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Abstract Soft robots are spreading quickly and widely thanks to their adaptability,
tolerance to uncertainties, reliability, and intrinsic safety. To predict their behaviour
and optimize their design, it is fundamental to devise models that account for the
fact that they are made of highly non-linear materials and can be subjected to
large, continuous deformations. In this work, we focus on modelling a soft robotic
device developed to provide controllable compliance and sensing capabilities to the
environment. Different models for non-linear materials in FEM static simulations
are tested to evaluate which type of representation is more convenient in terms of
accuracy.

1 Introduction

Soft robotics is an emerging research field that takes inspiration from biological
systems and exploits newmaterials and newmanufacturing processes to build devices
that are safe, robust, and suitable to operate in unstructured environments [11].

Soft robots radically change the perspectives of design, mechanical modelling,
and control. Well established modelling tools are available for robots composed of
rigid links, joints, and actuators: they have a well defined number of degrees of
freedom, and classical mechanics methods can be used to describe their dynamics
and to properly define their control systems. Soft robots, instead, have structures
that can undergo large, continuous deformations, and are made of materials having
a non-linear behaviour. Modelling tools for these kinds of devices are less exploited,
and more complex to manage. Having efficient and accurate models for soft robots,
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however, is very important in the mechanical design phase, and to define proper
planning and control strategies.

When the focus is on fast simulation and testing of planning and control strate-
gies, it is important to have computationally efficient models. In [10], for example, a
representation based on Cosserat continuous beam theory was used to model com-
pliant joints in underactuated robotic fingers, whereas in [17], results from FEM
simulations were employed to develop equivalent lumped parameter models of soft
fingers with pneumatic actuation.

In this paper, we concentrate on design aspects and thus we rely on accurate
Finite Element Analysis (FEA). Following a procedure similar to [4, 6, 12], we test
different non-linear material models to understand which one is more suitable for
describing the functioning of a pneumatically actuated soft robotic component.

2 The SoftPad

The SoftPad is a modular pneumatic surface developed for adding softness and
sensing capabilities to the environment during grasping tasks with rigid robotic
grippers (see Fig. 1a). The detailed description of its functioning and fabrication can
be found in [7]. The main idea behind the development of the SoftPad is that, instead
of sensorizing the individual fingers of a gripper, as for example in [18], soft sensing
modules can be added to the environment to detect 8) the approximate location and
weight distribution of the object to be grasped, and 88) the contact between the gripper
and the environment during grasp approach. The SoftPad provides compliance to
the environment, thus improving the grasp performance in terms of robustness to
uncertainties [5, 2], and can support or even substitute other types of sensors typically
needed in grasping, like vision systems [19].

(a) (b)

Fig. 1: The SoftPad: a soft modular pneumatic surface that adds softness and sensing
capabilities to the environment during grasping tasks. Real 2 × 3 SoftPad prototype
interacting with a gripper (a) and FEM simulated one (b).

The SoftPad consists of a matrix of silicone pneumatic modules, whose number,
geometrical properties, and arrangement can be adapted to the specific context. A
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SoftPad composed of 6 modules with 45 × 45 mm surface each is shown in Fig. 1a.
Each module is connected to a pressure sensor. The contact between the SoftPad and
an object placed over it can be detected by reading pressure variations in themodules.
Depending on the entity of the variation and on the involved modules, object pose,
approximate shape, and center of mass can be estimated. This information can be
used as an input for the grasp planner of a robot equipped with a rigid gripper.

In this paper, we investigate how to model a single module of the SoftPad, but the
achieved results could be easily applied to the simulation of the entire device or of
pads with different shapes and dimensions.

3 Models

Most of the materials adopted in soft robotics present a non-linear, viscoelastic
behaviour. The main difference between linear elastic materials studied in classical
structural mechanics and soft materials is that for these ones all the measures, such
as stresses and strains, defined for infinitesimal deformations, have to be redefined
for large, or finite, deformations.

Considering a generic isotropic hyperelastic body, in the following, we indicate
with _1, _2, _3 the principal stretches, and with �1, �2, �3 the three stretch invariants
defined as: �1 = _2
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Hyperelastic or viscoelastic materials in numerical simulations are represented
by different non-linear material models. The stress-strain relationship of non-linear
materials is represented by means of the strain energy potential, , that can be either
a function of the principal stretch ratios, or a function of the strain invariants. Non-
linear models that can be applied to materials employed in soft robotics include
Neo-Hookean [14], Mooney-Rivlin [13], Ogden [15], Varga [9], Arruda Boyce [3],
Yeoh [22], and Gent [8]. Viscoelastic models include also time-dependent response
due to relaxation or creep phenomena in addition to the non-linear elastic response.
Examples of viscoelastic models areMaxwell and Voigt. Here we focus on the steady
state response of the SoftPad and thus we do not consider viscoelastic phenomena.

In the following, themain features of the hyperelasticmaterialmodels employed in
our numerical simulations (Sec. 4) are summarized. A SoftPad made of EcoFlex 00-
30 silicone1 was considered. The material parameters’ values are reported in Table 1
for each model.

Neo-Hookean model. The strain energy density function for an incompressible
neo-Hookean material in a three-dimensional description is defined as

, = �=ℎ (�1 − 3),

where the constant �=ℎ is related to the shear modulus ` (�=ℎ = `/2).
Mooney-Rivlin model. In the incompressible Mooney-Rivlin model, the strain

energy is defined as a function of the invariants �1 and �2:

1 https://www.smooth-on.com/tb/files/ECOFLEX_SERIES_TB.pdf
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, = �1<A (�1 − 3) + �2<A (�2 − 3).

�1<A and �2<A are constant values depending on material properties that we related
to the shear modulus, so that ` = 2(�1<A + �2<A ). Their values have to be chosen
on the basis of experimental data.

Ogden model. In the Ogden formulation, the strain energy is expressed as a
function of the principal stretch ratios, i.e.,

, =

3∑
8=1

`8

U8
(_1

U8 + _2
U8 + _3

U8 − 3) ,

where U8 and `8 are coefficients depending on material properties.
Varga model. Also in the Varga model the strain energy is defined as a function

of principal stretch ratios:

, = �1E (_1 + _2 + _3 − 3) + �2E (_1_2 + _2_3 + _1_3 − 3) .

In this paper, the model coefficients where chosen as: �1E = 2` and �2E = 0.
Yeoh model. Lastly, in the Yeoh model, the strain energy is defined as

, = �1H (�1 − 3) + �2H (�1 − 3)2 + �3H (�1 − 3)3,

where �1H , �2H and �3H are coefficients depending on material properties.

4 Simulations

After creating a FEM model of a single module of the SoftPad, a set of simulations
with different material models were conducted. Fig. 2 shows an example of obtained
deformations. As FE simulator we used COMSOL Multiphysics 5.4 (Comsol Inc.).
The Nonlinear Structural Materials Module of Comsol provides several predefined
material models together with an option to enter user defined expressions for the
strain energy density. In this paper, we used the nearly incompressible versions of
the models presented in Sec. 3. The strain energy density in this case is composed of
two terms:, = ,8B> +,E>; [1].,8B> represents the isochoric part and has the same
expression of the strain energy density defined for the incompressible case (Sec. 3),
but �1, �2, and _8 are substituted, respectively, with2
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− 2

3
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3
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2 Note that COMSOL considers the principal stretches of the elastic deformation, i. e., the principal
elastic stretches _4;8 , and not the principal stretches of the overall deformation considering also the
inelastic part [1]. Here we omit the subscript for brevity.
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Table 1: Parameters depending on material properties for the models considered in
the simulations, relative to EcoFlex 00-30 silicone [16, 20, 21].

Model Parameters

Neo Hookean and Varga
Symbol Value

` 42 kPa

Mooney-Rivlin
Symbol Value

�1<A 0.4375`
�2<A 0.0625`

Ogden [20]

8 U8 `8

1 1.3 22kPa
2 5 0.4kPa
3 -2 -2kPa

Ogden [16]

8 U8 `8

1 1.7138 24.3kPa
2 7.0679 0.0667kPa
3 3.3659 0.4538kPa

Yeoh

Symbol Value

�1H 17 kPa
�2H -0.2 kPa
�3H 0.023 kPa

where �4; is the elastic volume ratio. ,E>; is the volumetric strain energy that is
expressed as: 1

2 ^(�4; − 1)2, where ^ is the initial bulk modulus. We chose ^ = 105`.
The simulated module is a 45 × 45 × 1.5 mm block. On the lateral faces, a fixed

constraint is applied, while a uniform pressure is applied to the lower surface. The
coefficients for Ecoflex 00-30 silicone rubber models that were employed for the
simulations were derived from [16, 20, 21].

Fig. 2: Module deformation for Neo-Hookean material at pressures 0.5, 1.5, 2.5 kPa.
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In a first set of simulations, we compared the results obtained from FEM simu-
lation in terms of overall deformation of the pad with some experimental measures
that we took on three different modules (Fig. 3a). An inflating pressure from 0 to
3 kPa was applied and the deformation was estimated as the maximum height of the
module, corresponding to its center.

Results show that the neo-Hookean model follows quite well the behaviour of
the experimental data for small deformations and almost overlaps it in the range
[1.4, 1.8] kPa, while the Yeoh model fits better for large deformations. We computed
the root mean square error between the mean of the real measurements and the
simulated data and we obtained '"(�=ℎ = 1.1289 mm and '"(�H = 0.9259 mm
for the neo-Hookean and the Yeoh models, respectively. We also tested Mooney-
Rivlin and Varga material models. The obtained results had a similar trend to that
of the neo-Hookean model, but presented a higher RMSE ('"(�<A = 1.2775 mm,
'"(�E = 1.2367 mm), thus we did not report them in the diagram for the sake
of clarity. The Ogden model largely overestimated the overall deformation with two
different sets of coefficients found in [20] for Ogden 1 and in [16] for Ogden 2.
Probably, in this case, an ad hoc parameter estimation should be carried out in order
to have a better fit.

(a) (b)

Fig. 3: First set of experiments: comparison of different material models. (a) Me-
asured deformations of three different real modules as a function of the inflating
pressure; (b) comparison between the mean measured deformations and the defor-
mations predicted with different material models.

In a second set of experiments we took the best two models and considered how
the deformation of a module varies with respect to two construction parameters: the
height of the upper layer of the SoftPad and the width of the module. During the
simulations, the inflating pressure was set to 1 kPa. Fig. 4a shows that the thicker is
the layer, the lower is the produced deformation. The contrary happens with respect
to the module width (Fig. 4b): the larger is the module, the more it deforms, once
the inflating pressure is fixed. As above, the Yeoh model shows a higher deformation
with respect to the Neo-Hookean.
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(a) (b)

Fig. 4: Module maximum displacement with respect to the height of the upper layer
of the SoftPad (a) and with respect to the width of a module (b). Data are gathered
simulating an inflating pressure of 1 kPa.

5 Discussion

In this paper, we addressed the problem of finding an accurate model of a pneumatic
module that we developed for a soft sensorized device called SoftPad [7]. Different
models of non-linear materials available in the literature were compared in terms of
accuracy in reproducing the deformation of the module when an inflating pressure
is applied to it. By comparing the simulation results with measured deformations
of three modules with the same nominal dimensions, we observed that both the
neo-Hookean and the Yeoh models are able to describe the device behaviour with
a sufficiently good approximation. In particular, Yeoh model fits better for large
deformations.

A reliable simulation model of this type of components is useful in the design
phase, since it can be employed to predict the pressure/deformation relationship as a
function of the main design parameters. In this paper, we focused on a device with a
relatively simple geometrical shape, but we believe that the results of this study can
be extended to more complex structures made of similar materials, as for instance
robotic hands made of silicone rubber [5].

Future research on this topic will include a deeper analysis of material properties,
the evaluation of other structural properties of the modules, e.g., the equivalent
stiffness, and the contact and interaction problem between the compliant surface of
the module and a rigid object.
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