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Abstract

In order to advance the field of soft robotics, a unified database of material constitutive models and experimental character-
izations is of paramount importance. This will facilitate the use of finite element analysis (FEA) to simulate their behavior and
optimize the design of soft-bodied robots. Samples from seventeen elastomers, namely Body Double™ SILK, Dragon Skin™ 10
MEDIUM, Dragon Skin™ 20, Dragon Skin™ 30, Dragon Skin™ FX-Pro, Dragon Skin™ FX-Pro + Slacker, Ecoflex™ 00-
10, Ecoflex™ 00-30, Ecoflex™ 00-50, Rebound™ 25, Mold Star™ 16 FAST, Mold Star™20T, SORTA-Clear™ 40, RTV615,
PlatSil®Gel-10, Psycho Paint® and SOLOPLAST 150318 were subjected to uniaxial tensile tests according to the ASTM D412
standard. Sample preparation and tensile test parameters are described in detail. The tensile test data are used to derive parameters
for hyperelastic material models using nonlinear least-squares methods, which are provided to the reader. This article presents the
mechanical characterization and the resulting material properties for a wide set of commercially available hyperelastic materials,
many of which are recognized and commonly applied in the field of soft robotics, together with some that have never been
characterized. The experimental raw data and the algorithms employed to determine material parameters are shared on the Soft
Robotics Materials Database GitHub repository to enable accessibility, as well as future contributions from the soft robotics
community. The presented database is aimed at aiding soft roboticists in designing and modeling soft robots while providing a
starting point for future material characterizations related to soft robotics research.

Index Terms

Body Double SILK, Dragon Skin 10 MEDIUM, Dragon Skin 20, Dragon Skin 30, Dragon Skin FX-Pro, Ecoflex 00-10,
Ecoflex 00-30, Ecoflex 00-50, Rebound 25, Mold Star 16 FAST, Mold Star 20T, SORTA-Clear 40, RTV615, PlatSil Gel-10,
Psycho Paint, SOLOPLAST 150318, Hyperelasticity, Constitutive model

I. INTRODUCTION

In recent years, soft robotics has become one of the fastest growing research fields in the robotic community. There has been
an increasing interest in the use of unconventional compliant materials and non-standard actuators in robotic systems. A key
challenge is the creation of structures that can vary their morphology and stiffness at will. But the efforts to invent new robots
differ significantly from their conventional rigid counterparts. Despite an increase in the use of silicone rubbers in robotics
design, the community lacks constitutive model parameters from the literature in comparison to the vast array of commercially
available materials. Information commonly provided by manufacturers only contains Shore A hardness and tensile strength
with few details on data acquisition and no access to raw data to determine model-specific parameters. Selecting a material
based on such parameters alone is difficult, as simulation of soft robotics structures commonly requires further information on
the material characteristics. To date, there is no collection of characteristic data for silicone rubbers relevant to soft robotics
which could give indications of their relative behaviours. As pointed out by Paley [1], defining a catalog of target materials
and properties would help the robotics community to address existing and future challenges in material supply.

Although useful for a specific structure, constitutive material models are often derived from a limited range of strain which
are induced according to a particular application. At low strains (up to 50 % extension/compression) the simple Hooke’s law
may be accurate enough to describe hyperelastic materials behaviour [2]. However, soft pneumatic actuators, often involve
large strains [3]–[15], and therefore a more general hyperelastic model should be calibrated across a large range of strains
appropriate for the application.

Characterization of elastomers with hyperelastic models has been reported in the literature within the context of soft robotics.
The Smooth-On Ecoflex series, parts of the DragonSkin series and Sylgard184 are predominantly used in this framework. Atieh
[16] characterized the Young’s modulus for Ecoflex 00-10, Ecoflex 00-50, and Dragon Skin 20, but only for compression at
low strain range. In [17], experimental stress-strain curves were obtained at a rate of 0.1 mm/min for Ecoflex 00-50 and
Dragon Skin 30 following a withdrawn standard. Case et al. [18] studied Sylgard184, Smooth-Sil 950 and Ecoflex 00-30 with
specimens of thickness of 307 µm, 643 µm, 371 µm respectively, and exhibited pull-to-failure data graph (at a rate of 100
mm/min), but did not provide parameters of constitutive models. Ogden model parameters in [19] were derived from tensile and
compression tests on samples cured at 60 °C and pulled at 10 mm/min speed deformation. Kulkarni [20] fitted Ecoflex 00-50
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with a Yeoh model, whereas Elsayed et al. [8], [21] used an Ogden model (with non-standard rectangular strips specimens
at 300 mm/min crosshead speed). Pineda [22] implemented a Mooney-Rivlin model for the latter material (on non-standard
specimens with a bespoke automated setup at a speed of 0.2 mm/s) and so did Lee [23], but without providing information on
the experimental conditions. Silicone Elastosil M4601 was characterized following a standard test method for tensile properties
of plastics in [24], or on a 115 µm thickness specimen in [25] with a Neo Hookean model. Only Low et al. [26] used a
standardized protocol for Dragon Skin 10-Medium, as per the ASTM D412 [27] normative. This is a uniaxial tensile testing
standard for obtaining material properties of elastomers.

In a pragmatic approach, FE analyses are often conducted in the field of soft robotics where mechanical responses of silicone
rubbers are modeled as nonlinear elastic, isotropic and incompressible under quasi-static loading. In general, constitutive model
parameters are typically derived from experiments conducted by uniaxially stretching the silicone rubber specimen in the
principal loading direction. These assumptions and models can provide a sufficient basis to predict the behaviour of soft
actuator designs and deliver reasonable agreement with the experimental results as in [5], [15], [21], [28]–[33]. However,
in numerous studies, little information is provided on the experimental protocol, the measurement equipment, the specimens
fabrication process or the nature of the data (true or engineering). It is therefore difficult to compare material models as no
common reference methodology is currently used.

In this work, the following elastomers are tested and characterized: Body Double SILK, Dragon Skin 10 MEDIUM,
Dragon Skin 20, Dragon Skin 30, Dragon Skin FX-Pro, Dragon Skin FX-Pro + Slacker, Ecoflex 00-10, Ecoflex 00-30,
Ecoflex 00-50, Rebound 25, Mold Star 16 FAST, Mold Star 20T, SORTA-Clear 40, Psycho Paint (Smooth-On Inc., Easton
PA.), RTV615 (Momentive Performance Materials Inc., Waterford NY), PlatSilGel-10 (Polytek Development Corp., Easton
PA) and SOLOPLAST 150318 (Soloplast-Vosschemie, St Egrève FR.). Their characteristics from the manufacturer’s datasheet
are listed in Table I. Mechanical properties are derived from uniaxial tensile tests following the recommendations in ASTM
D412 testing standards for vulcanized rubbers and elastomers. The choice of the best constitutive model and the values of the
parameters are obtained through a minimization algorithm implemented in Python.

The aim of this work is to provide a common set of elastomeric material model parameters, as well as the corresponding
raw data to benefit the soft robotics community and to help choosing appropriate materials for a considered application. We
propose guidelines for experimental uniaxial tensile tests of elastomeric materials and provide detailed information on the
mechanical properties of a large set of samples. The material parameters and subsequent hyperelastic models identified provide
a basis for said materials to be used in the fabrication of soft robots. The methods in this work are presented in great detail
to pave the way for a unified framework for material selection to the soft robotics community.

II. MATERIALS AND METHODS

A. Fabrication of the specimen

The specimen’s geometry and dimensions were prepared as indicated in method A of the ASTM D412 standard. Detailed
information regarding the dumbbell specimen shape and testing specifications can be found in the aforementioned document.
We used the ”Die C” sample of thickness 3 mm, with an overall length of 115 mm in which the narrow section is 33 mm
long.A PRUSA i3 MK3S 3D printer (Prusa Research, Prague Cz) was used to generate the negative molds in which the
liquid rubber was poured. The steps of the fabrication protocol are summarized in Figure 1. The preparation of the elastomer
specimen is achieved by mixing equal weight of the two-part silicone rubber part A and part B (except for RTV615 (1A:10B)
and SOLOPLAST 150318 (1A:50B) ) as recommended by the manufacturers. A Kern PCB 3500-2 (KERN & SOHN GmbH,
Balingen GE) electronic precision scale with an accuracy of 0.02 g is used for that purpose. The mixture was subjected to
a vacuum for a period of 10 min to de-air (respectively 4 min for materials with very short pot life), then carefully poured
into the molds with a syringe and cured at room temperature. The vacuum pump used was a Mastercool 90066-2V-220-A
(Mastercool Inc., Randolph NJ) featuring Free Air Displacement of 170 l/min and Ultimate Vacuum of 75 µm. Each sample
was visually inspected using a light source directed across the sample in order to identify possible remaining air bubbles
within the material. Figure 2 shows a representative final sample that has been discarded due to the presence of one bubble
spotted in the gauge-length. The thickness of the dumbbell specimens was measured using an OptoNCDT 1605 laser sensor
(Micro-Epsilon, Ortenburg GE) to ensure the validity of the cross sectional area. Specimens not satisfying the aforementioned
requirements were discarded from the tensile tests.

B. Uniaxial tensile tests for incompressible hyperelastic materials

1) Protocol: The tensile tests were carried out at 22 ◦C ambient temperature, with an Instron 5569 machine (Instron,
Norwood Ma) equipped with a 1 kN load cell of model 2525-806. The accuracy of the system is equal to or better than
0.025 % of the cell rated output or 0.25 % of the indicated load, depending on which is greater. At maximum, this yields an
error of 0.25 N for readings under 100 N. The global strain values were derived from the crosshead displacement readings. The
displacement output recorded by the system is the sum of the system compliance and the specimen deformation. Crosshead,
screw, and load cell deflections, grip or fixture deflections, are very small in comparison to the specimen deformation and thus
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were neglected for the measurement of the displacement [34]. A camera setup for measuring the local strain of the material
is desirable. This, however, is not yet available in the current setup.

The placement of the samples inside the machine jaws requires special care. Guidelines to ensure the reliability of the tests
are presented below:

• The surface area of the grip faces should be large enough to cover the tab of the dumbbell sample, as much of the surface
area as possible. It should be ensured that the specimen end is gripped by at least 75 % of the available jaw face length,
otherwise gripping efficiency is reduced [34].

• The choice of the layout of the gripper mesh is important. A criss-cross fine serrated pattern gives better performances as
it is specifically designed to improve friction. After preliminary trials with several gripping jaws, the mechanical wedge
action grip of type 2710-010 from Instron, proved to have the best hold without any slippage. It can be seen in Figure 3.

• Adding sandpaper sheets to the tab surface of the specimen should be avoided as it does not improve the grip and can in
some cases lead to tear in the material.

• When positioning the sample inside the jaws, the sample protection should be activated on the machine to limit unwanted
load on the specimen while manipulating. We set the limit load value to 0.1 N. This security process is important as it
prevents the sample from being stretched before the start of the test.

• It is advised to use a laser beam projected onto the surface of the specimen to ensure good alignment with the pulling
direction without shear stresses. We used a QUIGO 3 device (Bosch, Gerlingen GE) for this purpose.

• Finally, the sample should be pre-loaded with 0.5 N (respectively 0.02 N for the softest materials: Ecoflex 00-10 and
Dragon Skin Fx-Pro + Slacker) after being fixed in the grippers. These values were empirically obtained depending on
the initial stiffness of the material. This was to ensure that the sample is not slack before starting with the extension.
Omitting this crucial step would inevitably jeopardize the output of the strain-stretch curve.

2) Strain rate: When extending the sample, the grip separation shall be 500±50 mm/min. We used the maximum strain
rate achievable with our machine of 450 mm/min for the tensile tests. Additional tensile tests on separate samples at constant
strain rates of 10, 100, 200 and 300 mm/min up to failure were also performed to evaluate possible dynamic effects on the
stress-strain relationship, as well as investigate the possible effects that the norm is currently not considering with regards to
soft robotics applications.

3) Tensile test repeatability: To determine reliability of the tensile test protocol, five different samples of the same material
were pulled under the same conditions. The expression of the statistical dispersion can be calculated with a Type A evaluation
of measurement uncertainty (i.e. standard deviation of the sample mean sx̄):

sx̄ =
s√
n

(1)

with s being the corrected sample standard deviation:

s =

√√√√ 1

n

n∑
i=1

(
yi − ȳi

)2
(2)

where n refers to the number of samples, yi the value of the measured true stress and ȳi the arithmetic mean of the repeated
true stress measured values.

The mean curve and a 95 % confidence interval computed from the five tensile tests and the corrected sample standard
deviation are used for fitting hyperelastic constitutive models from the data. Measurement was also found consistent and
repeatable across the materials. As an example, Figure 4 illustrates the tensile test experimental data which are represented by
the true stress-stretch curves for five specimens of Dragon Skin FX-Pro material.

C. Principal Cauchy stress constitutive models

Hyperelastic material models are often seen in the literature [35]–[37] relying upon the strain energy density function W
formulated in terms of strain invariants. However, in most commercial finite element analysis (FEA) software, relevant stress-
strain data must be available as true stress and true strain data. We therefore derived the principal Cauchy stress as a function of
stretch from the strain energy. This is a more relevant relationship for curve fitting purposes as tensile test machine data are in
the form of stress and strain and do not directly provide the strain energy. Under the assumption of an isotropic incompressible
behavior of the material under uniaxial loading, the principal Cauchy stress constitutive models as a function of invariants
yields [36], [38]:
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where, the Cauchy-Green invariants I1 and I2, are in this particular case a function of the stretch λ:
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I1 = λ2 +
2

λ
, I2 = 2λ2 +

1

λ2
, with λ = exp(εtrue uniax)

Constitutive hyperelastic models, including Neo-Hookean, Mooney-Rivlin, Yeoh, Ogden, Veronda-Westmann were used to
determine material parameters in the incompressible isotropic hyperelastic stress-strain function on the basis of a nonlinear
least squares optimization method using the Levenberg-Marquardt algorithm by fitting the data obtained from experiments.
These models were selected as they are commonly available as constitutive models in FEA software, and perform well up to
reasonably high strains for such materials. Table II summarizes each of these constitutive models.

1) Fitting Curve Algorithm: Fitting the curve means finding the constant parameters (µ, Ci, or (µi, αi)) of the constitutive
models listed in Table II that minimize an objective function f that is a sum of squared errors between theoretical and
experimental data. The error function is defined as:

f =

N∑
i=1

[
σpredicted,i − σmeasured,i

]2
(5)

where N is the number of points. The optimization algorithm is implemented in Python using the least squares function
from the scipy.optimize package. This function has the ability to fit equations with multiple parameters to the data and utilizes
the efficient Levenberg-Marquardt method to perform minimization. As an example, the code used to fit data with the Ogden
model implemented Python is given in the Appendix. The full source code of our fitting algorithm is available on a GitHub
repository1 [39].

2) Evaluation of the goodness of fit: The overall performance of each model numerical prediction is evaluated calculating
correlation coefficients between experimental and theoretical data. As the coefficient of determination R2 is only valid for
linear regression, we instead used the Standard Error of the Estimate S to quantify the goodness of fit. It represents the average
distance that the observed values fall from the regression line by using the residual sum of squares and is defined as:

S =

√√√√√ n∑
i=1

(yi − ŷi)2

df
(6)

where df = n− k− 1, ŷi refers to the predicted model value of true stress, yi the actual value and df the degree of freedom,
and n is the size of the sample number and k the number of predictors (i.e. parameters to be estimated using the regression).

In addition, for the selection of the best model we used the Akaike Information Criterion (AIC), a widely accepted measure
for selecting nonlinear models within a cohort. It also accounts for the number of parameters in the model function and is
computed as [40]:

AIC = 2k + n ln(L) (7)

with k being the number of parameters in the model and ln(L) the maximum log-likelihood of the estimated model. The latter,
is expressed in the case of nonlinear model fitting with least squares and normally distributed errors as:

ln(L) =
1

n

n∑
i=1

ε̂i (8)

ε̂i being the estimated residual sum of squares from the nonlinear least-squares fit and n their number. The best model is then
the one with the lowest AIC which can take a negative value.

III. RESULTS

A. Experimental data

1) Stress-stretch curves: The experimental tensile stress-strain curves for the tested materials are shown in Figure 5. For
the sake of clarity at low strain, the data are plotted as stress-stretch. Except for the Body Double SILK and PlatSilGel-10
and Psycho Paint and Rebound 25, each material has a distinct behavior from one another. The RTV615 and SORTA-Clear 40
are the stiffest materials, whereas the softest ones are the Ecoflex series. The Dragon Skin Series exhibits a relatively higher
tensile stress at break (up to 50 MPa for Dragon Skin FX-Pro) than the other materials as opposed to RTV615 and Body
Double SILK material that break at relatively low tensile stress (less than 10 MPa).

2) Effect of strain rate: The stress-stretch curves up to rupture, for the different strain rates, for Psycho Paint and SOLO-
PLAST are shown in Figure 6. Within the range of low strains (up to approximately 150 % strain) there is no significant
difference in the material behavior. However, an effect of the tensile test rate in the region of large strain has been observed
when the sample is pulled at low strain rate. As illustrated by Figure 6, the mechanical characteristics of some materials are
more impacted by dynamic effects than others. For instance, only the 10 mm/min strain rate produces a significant output for
Psycho Paint as opposed to SOLOPLAST where two distinct behaviors of the material were observed between [10 - 100] and
[200 - 450] mm/min strain rate ranges.

1https://github.com/LucMarechal/Soft-Robotics-Materials-Database.
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B. Constitutive model parameters of tested elastomers

Under the assumption of isotropic incompressible hyperelasticity behavior of the material, polynomial hyperelastic material
models were investigated in the fitting of the tensile test data up to rupture. The accuracy of the constitutive models to predict
the behavior of elastomers is illustrated, as an example in Figure 7, by comparison to the experimental data of the Ecoflex 00-10
material. The Mooney-Rivlin is in this case more accurate than the Yeoh, Neo-Hookean, and Veronda-Westmann models, but
not as accurate as a 3-term Ogden model.

For all the tested materials, the numerical results are summarized in Table III. It provides optimal parameters for the different
tested constitutive models. The most consistent model for each material is highlighted in bold. The Ogden model significantly
outperformed the curve fitting for most of the cases. Exponential-based models (Veronda Westmann, Humphrey) did not allow
for better predictions. The Neo-Hookean model failed to accurately represent the material behavior across all materials. The
raw data obtained in this work is openly available2 [39] to be used as raw input for built-in native features of commercially
available FE software or for further modelling approaches.

IV. DISCUSSION

A. Materials applicability

This work has shown that hyperelastic materials cannot be selected only based on the manufacturers datasheets. For example,
Rebound 25 and Body Double SILK present distinct responses to mechanical solicitation even though the Shore Hardness given
by the manufacturer are identical. Besides, for some materials such as Psycho Paint or SOLOPLAST 150318 no details are
provided for the mechanical properties. It is then necessary to have more accurate information such as the models derived from
experimental tensile test in order to predict the material behavior and to compare them to each other. As for the sealing of two
layers of materials in [41], in-house testing has shown that relatively stiff materials such as Rebound 25, Body Double SILK
and Mold Star 16 Fast, have the advantage of bonding to Ecoflex and Dragon Skin series. Consequently, they can be used in
conjunction to the latter to fix boundary conditions or locally rigidify the structure of a multilayer design, as in [12]. If the
application requires large deformation, the decision as to which material to use needs careful consideration. The Ecoflex series
has the ability to undergo large deformation under relatively small stress, which means it would require less pressure for a
pneumatic or fluidic actuator to inflate a structure based on deformable membranes. Dragon Skin FX-Pro has among the highest
tensile strength and elongation at break of the tested materials. This can have a significant practical implication in specific
designs where a ballooning effect is expected. Moreover, when employed with Slacker at an adequate ratio, it becomes softer
and sticky, which makes it an excellent candidate for realistic soft human tissue simulation.

In terms of appearance, especially for creating realistic tissue phantoms, it should be noted that the translucent materials
can take any color by adding just a few drops of appropriate silicone color pigments. Conversely, SORTA-Clear 40 may be
of interested in robotics design where water clear translucent optical properties are needed. The same applies to RTV615,
which also has the advantage of featuring a low viscosity and long curing time. This might be useful in applications where
the fabrication is tedious due to a time consuming pouring process or if mold cavities are difficult to reach with gravity alone.

B. Constitutive models

The constitutive model parameters provided in Table III are valid for true stress - true strain data and therefore will give
erroneous result if used for engineering data. Nonetheless, most of FEA software uses the true data. In this work, we fitted
experimental data over the entire region of deformation with reasonable predictions. The parameters are given as an indication
in order to have an overall view and a comparison of the behaviour of elastomers up to rupture. Attention is drawn to the fact
that a higher accuracy is achievable if one fits the curves only for the appropriate range. Therefore, we recommend researchers
to use the provided raw data, either engineering or true, and fit the curve according to their application. The python set of
functions, available from the repository, allow for an easy implementation of the fitting algorithm.

Multiple factors could potentially affect the mechanical properties of hyperelastic materials, such as the curing temperature
[42], ultraviolet degradation, natural aging, mixing ratio or the use of silicone pigment. These factors were not at stake in
this study as it only considered materials cured at room temperature with the nominal mixing ratio recommended by the
manufacturers. In this work we focused on characterising the nonlinear elastic response of materials and did not explore
viscoelastic behaviours or damage incurred during previous loading. Moreover, the damage incurred during previous loading of
the elastomer component has not been investigated with, for example, the analysis of the Mullins effect. However, this intrinsic
property, resulting in softening, should be an important consideration in material choice of soft robots. The stress-stretch
curves can see large changes between the initial pull and subsequent pulls, which is going to affect the force output possible
by soft actuators and load bearing of highly deformable soft structures. The latter curves after the initial pull are arguably
more important for soft robotics than the initial curve when considering systems that are going to experience cyclic behavior. It
would then be advantageous to implement Ogden-Roxburgh [43] or Qi-Boyce [44] models, which extend hyperelastic material
models and account for the Mullins effect.

2https://github.com/LucMarechal/Soft-Robotics-Materials-Database
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C. Limitations

As with most tensile testing-based material characterisation conducted for soft robotics applications, this work considered
the global strain induced in the investigated rubber materials. This, however, often presents itself as a limitation, as local strain
observable in the gauge region of the sample may be larger than the global strain. Hence, the measurement could potentially
result in an underestimate of the induced strain and consequently an overestimate of the stiffness of the material. Obtaining
an accurate and reliable independent strain measurement for these highly compliant elastomers is still the subject of ongoing
research. The use of mechanical extensometers can induce undesirable stresses. Non-contact techniques with digital image
correlation (DIC) are preferable but can be tedious to implement meticulously and are still prone to errors [45], especially for
large deformations. In the near future, a way to improve strain measurements for very large deformations will be investigated
using a stereo high-speed camera and Kisdef-7D [46], an image correlation software that has shown promising capabilities
with an elastomer [47].

Characterizing and comparing hyperelastic materials is particularly challenging due to the effect of hysteresis, the Mullins
effect, stress-softening or strain rate sensitivity, which can be difficult to separate from each other. In the field of Soft Robotics,
despite growing interest, few applications employing dynamic FEM models or taking into account the consequences of
viscoelastic effects in the design are reported in the literature [48], [49]. In numerous soft robotics applications, actuators
are often designed to reach a specific strain. When the stress remains constant or where the control involves a critical repeated
pattern of material loading and unloading, this can be potentially problematic if the effects of viscoelastic behaviour are
significant. To account for such behaviour, mechanical testing should involve creep-recovery tests (loading the material at
constant stress, holding that stress for some time and then removing the load), stress-relaxation tests (straining the material at
constant strain and then holding that strain) or cyclic test (repeating a pattern of loading-unloading).

Tensile tests were only performed under monotonic strain rate of 450 mm/min up to rupture as per the employed standard.
However, it was observed that the strain rate may have an effect on the stress strain behaviour of some of the materials,
particularly for high strains, whereas the constitutive models presented in this work do not account for it. This is currently one
of the limitations of this standard, an extension of which with an additional strain rates could benefit in-line applications with
soft robotics. Hence, if simulations are required for applications which involve these effects, the generally-applicable results
presented in this work should be used as a basis for additional, application-specific material testing.

It must be acknowledged that uniaxial loading tensile test alone may not rigorously represent the real behaviour for all
load cases. However, an exhaustive characterization would require a considerable amount of experimental data and significant
equipment to determine a set of strain-stress curves for a whole spectrum of loading cases. For many practical applications, the
downside of adding model complexity is that it requires more experimental data for proper calibration, it is very computationally
expensive and slow to simulate as pointed out in [38], [50], especially when soft robot topologies are intricate and fine meshes
are involved. Shear tests, biaxial tests, equibiaxial or torsion tests are other kinds of stresses which could be complementary
to characterize the material and provide an enhanced calibration of a hyperelastic model.

V. CONCLUSION

This article aims to offer an insight into the mechanical characteristics of a wide range of elastomers for soft robotics
applications. Relying on the ASTM D412 testing standards, we followed a rigorous protocol to characterize elastomers through
tensile testing. It was shown that hyperelastic models can be derived from experimental tensile test data. Some predictive models
fit better than others. This is in particular the case for the Ogden model that proved to be the most accurate overall as opposed to
the Neo Hookean model that showed the worst performance. Seventeen types of silicone materials namely Body Double SILK,
Dragon Skin 10 MEDIUM, Dragon Skin 20, Dragon Skin 30, Dragon Skin FX-Pro, Dragon Skin FX-Pro + Slacker, Ecoflex 00-
10, Ecoflex 00-30, Ecoflex 00-50, Rebound 25, Mold Star 16 FAST, Mold Star 20T, SORTA-Clear 40, RTV615, PlatSilGel-10,
Psycho Paint and SOLOPLAST 150318 have been investigated and constitutive models and their coefficients have also been
derived. This work will help researchers to choose appropriate materials for their applications, determine a respective modelling
approach, run comparative Finite Element simulations and pave the way to new designs in a more predictive way.

For the sake of generality and reproducibility, there is a need to unify methods for fabrication, experimental testing and
characterization of elastomers within the framework of soft robotics applications. Researchers in the community should follow
international standards to get a common reference of material characteristics and models. Therefore, we have started to create an
accessible resource around soft robotics with the presented work. The mechanical properties and constitutive model parameters
of various elastomers are listed in an open source database. The tensile tests data and the curve fitting algorithm are available
to the community from its GitHub repository. We will advance this work with supplementary materials and encourage the
community to contribute to the consolidation of this collaborative database by applying the proposed set of methods.

An extension of this initial study for the near future is the characterization of the mechanical response of the selected
silicone rubbers with an independent measurement of the strain and considering other loading scenarios. We therefore plan to
perform biaxial tensile tests and cyclic tension tests with increased values of deformation. Observations of viscosity-induced
rate-dependent phenomena also provide motivation for considering relaxation experiments. Assessments of other generalized
constitutive models will be pursued to take into account additional material properties.
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[47] Meunier L, Chagnon G, Favier D, Orgéas L, Vacher P. Mechanical experimental characterisation and numerical modelling of an unfilled silicone rubber.

Polymer Testing. 2008;27(6):765–777.
[48] Matia Y, Gat AD. Dynamics of Elastic Beams with Embedded Fluid-Filled Parallel-Channel Networks. Soft robotics. 2015;2(1):42–47.
[49] Moseley P, Florez JM, Sonar HA, Agarwal G, Curtin W, Paik J. Modeling, Design, and Development of Soft Pneumatic Actuators with Finite Element

Method. Advanced Engineering Materials. 2016;18(6):978–988.
[50] Lipson H. Challenges and Opportunities for Design, Simulation, and Fabrication of Soft Robots. Soft Robotics. 2014;1(1):21–27.

https://doi.org/10.5281/zenodo.3611329


9

TABLE I
LIST AND INFORMATION ON TESTED MATERIALS

Material Shore Hardness Color Pot life (min) Cure time (min) Manufacturer

SORTA-Clear 40 40A Water Clear Translucent 60 960 Smooth-On
Dragon Skin 10 MEDIUM 10A Translucent 20 300 Smooth-On
Dragon Skin 20 20A Translucent 25 240 Smooth-On
Dragon Skin 30 30A Translucent 45 960 Smooth-On
Dragon Skin Fx-Pro 2A Translucent 12 40 Smooth-On
Dragon Skin Fx-Pro + Slacker N/K Yellow 12 40 Smooth-On
Ecoflex 00-10 00-10 Translucent 30 240 Smooth-On
Ecoflex 00-30 00-30 Translucent 45 240 Smooth-On
Ecoflex 00-50 00-50 Translucent 18 180 Smooth-On
PlatSilGel-10 10A Milky White 6 30 Polytek
RTV615 44A Water Clear Translucent 240 8640 Momentive
Rebound 25 25A Orange 20 320 Smooth-On
Body Double SILK 25A Green 6 20 Smooth-On
Mold Star 16 FAST 16A Blue-Green 6 30 Smooth-On
Mold Star 20T 20A Translucent 6 30 Smooth-On
Psycho Paint N/K Translucent Clear 45 N/K Smooth-On
SOLOPLAST 150318 N/K White 5-180 N/K Soloplast-Vosschemie

TABLE II
INCOMPRESSIBLE HYPERELASTIC STRAIN ENERGY FUNCTIONS AND PRINCIPAL CAUCHY STRESS CONSTITUTIVE MODEL

Model Strain energy density function Principal Cauchy stresses

Neo-Hookean W = µ(I1 − 3) σuniax = µ

(
λ2 −

1

λ

)
Mooney-Rivlin W = C10(I1 − 3) + C01(I2 − 3) + C20(I1 − 3)2 σuniax = 2

(
λ2 −

1

λ

)[
C10 +

C01

λ
+ 2C20

(
λ2 +

2

λ
− 3

)]
Yeoh W =

n∑
i=1

2
(
λ− λ−2

)
.i.Ci(I1 − 3)i−1 σuniax = 2

(
λ2 −

1

λ

)
n∑
i=1

i.Ci (I1 − 3)i−1

Ogden W =
n∑
p=1

µp

αp

[
λ
αp

1 + λ
αp

2 + λ
αp

3 − 3
]

σuniax =
n∑
p=1

2µp
[
λ(αp−1) − λ−( 1

2
αp+1)

]
Humphrey W = C1

(
eC2(I1−3) − 1

)
σuniax = 2

(
λ2 −

1

λ

)
C1C2

[
eC2(I1−3)

]
Veronda-Westmann W = C1

(
eC2(I1−3)

)
−
C1C2

2
(I2 − 3) σuniax = 2

(
λ2 −

1

λ

)
C1C2

[
eC2(I1−3) −

1

2λ

]
n: model order
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TABLE III
CONSTITUTIVE MODEL PARAMETERS (THE UNITS OF PARAMETERS ARE EXPRESSED IN MPA)

Material Neo-Hookean Mooney-Rivlin Yeoh Ogden Veronda-Westmann Humphrey

Ecoflex 00-10 µ = 0.02264
C10 = 2.18× 10−2 C1 = 1.00× 10−3 µ1 = 0.7363, α1 = 2.858 C1 = 9.028 C1 = 8.048
C01 = −7.22× 10−2 C2 = 1.31× 10−2 µ2 = 0.8074, α2 = 2.604 C2 = 1.73× 10−3 C2 = 1.829× 10−3

C20 = 1.26× 10−5 C3 = 2.056× 10−5 µ3 = −1.526, α3 = 2.740
(S, AIC) (0.89, -175.0) (0.08, -3794.4) (0.20, -2376.1) (0.02, -5842.3) (0.2, -2132.9) (0.26, -2010.9)

Ecoflex 00-30 µ = 0.03245
C10 = 1.80× 10−2 C1 = 1.00× 10−1 µ1 = −0.322, α1 = 3.310 C1 = 5.79 C1 = 5.26
C01 = −4.69× 10−2 C2 = 1.20× 10−2 µ2 = 0.19, α2 = 3.115 C2 = 3.05× 10−3 C2 = 3.16× 10−3

C20 = 4.34× 10−5 C3 = 4.96× 10−5 µ3 = 0.145, α3 = 3.468
(S, AIC) (1.66, 719.7) (0.09, -3437.5) (0.14, -2723.1) (0.02, -5391.1) (0.29, -1714.7) (0.31, -1613.5)

Ecoflex 00-50 µ = 0.048176
C10 = 3.53× 10−2 C1 = 1.00× 10−1 µ1 = 1.970, α1 = 2.911 C1 = 1.18× 101 C1 = 1.06× 101

C01 = −1.05× 10−1 C2 = 2.22× 10−2 µ2 = −3.671, α2 = 3.008 C2 = 2.46× 10−3 C2 = 2.57× 10−3

C20 = 4.77× 10−5 C3 = 6.07× 10−5 µ3 = 1.740, α3 = 3.096
(S, AIC) (2.21, 1148.4) (0.17, -2517.3) (0.32, -1653.5) (0.05, -4226.9) (0.47, -1071.2) (0.51, -965.2)

PlatSilGel-10 µ = 0.090681
C10 = 1.02× 10−1 C1 = 1.00× 10−1 µ1 = −6.820× 10−1, α1 = 2.613 C1 = 6.414× 101 C1 = 4.48× 101

C01 = −1.41× 10−1 C2 = 7.60× 10−2 µ2 = 4.088× 10−7, α2 = 6.539 C2 = 1.31× 10−3 C2 = 1.72× 10−3

C20 = 1.93× 10−5 C3 = 7.81× 10−5 µ3 = 6.547× 10−1, α3 = 2.752
(S, AIC) (0.61, -460.7) (0.03, -3148.6) (0.23, -1351.1) (0.02, -3538.5) (0.18, -1584.2) (0.24, -1304.6)

SORTA-Clear 40 µ = 0.290228
C10 = 3.53× 10−1 C1 = 1.00× 10−1 µ1 = −4.360× 10−2, α1 = 3.561 C1 = 29.83 C1 = 19.42
C01 = −4.23× 10−1 C2 = 2.11× 10−1 µ2 = 3.549× 10−2, α2 = 3.561 C2 = 8.712× 10−3 C2 = 1.134× 10−2

C20 = 4.79× 10−4 C3 = 1.66× 10−3 µ3 = 3.689× 10−2, α3 = 3.561
(S, AIC) (0.98, -9.5) (0.15, -851.5) (0.34, -468.3) (0.21, -685.3) (0.30, -523.2) (0.38, -419.3)

RTV 615 µ = 0.33861
C10 = −2.02× 10−2 C1 = 1.00× 10−1 µ1 = 1.292, α1 = 4.999 C1 = 1.656 C1 = 1.095
C01 = 2.51× 10−1 C2 = 1.13× 10−1 µ2 = 1.637, α2 = 4.577 C2 = 1.36× 10−1 C2 = 1.55× 10−1

C20 = 3.01× 10−2 C3 = 2.45× 10−2 µ3 = −2.828, α3 = 4.799
(S, AIC) (0.66, -69.4) (0.02, -642.9) (0.06, -475.3) (0.009, -776.4) (0.02, -653.1) (0.03, -601.2)

Body Double SILK µ = 0.07868
C10 = 7.37× 10−2 C1 = 1.00× 10−1 µ1 = −3.099× 10−1, α1 = 18.341 C1 = 43.54 C1 = 18.84
C01 = −1.38× 10−2 C2 = 6.95× 10−2 µ2 = 2.557× 10−1, α2 = 2.729 C2 = 1.86× 10−3 C2 = 3.71× 10−3

C20 = 1.18× 10−4 C3 = 1.45× 10−4 µ3 = 1.036× 10−1, α3 = 2.649
(S, AIC) (0.13, -1039.2) (0.01, -2260.9) (0.02, -2089.5) (0.01, -2268.6) (0.02, -2004.2) (0.02, -2034.2)

Rebound 25 µ = 0.154681
C10 = 1.66× 10−1 C1 = 1.00× 10−1 µ1 = 7.714× 10−1, α1 = 3.059 C1 = 15.21 C1 = 11.22
C01 = −2.28× 10−1 C2 = 1.00× 10−1 µ2 = −1.5223, α2 = 3.003 C2 = 8.188× 10−3 C2 = 9.671× 10−3

C20 = 3.80× 10−4 C3 = 7.46× 10−4 µ3 = 7.441× 10−1, α3 = 3.059
(S, AIC) (0.91, -53.1) (0.08, -1380.9) (0.23, -807.4) (0.04, -1797.7) (0.23, -818.4) (0.28, -700.7)

DragonSkin FX-Pro µ = 0.074198
C10 = 6.82× 10−2 C1 = 1.00× 10−1 µ1 = −0.1658, α1 = 3.275 C1 = 28.44 C1 = 25.24
C01 = −1.99× 10−1 C2 = 4.35× 10−2 µ2 = 0.4020, α2 = 3.309 C2 = 1.81× 10−3 C2 = 1.92× 10−3

C20 = 4.66× 10−5 C3 = 7.07× 10−5 µ3 = −0.2390, α3 = 3.275
(S, AIC) (2.68, 1432.9) (0.24, -2071.0) (0.56, -824.7) (0.85, -3580.3) (0.67, -571.3) (0.74, -439.5)

Dragon Skin 10 MEDIUM µ = 0.07888
C10 = 8.57× 10−2 C1 = 1.00× 10−1 µ1 = 1.971× 10−19, α1 = 18.341 C1 = 43.77 C1 = 31.76
C01 = −1.14× 10−1 C2 = 6.42× 10−2 µ2 = 1.030, α2 = 2.729 C2 = 1.64× 10−1 C2 = 2.06× 10−3

C20 = 3.11× 10−5 C3 = 8.08× 10−5 µ3 = −1.059, α3 = 2.649
(S, AIC) (0.58, -497.4) (0.07, -2479.7) (0.19, -1494.4) (0.04, -2988.9) (0.15, -1699.2) (0.02, -1443.8)

Dragon Skin 20 µ = 0.207047
C10 = 2.47× 10−1 C1 = 1.00× 10−1 µ1 = −9.534× 10−1, α1 = 3.478 C1 = 97.14 C1 = 67.45
C01 = −3.74× 10−1 C2 = 1.69× 10−1 µ2 = −1.4515, α2 = 3.181 C2 = 1.964× 10−3 C2 = 2.551× 10−3

C20 = 3.88× 10−5 C3 = 2.66× 10−4 µ3 = 2.4085, α3 = 3.339
(S, AIC) (1.28, 197.4) (0.11, -1764.2) (0.54, -493.8) (0.01, -3483.5) (0.44, -645.8) (0.57, -449.4)

Dragon Skin 30 µ = 0.24203
C10 = 2.47× 10−1 C1 = 1.00× 10−1 µ1 = 3.816× 10−2, α1 = 3.417 C1 = 57.05 C1 = 38.77
C01 = −3.30× 10−1 C2 = 1.19× 10−1 µ2 = 2.524× 10−2, α2 = 3.417 C2 = 3.849× 10−3 C2 = 4.987× 10−3

C20 = 2.09× 10−4 C3 = 6.04× 10−4 µ3 = 4.456× 10−2, α3 = 3.417
(S, AIC) (1.12, 71.2) (0.08, -1541.2) (0.36, -623.4) (0.17, -1084.5) (0.29, -757.4) (0.40, -565.4)

Dragon Skin FX-Pro + Slacker µ = 6.0145× 10−3
C10 = 4.71× 10−3 C1 = 1.00× 10−1 µ1 = 6.159× 10−1, α1 = 2.695 C1 = 1.727 C1 = 1.574
C01 = −1.79× 10−2 C2 = 2.67× 10−3 µ2 = −1.136, α2 = 2.791 C2 = 2.069× 10−3 C2 = 2.151× 10−3

C20 = 4.73× 10−6 C3 = 6.39× 10−6 µ3 = 5.323× 10−1, α3 = 2.876
(S, AIC) (0.35, -1693.5) (0.04, -5070.5) (0.06, -4365.6) (0.02, -6073.5) (0.02, -3831.1) (0.09, -3749.3)

Psycho Paint µ = 0.15826
C10 = 1.65× 10−1 C1 = 1.00× 10−1 µ1 = −8.916× 10−2, α1 = 5.048 C1 = 2.013× 101 C1 = 14.94
C01 = −2.18× 10−1 C2 = 1.07× 10−1 µ2 = 3.779× 10−2, α2 = 3.884 C2 = 6.435× 10−3 C2 = 7.621× 10−3

C20 = 3.22× 10−4 C3 = 6.00× 10−4 µ3 = 8.842× 10−2, α3 = 5.047
(S, AIC) (0.99, -5.9) (0.08, -1507.0) (0.24, -858.9) (0.031, -2108.2) (0.23, -890.1) (0.29, -746.4)

Mold Star 16 FAST µ = 0.14204
C10 = 1.84× 10−1 C1 = 1.00× 10−1 µ1 = 3.487× 10−2, α1 = 5.048 C1 = 3.994× 101 C1 = 28.66
C01 = −3.31× 10−1 C2 = 1.08× 10−1 µ2 = 1.546× 10−2, α2 = 3.884 C2 = 3.148× 10−3 C2 = 3.919× 10−3

C20 = 1.73× 10−5 C3 = 2.82× 10−4 µ3 = 7.624× 10−3, α3 = 5.047
(S, AIC) (0.95, -33.8) (0.3, -471.0) (0.44, -595.5) (0.27, -932.8) (0.39, -670.5) (0.47, -548.9)

Mold Star 20T µ = 0.16984
C10 = 2.20× 10−1 C1 = 1.00× 10−1 µ1 = −1.734, α1 = 3.801 C1 = 51.149 C1 = 36.086
C01 = −3.84× 10−1 C2 = 1.32× 10−1 µ2 = 3.857, α2 = 3.710 C2 = 2.979× 10−3 C2 = 3.769× 10−3

C20 = 1.08× 10−5 C3 = 3.24× 10−4 µ3 = −2.120, α3 = 3.609
(S, AIC) (1.08, 55.9) (0.2, 1160.1) (0.52, -467.3) (0.13, -1439.3) (0.47, -546.0) (0.55, -427.7)

SOLOPLAST 150318 µ = 0.12323
C10 = 1.01× 10−1 C1 = 1.00× 10−1 µ1 = 3.588× 10−1, α1 = 3.515 C1 = 7.958 C1 = 6.44
C01 = −1.68× 10−1 C2 = 5.88× 10−2 µ2 = 2.653× 10−1, α2 = 3.515 C2 = 1.014× 10−2 C2 = 1.111× 10−2

C20 = 4.91× 10−4 C3 = 6.73× 10−4 µ3 = −6.199× 10−1, α3 = 3.480
(S, AIC) (1.36, 201.4) (0.13, -1338.6) (0.22, -959.2) (0.06, -1728.0) (0.30, -773.5) (0.34, -689.0)



11

Fig. 1. Specimens fabrication steps: 1© Mixing of the two parts, 2© de-airing the mixture, 3© pouring into molds 4©, curing for 24h, 5© measuring the
dimensions, 6© inspecting the quality. *4 min for PlatSilGel-10, Mold Star 16 FAST and Body Double SILK

AB

5 mm
5 mm

Fig. 2. Example of DragonSkin FX Pro specimen inspected with backlight. The presence of bubbles were only allowed in the shoulders in the region that
are clamped in the grips as in (A) but this sample was discarded due to the presence of one bubble in the gauge-length (B).
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gripper mesh

specimen

jaws

laser

Fig. 3. Experimental setup for of the tensile test and details of the Instron mechanical wedge action grip of type 2710-010.

Fig. 4. Uniaxial tensile stress-stretch curves from five repeated tensile pull-to-failure tests on the Dragon Skin FX-Pro specimens at a strain rate of 450 mm/min.
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+

Fig. 5. Experimental uniaxial tensile stress-stretch pull to failure responses with 95 % confidence bands.

Fig. 6. Up to failure tensile test stress-stretch data, at five different strain rates, for SOLOPLAST 150318 and Psycho Paint.
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Fig. 7. Comparison between experimental data and predictions from least-squares fitting through Neo-Hookean, Mooney Rivlin, Yeoh, Ogden and Veronda-
Westmann models for the Ecoflex 00-10.
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VIII. APPENDIX

Example of the implemented Python code used to fit data with the Ogden model.

1 import numpy as np
2 import pandas as pd
3 from scipy.optimize import least_squares
4 import matplotlib.pylab as plt
5

6 class Hyperelastic:
7 def __init__(self, model, parameters, order):
8 self.model = model
9 self.order = order
10 self.parameters = parameters
11 initialGuessMu = np.array([0.1]*self.order)
12 initialGuessAlpha = np.array([0.2]*self.order)
13 self.initialGuessParam = np.append(initialGuessMu,initialGuessAlpha)
14

15 # Initialization of the Ogden model
16 if model == ’Ogden’:
17 initialGuessMu = np.array([0.1]*self.order)
18 initialGuessAlpha = np.array([0.2]*self.order)
19 self.initialGuessParam = np.append(initialGuessMu,initialGuessAlpha)
20 self.nbparam = self.order*2
21 #elif ... Initialization of other models (not detailed here)
22 else:
23 print("Error")
24

25 def OgdenModel(self, parameters, trueStrain):
26 """Ogden hyperelastic model (incompressible material under uniaxial tension)
27 Uses true strain and true stress data"""
28 # parameter is a 1D array: [mu0,mu1,...,mun,alpha0,alpha1,...,alphan]
29 # get the mu and alpha parameters out of the 1D array
30 muVec = parameters.reshape(2, self.order)[0]
31 alphaVec = parameters.reshape(2, self.order)[1]
32 lambd = np.exp(trueStrain)
33 # broadcasting method to speed up computation
34 lambd = lambd[np.newaxis, :]
35 muVec = muVec[:self.order, np.newaxis]
36 alphaVec = alphaVec[:self.order, np.newaxis]
37

38 trueStress = np.sum(2*muVec*(lambd**(alphaVec-1) - lambd**(-((1/2)*alphaVec + 1))),
axis=0)

39 return trueStress
40

41

42 # Function to calculate the residuals.
43 # The fitting function holds the parameter values
44 def objectiveFun_Callback(parameters, exp_strain, exp_stress):
45 theo_stress = hyperelastic.ConsitutiveModel(parameters, exp_strain)
46 residuals = exp_stress - theo_stress
47 return residuals
48

49 # read data from file
50 data = pd.read_csv(’Ecoflex50’, delimiter = ’;’,skiprows=9, names = [’Time (s)’,’True

Strain’,’True Stress (MPa)’,’Engineering Strain’,’Engineering Stress (MPa)’])
51 exp_strain = data[’True Strain’].values # converts panda series to numpy array
52 exp_stress = data[’True Stress (MPa)’].values
53

54 # Instanciate a Hyperelastic object
55 hyperelastic = Hyperelastic(’Ogden’, np.array([0]), order=3)
56

57 # The least_squares package calls the Levenberg-Marquandt algorithm
58 # best-fit parameters are kept within optim_result.x
59 optim_result = least_squares(objectiveFun_Callback, hyperelastic.initialGuessParam, method

=’lm’, args=(exp_strain, exp_stress))
60 optim_parameters = optim_result.x
61

62 # Compute the true stress from the Ogden model with optimized parameters
63 theo_stress = hyperelastic.ConsitutiveModel(optim_parameters, exp_strain)
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64

65 # Plot experimental and predicted data on the same graph
66 plt.plot(exp_strain,exp_stress,’k’,linewidth=2)
67 plt.plot(exp_strain,theo_stress,’r--’, linewidth=2)
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