strain and at temperatures -20�C, 0�C, and 20�C. (a) Stress history
curves, (b) normalised stress-time curves obtained by dividing the actual stresses with the peak stresses, (c) stress-strain curves.
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F j,�T
v CF j,�1

v . Note that, for a generic setting, the deformation gradient needs to be decomposed further,
i.e., F = F j

eF
j
vF⇥ to capture the volumetric effects of the temperature field. However, Section 2 presents365

a plethora of experimental data that are obtained from homogeneous tensile tests. In modelling approaches,
rubber-like polymers are widely considered as incompressible materials [3, 9]. Hence, the contribution from
F⇥ will be unity, see Mehnert et al. [41] for details.

3.2. Stress formulations
Motivated by the multiplicative decomposition of the deformation gradient, the strain energy function for a370

polymeric material is ideally decomposed into an elastic and a viscous parts as

 =  e(C,⇥) + v(C,Ce,⇥) =  e(C,⇥) +
NX

j=1

 

j
v(C,Cj

e,⇥) (2)

where, ⇥ is the actual temperature. Note that the number of Maxwell elements N , required for a particular
polymer, depends the degree of non-linearity of the experimental data. In order to obtain relevant relations
for the stress tensors, we have to depart from the second law of thermodynamics in the form of Clausius-
Duhem inequality which, in the case of thermo-viscoelastic material, is375

� ˙

 � ⇣ ˙

⇥� Q

⇥

· GradX⇥+ S :

1

2

˙C + pC�1
:

1

2

˙C � 0 (3)

where, ⇣ is the entropy, Q is the heat flux vector, p is a Lagrange multiplier and the last term of the above
equation is due to the incompressibility constraint for rubber-like materials, see Mehnert et al. [41]. Follow-
ing Coleman-Noll argumentation [8], an expression of the stress yields

S = �pC�1
+ 2

@ e

@C
+

NX

j=1

2F j,�1
v

@ j
v

@Cj
e

F j,�T
v = �pC�1

+ Se +

NX

j=1

Sj
v. (4)

3.3. A specialised thermo-viscoelastic energy function
In order to complete the expressions for two parts of the stress tensors in Eq. 4, an appropriate choice for380

the energy function is required that depends on strain, internal variable(s), and temperature field. Further-
more, the strain energy needs to be scaled with some functions that depend on temperature profile only.
Very recently, Mehnert et al.[41], Liao et al.[34], Behnke et al. [5] formulated thermo-viscoelastic energy
functions following the relevant laws of thermodynamics. Such a thermo-viscoelastic energy function can
be presented as385

 =


⇥

⇥0
+ ge(⇥)

�
 e(C) +

NX

j=1


⇥

⇥0
+ gjv(⇥)

�
 v(C,Cj

e)� c0


⇥�⇥0 �⇥ ln

⇣
⇥

⇥0

⌘�
(5)

where, ge, gjv are temperature-dependent scaling functions that are related to time-independent hyperelastic
and time-sensitive viscous strain energies, respectively. In Eq. 5, ⇥0 and c0 are the reference tempera-
ture and a specific heat capacity at a constant temperature, respectively. Appropriate sets of experimental
data will be required to identify these scaling functions. More details will be followed in Section 4. For
complete expressions of the two stress tensors (Se and Sv), two strain and temperature-dependent energy390
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functions are required. For the elastic part of the energy function, a three-parameter Carroll model is chosen
since it outperforms in predicting hyperelastic data of many soft polymeric materials, see [9, 22, 52]. A
temperature-dependent elastic strain energy can be obtained by multiplying the strain energy devised for
room temperature with a function ge as

 e(C,⇥) =


⇥

⇥0
+ ge(⇥)

� h
aI1 + bI41 + c[I2]

1
2

i
, (6)

In the aforementioned equation, a, b, c are material constants and I1, I2 are the first and second invariants,395

respectively, of C. From equation (6) and as per the definition of the elastic stress in (4), the elastic portion
of the stress tensor can be determined as

Se = 2

@ e

@C
=


⇥

⇥0
+ ge(⇥)

� 
[2a+ 8bI31 ]I + c[I1I �C]I

� 1
2

2

�
, I ⌘ �ij . (7)

Similar to the hyperelastic part of the energy function, we also take Carroll model for the viscous part that
is related to spring(s) of the Maxwell element(s). Note that experimental data illustrated in Section 2 are
rather complex in terms of non-linear stress-strain relationship. Hence, several Maxwell elements might400

be required in the non-equilibrium energy functions. In this case, a generic Carroll-type viscous energy
function will be

 v(C,Ce,⇥) =
NX

j=1

 

j
v =

NX

j=1


⇥

⇥0
+ gjv(⇥)

� h
ajIj1e + bj [Ij1e]

4
+ cj [Ij2e]

1
2

i
(8)

where, aj , bj , cj are viscous material parameters. Note that Ij1e and Ij2e are the first and the second invariants,
respectively, of Cj

e, where Cj
e = F j,�T

v CF j,�1
v . The remaining part of the total stress (S) is the non-

equilibrium viscous stress which can be expressed as405

Sv = 2
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ii
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Up to now, all relevant stress tensors are defined and calculated. In order to complete the thermo-viscoelastic
model, an evolution equation is required to obtain an update of Cv, which is widely termed as an internal
variable. One of the classical finite strain linear evolution equation is as follows

˙C
j
v =

1

⌧ j
⇥
C �Cj

v

⇤
, j = 1, · · · , N, (10)

where, ⌧ j is the relaxation time of jth Maxwell spring and a material parameter. For a proof of the thermo-
dynamical consistency of Eqn (10), readers are referred to Hossain [24], Reese and Govindjee [46], Saxena410
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et al. [50]. A more advanced nonlinear evolution equation could be taken here. However, the data illustrated
in Section 2 do not possess significant nonlinear viscosities as in Amin et al. [3]. Hence, more complex
strain energy functions in calculating both equilibrium and non-equilibrium stresses with a linear evolution
(Eq. 10) will be sufficient to capture the experimental data. Moreover, our next target is to implement the
thermo-viscoelastic model in a finite element (FEM) code, in which a linear evolution law presented in415

Eq. 10 is relatively straight forward to implement.

3.4. One-dimensional formulations of the model
As mentioned in Section 2, all experiments are conducted maintaining a homogeneous mode of deformation.
For uniaxial tests, stretches are applied in only one direction. This implies �1 = � and rest of the directions
are unconstrained. The so-called incompressibility condition at fixed temperature is a widely used assump-420

tion for rubber-like materials. Such as a condition results in detF = detF v = detF⇥ = 1, and it helps to
obtain the deformation gradient F = {�;��1/2

;��1/2}. Similarly, the viscous deformation gradient will
become F v = {�v;�

�1/2
v ;��1/2

v }. With the help of Eq. 7, the elastic stress is derived as

Pe =
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]

3
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⇤
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For a complete calculation of Eqn (11), readers are referred to Hossain [23], Steinmann et al. [52]. It is
observed in the experiment section that the temperature field does not significantly change the equilibrium425

stress response which motivates us to take ge(⇥) = 1 � ⇥
⇥0

. Now, the viscous stress will be obtained from
Eqn (9) as
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where, �j
= �j

e�
j
v. Once one-dimensional forms of both parts of the total stress are obtained, a scalar form

of the equation (10) is required. Inserting the expression of the viscous deformation gradient, the evolution430

equation from (10) becomes,

˙

�2,j
v =

1

⌧ j
⇥
�2 � [�j

v]
2
⇤
, j = 1, · · · , N. (13)

To obtain an update of �j
v, Eq. 13 needs to be discretized by an appropriate numerical solver. In the case of

an Euler-backward scheme, an updated value of �j
v can be calculated as

�j
v = �j,n

v +

�t

2⌧ j


�2

�j
v

� �j
v

�
, (14)

where, [•]k = [•] (tk) and�t = tn+1� tn. A non-linear iterative solver is required to solve Eqn (14). Once,435

the current value of �j
v is obtained, the actual total Piola stress (P (t) = Pe + Pv(t)) can be calculated using

Eqn (12).

21



0 0.5 1 1.5

Nominal strain [-]

0

0.1

0.2

0.3

0.4

0.5

0.6

N
o

m
in

a
l s

tr
e

ss
 [

M
P

a
]

Single step relaxation, 1 hr

Multi-step realxation, 1 hr/step

Quasi-static loading, 0.0001 /s

(a)

0 0.5 1 1.5

Nominal strain [-]

0

0.1

0.2

0.3

0.4

0.5

0.6

N
o

m
in

a
l s

tr
e

ss
 [

M
P

a
]

Exper

Simul

(b)

Figure 16. Elastic parameters identification using equilibrium stress data. (a) A comparison of quasi-static, single- and multi-step
relaxation data, (b) Carroll hyperelastic model is calibrated to a set of data originated from single-step relaxation test up to 150 %
strain.

4. Model parameter identification and validation

In this section, a built-in optimization routine (lsqcurvefit) from MATLAB is used for the parame-
ter identification. With the help of a set of experimental data, elastic, viscous, and temperature-dependent440

parameters of the thermo-viscoelastic model will be identified subsequently. Afterwards, additional exper-
imental results that are not been used in the parameter identification process will be employed to validate
the applicability of the constitutive model. The quality of the fit (also known as the goodness of fit) can be
quantified by the calculation of the coefficient of determination R2 2 [0, 1]. It can take a value between 1, a
perfect fit between the experiment and the model, while 0 indicates the worst fit. R2, a statistical term which445

indicates how close the data are to the fitted model, is defined as

R2
= 1�

Pn
i=1[yi � ŷi]2Pn
i=1[yi � y]2

. (15)

In the definition the difference between the values of the experimental results yi and the values of the
simulation ŷi are divided by the difference between the values of the experimental results and their average
value y, in which n relates to the number of total data points.

4.1. Material parameters identification450

4.1.1. Elastic parameters identification
Firstly, the identification of the hyperelastic parameters (Eq. 11) is carried out by fitting with time-independent
(equilibrium) data. The equilibrium stress data are considered as rate-independent stress responses after the
removal of the time-dependent part. In an attempt to remove the time-dependent viscous responses from
the stress-strain behaviour of the polymer, three different types of tests are performed in the current study.455

The equilibrium stresses acquired from the three different experiments are plotted in Fig. 16(a), which show
that the three sets of data almost follow a similar trend. Since the relaxed stress data extracted from the
single-step relaxation experiments coincide with the quasi-static test findings, these data are adopted for
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Table 1: Elastic parameters of Carroll model identified using equilibrium stress data obtained from the single-relaxation test data

a [MPa] b [MPa] c [MPa]
2.9312e+01 8.6948e-01 6.6000e-02

Table 2: Identified viscoelastic parameters for two Maxwell elements with Carroll viscous energy functions

a1 [MPa] b1 [MPa] c1 [MPa] ⌧1 [s] a2 [MPa] b2 [MPa] c2 [MPa] ⌧2 [s]
2.253e-14 2.243e-14 1.016e-01 3.209e-02 3.374e-05 2.224e-14 1.193e+00 1.632e+02

identifying parameters a, b, c. From a family of hyperelastic constitutive models, a three-parameter Carroll
model is chosen as it outperforms in predicting hyperelastic data of a wide range of soft polymeric materi-460

als, see [21, 52]. Hence, the one dimensional Carroll model from Eq. 11 is fitted with the equilibrium data
and the results are demonstrated in Fig. 16(b), where the solid lines are from the model and the circle dots
represent experimental data. The Carroll hyperelastic model captures the experimental data accurately. The
corresponding identified parameters, a, b, c, are shown in Tab. 1. Note that the co-efficient of determination
(R2) of the elastic part is 0.99178 which indicates an excellent correlation of the model with data.465

4.1.2. Viscous parameters identification
After the identification of the hyperelastic parameters set, viscous parameters appearing in the model (Eq. 12)
need to be identified based on a set of time-dependent viscoelastic data. Since the loading-unloading cyclic
data of 200% strain show most pronounced nonlinear stress-strain behaviour (Fig. 7(b)), these data are se-470

lected for the viscous parameters identification, namely, aj , bj , cj , ⌧ j . First, it is imperative to identify the
number of Maxwell elements that are essential in fitting the nonlinear stress-strain data observed at this strain
and strain rate, see Fig. 8. From the computational viewpoints, a reduced number of material parameters is
highly desirable. Hence, at first, the data of 200% strain are fitted with only one Carroll-type Maxwell ele-
ment and the results are demonstrated in Fig. 17(a). As expected, one Maxwell element (three parameters475

due to the Carroll energy function) fails to accurately capture the hardening-softening-hardening signifi-
cantly observed in the stress-strain data. Afterwards, constitutive equations resulted from two and three
Carrol-type Maxwell elements (total six and nine viscous parameters, respectively) are fitted with the same
data simultaneously taking strain rates of 0.1 /s, 0.05 /s, and 0.01 /s. The model calibration with the ex-
perimental data are demonstrated in Fig. 17(b) and Fig. 17(c), respectively, where solid lines are simulation480

curves and the dots are for the experimental data. With two Maxwell elements, the model nicely captures
the loading-unloading cyclic data. Note that viscous parameters c1 and c2 are close to zero, which means
the second invariant of the Maxwell elements plays an insignificant role in the model calibration. Overall,
there are significant improvements in capturing rate-dependent nonlinearity of the data by two Carroll-type
Maxwell elements in comparison to one element. The identified viscous parameters are shown in Tab. 2.485

Note that the hyperelastic parameters (Tab. 1) are kept frozen during the identification of the viscous param-
eters. The coefficients of determination (R2) for the viscous parameters fittings are summarised in Tab. 3
which clearly indicate that the fittings with the two and the three Maxwell elements are better than the one
Maxwell element, especially at a low strain rate (e.g., 0.01 /s). However, there is no significant improve-
ment for the modelling with the three Maxwell elements over two elements. Therefore, we stick to use two490

Maxwell elements only.
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Figure 17. Viscous parameters identification based on 200% strain cyclic test data at different strain rates. (a) One Carroll-type
element, (b) two Carroll-type Maxwell elements, (c) three Carroll-type Maxwell elements,.

Table 3: Coefficient of determination (R2) for the fitting at room temperature with varied number of Maxwell elements

Strain rates One Maxwell element (i.e., N = 1) N = 2 N = 3

0.1 /s 0.9920 0.9920 0.9922
0.05 /s 0.9909 0.9937 0.9937
0.01 /s 0.9756 0.9829 0.9829
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Figure 18. Temperature-dependent parameters identification based on 200% strain cyclic test results at 0.1 /s strain rate and different
temperature profiles. (a) One Carroll-type Maxwell element, (b) two Carroll-type elements.

Table 4: Temperature-dependent parameters for two Maxwell elements of Carroll-type

aT [-] bT [-] cT [-]
2.975e+01 1.181e+00 1.921e+00

4.1.3. Temperature-dependent parameters identification
At this stage, both hyperelastic and viscous parameters are identified using the equilibrium stress from the
relaxation tests with single steps and the loading-unloading cyclic data of 200% strain with three different495

strain rates, respectively. However, all parameters identified and presented in Tables 1 and 2 are obtained
by fitting the model with data at the reference temperature, which is room temperature (20�C) in this study.
For identifying temperature-dependent viscous parameters within the modelling framework, the loading-
unloading cyclic data for 200% strain at a strain rate of 0.1 /s are included. Similar to the viscous parame-
ters identification, experimental data of three different temperature profiles, i.e., 0�C, 20�C, and 40�C, are500

simultaneously chosen, see Fig. 9(c). As mentioned in the previous section that temperature is less sensitive
in changing the equilibrium stress responses in contrast to its influences on the viscous stresses. Therefore,
only viscous scaling functions {gjv}Ni=1 will be identified using a set of temperature-dependent viscous data
and the elastic scaling function (ge+ ⇥

⇥0
) is reduced to unity, i.e., ge = 1� ⇥

⇥0
. As one Maxwell element fails

to capture the viscous data at room temperature, at least two Carroll-type Maxwell elements are required.505

For these, two scaling functions g1v and g2v need to be determined. In obtaining the best fitting with the data,
several exponential functions for {gjv}Ni=1 are chosen. However, using a trial and error process, we obtain
two exponential functions that are best fitted to the experimental data,

g1v(⇥) = � ⇥

⇥0
+

exp

�
aT

⇥
⇥0
⇥ � 1

⇤�
+ bT

1 + bT
, g2v(⇥) = � ⇥

⇥0
+ exp

⇣
1�

h
⇥

⇥0

iCT ⌘
. (16)

After close observations of our previous thermo-viscoelasticity study on VHB [34] and the current study on
SIL30, few conclusions can be reached, i) when the non-equilibrium (viscous) stress is hugely influenced510

by temperature fluctuations compared to the equilibrium stress, and ii) the temperature influence is either
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Table 5: R2 values for the model fitting at other temperature profiles

Temperature One Maxwell element (N = 1) N = 2

0�C 0.87259 0.94937
20�C 0.97403 0.99188
40�C 0.93670 0.99072

Table 6: R2 values for the model validation at various strains and strain rates

Strain rates 200% 150% 100% 50%
0.1 /s 0.99226 0.99435 0.98839 0.92040
0.05 /s 0.99380 0.99034 0.99472 0.98149
0.01 /s 0.98286 0.97734 0.99196 0.99567

exponentially increased or decreased, Equations (16) are particularly suitable. Similar fitting functions for
highly temperature-sensitive polymers could be tangent hyperbolic functions as advocated and experimen-
tally fitted by Behnke and Kaliske [5]. Moreover, as depicted in Fig. 11, the temperature-dependent peak
stresses show an exponential increase from positive to negative temperature profiles which also gives a mo-515

tivation to devise exponential-type temperature-dependent functions to capture the influences in the viscous
regimes. Within the aforementioned functions, three material parameters, aT , bT , cT are appeared, which
are identified by fitting a set of viscous data. The identified parameters are presented in Tab. 4, while
Fig. 18(a) presents model fitting with one Carroll-type Maxwell element and Fig. 18(b) illustrates the same
with two Maxwell elements. Moreover, R2 values for the two and the three Maxwell elements are pre-520

sented in Tab. 5 which clearly indicate that the model with two Maxwell elements yields improved results
over the one Maxwell element. Note that for the reference temperature, room temperature (20�C) is taken,
i.e., ⇥0 = 293.15�K. As expected, one Maxwell element does not have enough flexibility in predicting a
wide range of temperature-dependent viscoelastic data. Although one Maxwell element captures loading-
unloading loops obtained by performing experiments under different temperature profiles, it fails to capture525

nonlinearities within the initial strain hardening significantly observed at low temperature profiles and low
strains. However, two Maxwell elements capture the exponential increase of stress level with a decrease in
temperature. It even captures unloading paths in a relatively good accuracy for all three temperature profiles
selected in the identification procedure. Particularly, one Maxwell element largely fails to capture the stress-
strain data at 0�C, while the two elements fairly calibrate nonlinearities. Note that during the identification530

of {giv}Ni=1, the hyperelastic and viscous parameters identified already at the reference (room) temperature
and presented in Tab. 1 and Tab. 2, respectively, are kept frozen.

4.2. Constitutive model validation
In previous sections, all model parameters are identified by using several sets of experimental data. Now, we535

will validate the thermo-viscoelastic model. In these cases, loading-unloading cycle data at various strains
and strain rates, relaxation data at several strains, and temperature-dependent viscous data will be utilised.

4.2.1. Model validation: Strain rate-dependent data
In Sections 4.1.2 and 4.1.3, the viscous and temperature-dependent parameters, respectively, are identified
using 200% strain data for three different strain rates. Now, the model needs to be validated with data540
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Figure 19. Thermo-viscoelastic model validation with loading-unloading room temperature cyclic data up to 200% strain at a strain
rate of 0.1 /s. The model can perfectly capture the strain-strain data including hardening-softening-hardening observed in SIL30.

Table 7: Coefficients of determination (R2) for single-step and multi-step relaxations data validations at room temperature

Multistep-step relaxation single-step relaxation (at 125%) at 75% at 25%
0.92671 0.89409 0.96974 0.89564

obtained from other strains and strain rates. In this section, all validations are performed with room tem-
perature data, in which loading-unloading cyclic results up to 200% strains at a strain rate of 0.1 /s are
presented in Fig. 19. It is vivid from the figure that the model perfectly predicts a wide range of stress-strain
data including hardening-softening-hardening significantly observed in SIL30 polymer. R2 values listed in
Tab. 6 also substantiate a good prediction of the model with a wide range of experimental data. Furthermore,545

experimental data of other strain rates such as 0.05 /s and 0.01 /s are also validated the help of the unique set
of viscoelastic parameters from Tab. 1 and Tab. 2. Model validations at strain levels of 50%, 100%, 150%
are presented in Fig. 20(a), Fig. 20(b), and Fig. 20(c), respectively. Relevant graphs illustrate that, except
validation at strain rate of 0.1 /s for 50% strain, all loading-unloading cyclic experimental data are predicted
with a reasonable good accuracy, see also Tab. 6.550

4.2.2. Model validation: Single- and multi-step relaxation data
Now we will validate single- and multi-step relaxation data with the model. Note that none of the data from
the multi-step relaxation experiments was utilised in the parameter identification process. Only equilibrium
stresses after relaxed states are partially used in the parameters’ identification. From a bunch of relaxation555

experiments, single-step relaxation data for 25%, 75%, and 125% step strains are used to validate the model,
in which Fig. 21(a) presents simulation versus experimental data in a nominal strain-nominal stress format
and Fig. 21(b) illustrates the same in a stress versus relaxation time form. Except for a small deviation in
following the curved sections of the stress relaxation diagrams at large strains, the model nicely predicts
all other experimental data. Furthermore, experimental data from the multi-step relaxation tests are also560

validated with the model and the comparisons are depicted in Fig. 22. R2 values are listed in Tab. 7 which
illustrates that the modelling validations with single-step and multi-step relaxation data are less elegant that
other validations. However, this can be further improved with strain and strain-rate dependent viscosity
functions as recently shown by Hossain et al. [25] for a 3D printed elastomeric polyurethane (EPU). How-
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Figure 20. Model validation by cyclic test data at different strains and strain rates. (a) 50% strain, (b) 100% strain, (c) 150% strain.
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Figure 21. Model validation by single-step relaxation test data at strains 25%, 75% and 125%. (a) Stress-strain curves, (b) Stress
evolution curves.

ever, it is beyond the scope of the current contribution. For the multi-step tests, strain levels beyond 125%565

were unsuccessful due to failure in specimens as a result of a long relaxation time. The model predicts the
multi-step relaxation data well at strains lower than 100%. However, at higher strain levels, the relaxation
time is underestimated, although the equilibrium state is predicted well. Note that all of these validation
data are obtained from experiments performed at the reference (room) temperature.

570

4.2.3. Model validation : Temperature-dependent data
Finally, the model is validated with several sets of temperature-dependent data. Fig. 23 and Fig. 24 illustrate
model validations with the cyclic data for various temperature profiles ranging from 0�C to 60�C at strain
rates of 0.1 /s and 0.01 /s, respectively. Similar to the prediction at room temperature, the stress level is
overestimated at the loading path at strain 50%, especially at 0�C. However, for the temperatures other than575

0�C, the model can predict loading-unloading cyclic behaviour with a good accuracy. In conclusion, we em-
phasis that with a single set of material parameters (total twelve : three hyperelastic, six viscous, and three
temperature-dependent), the model can predict experimental data of a wide spectrum of strains, strain rates,
and temperature profiles. The procedure adopted here for the model parameters identification and validation
is one of the most widely used techniques. However, at least two more elegant procedures are available in the580

literature. For instance, Meunier et al. [45] identified model parameters for unfilled silicone polymers using
experimental data obtained from homogeneous mode of deformations. For the model validation, they used
inhomogeneous boundary value problems in which parameters identified in homogenous modes are used.
In this case, the model is required to implement in a finite element framework. Wang and Chester [58] fol-
lowed a similar approach for parameters identification and model validation in the case of filled polymers.585

Another costly approach is also available in the literature [31, 40], in which both constitutive parameters
identification and model validation were performed using experimental data obtained from inhomogeneous
geometries. Since our primary focus of this sequel is to conduct an extensive thermo-mechanical experimen-
tal study on a recently invented 3D printed polymer, one of the simplest but most widely used techniques
for material parameters identification and the model validation is adopted. Finite element implementation590
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Figure 22. Model validation by multi-step relaxation test results from strain 25% to 125% with a 25% strain increment between
every two steps. (a) Stress-strain curves, (b) Stress evolution curves.
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Figure 23. Temperature-dependence validation by cyclic test data at a strain rate of 0.1 /s with different temperature profiles. (a)
50% strain, (b) 100% strain.
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Figure 24. Temperature-dependence validation by cyclic test results at a strain rate of 0.01 /s with different temperature profiles.
(a) 50% strain, (b) 100% strain.

of the model and subsequent parameters identification by the aforementioned methods will be addressed in
a forthcoming contribution.

5. Conclusion and outlook for future works

In this contribution, an additively manufactured elastomeric silicone (SIL30) printed by the UV-curable595

DLS process is experimentally characterised. All major characterization techniques suitable for a typical
soft viscoelastic material are applied. These include Mullins stress-softening tests, quasi-static tests, cyclic
tests at different strain rates, single- and multi-step relaxation tests. Relevant experiments demonstrate that
the 3D printed silicone SIL30 is a purely viscoelastic polymer with a strong strain rate-dependent behaviour.
The UV-curable polymer also shows a relatively large stretchability with rupture occurring at strains above600

200%. Furthermore, all major tests are performed under several temperature profiles ranging from -20�C
to 60�C. Most well-known silicone polymers are largely temperature-insensitive. However, the 3D printed
SIL30 has high temperature-sensitive responses, in which a higher temperature (above room temperature)
softens the polymer significantly and the vice-versa. For instance, single-step relaxation tests at 50% defor-
mation, the (total) peak stresses are 1.935 MPa, 0.8263 MPa, 0.4030 MPa, and 0.3326 MPa, respectively,605

for the temperature profiles of -20�C, 0�C, 20�C, and 40�C. For the same deformation, if we compare the
normalised equilibrium stresses (actual stresses divided by the respective peak stresses) against the temper-
ature profiles, it can be observed that 82%, 60%, 33%, and 20% overstresses disappear, respectively, after
one hour of relaxation for the tests performed at -20�C, 0�C, 20�C, and 40�C. This clearly indicates a sig-
nificant influence of the temperature profile on the material’s viscosity. Based on the experimental study610

presented in the first half of the paper, a thermodynamically consistent constitutive model at finite strains is
developed. After parameters’ identification, the model is subsequently validated which shows good agree-
ments with data obtained from a wide range of experiments. Additively manufactured SIL30 possesses
some unique properties such as biocompatibility, low durometer, and tear-resistance. Hence, 3D printed
customised products made of SIL30 become idea candidates in human skin-contact applications, e.g., head-615

phones, wristbands, and various wearable devices. A comprehensive viscoelastic characterization presented
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in this paper will help in selecting appropriate 3D printed silicones. Moreover, the experimentally-driven
constitutive modelling of the material can be an essential tool in understanding constitutive responses prior
to make a material selection for any particular application. Especially, the digital printing of soft polymers
opens new opportunities in creating complex architectured cellular and metamaterials [29], in which the 3D620

printed silicones such as SIL30 are potential candidates. Note that a Carbon3D manual provides some infor-
mation regarding SIL30 stretchability and some stress values. However, these are incomplete data whereas
the current study reveals more data, particularly its rate-dependences and temperature-sensitivities, which
are essential in understanding the material behaviour.
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