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Abstract. Soft robots are far more adaptable than conventional rigid robots. They have
high flexibility, infinite degree of freedom, and their compliant nature makes them the
best option for different industrial, surgical, and healthcare applications. The efficiency
of a soft can be estimated by the performance of the soft actuators. Soft pneumatic
actuators (SPAs) are the most common and highly utilized soft actuators because of their
high low weight and high output force. In this study, three different SPAs, single chamber
SPA with rectangular cross-section, multi-chamber SPA with square air chambers, and
multi-chamber SPA with circular air chambers, have been modeled and analyzed using
the finite element analysis (FEA) theory. The results concluded that the multi-chamber
SPA creates large bending as compared to the single chamber SPA under similar loading
and boundary conditions. However, the SPA with circular air chambers creates large
bending as compared to the SPA with square air chambers.
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1. Introduction

Recently, the demand for soft materials in the fabrication of soft robots has increased
because of which the soft robotic community has seen many advancements. The main
reason behind this is the advantages of soft robots over conventional rigid robots. The
main advantage of soft robots is their high flexibility and compliant behavior. Soft robots
allow us to mimic the functioning of various living organisms and their muscles [1].
Moreover, they provide safer interaction as compared to rigid robots while working with
humans. The effectiveness of the soft robot can be estimated by the performance of the
soft actuators. There are various types of soft actuators such as electroactive polymer
actuators, fluidic (pneumatic and hydraulic) actuators, material jamming actuators, and
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many more. Soft pneumatic actuators (SPAs) are the most frequently utilized soft
actuators and are simple in design [2].

However, SPAs developed with elastomeric or hyperelastic materials such as the ecoflex
[3], dragon skin [4]. Elastosil [5], and smoothsil [6] are subjected to large deformation.
Hence, it is very difficult to model these materials using the stress-strain curve. Various
techniques or theories have been applied to design and control the SPAs such as the
Cosseratrod theory [7], piecewise constant curvature theory [83], variable-strain theory
[59], and Euler Bernoulli beam theory [10]. Other theories such as reinforcement
learning and neural network are based on data-driven techniques. Many researchers use
the finite element analysis (FEA) technique to model hyperelastic material. [11] uses the
FEA technique to identify the displacement and force generated by the SPAs. Some
researchers carried out the modeling of the fiber-reinforced SPAs using the theory of
continuum mechanics [12, 13]. Another theory splits the actuators into small segments
and then studies the bending of segments individually and adds them to evaluate the
bending of the whole actuator [14].

In this study, three different SPAs are modeled and are considered to have properties of
natural rubber. All three SPAs are analyzed using the FEA theory in Abaqus. Two
different hyperelastic material models the Neo-Hookean and the Ogden have been
considered and the material constants are taken from the literature. All three SPAs are
analyzed for similar boundary and loading conditions.

2. Modeling of the SPAs

The SPA has been modeled using the computer-aided design (CAD) software - CATIA V5.
The three different SPA has been modeled based on the dimension obtained from the
literature [15]. All three SPA models have equal length (120 mm), width (20 mm), and
height (20 mm). The three different SPA models are -

- Single chamber SPA with rectangular cross-section
This type of SPA also known as plane SPA has a single air chamber for the pneumatic
actuation. The model of the single chamber SPA is shown in the figure 1.
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Figure 1. (a) Front view, (b) Side view, and (c) Isometric view of the single chamber SPA
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Figure 1 depicts that the length and the width of the single chamber are 112 mm and 14
mm, respectively. The top wall is 2 mm thick while the side walls are 3 mm thick. The
bottom layer also known as the strain limiting layer is 3 mm thick. The stiffness of the
top wall is lower than the side and the bottom wall due to which the SPA bents during
the pneumatic actuation.

- Multi-chamber SPA with square air chambers
The multi-chamber SPA has multiple air chambers for the pneumatic actuation. The air
chambers are of square cross-section as shown in the figure 2.

Figure 2. (a) Front view, (b) Side view, and (c) Isometric view of the multi-chamber SPA
with square air chambers

Figure 2 depicts that the SPA has a total of ten air chambers for the pneumatic actuation.
The stiffness of the top wall (2 mm thick) is lower than the bottom wall (3 mm thick).
The gap between the two adjacent air chamber is 2 mm while the side walls are of 3 mm
thickness.

- Multi-chamber SPA with circular air chambers
The modeled SPA have ten air chambers for actuation with a circular cross-section. The
circular cross-section of the air chamber is of 5 mm radius as shown in the figure 3.

(c)
Figure 3. (a) Front view, (b) Side view, and (c) Isometric view of the multi-chamber SPA
with circular air chambers
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Figure 3. depicts that the modeled SPA has ten air chambers of circular cross-section.
The 2 mm gap between the two adjacent air chamber allowed the higher bending of the
SPA. In this model, the top, side, and bottom walls are of 3 mm thickness.

3. Finite Element Analysis (FEA)

Various types of materials are there in nature such as steel, copper, and aluminum which
come under the elastic category. Under loading, these materials are subjected to yielding
before the plastic deformation and then fracture. Ceramic materials go under linear
elastic deformation without plastic deformation before fracture. All materials are not
elastically linear, some are subjected to elastic strains more than 100% during loading
and fail without plastic deformation. The materials are known as hyperelastic materials.
Natural rubber or silicone rubber comes under the category of hyperelastic material. The
stress-strain relationship for these types of material is highly non-linear and requires
strain energy density potential or function. For evaluating the large strain behavior of
these material, different hyperelastic material models are available such as Neo-
Hookean, Yeoh, Mooney-Rivlin, Polynomial, and the Ogden model.

For the analysis of modeled SPA, the Neo-Hookean, and the Ogden hyperelastic model
has been considered. The Neo-Hookean model is the simplest model that requires only
two parameters, that is shear behavior term, and compressibility term. If the term is non-
compressible then there is only one term (shear behavior) required for the strain energy
density function. The Ogden model is best for the soft materials subjected to the higher
volumetric strains.

For the study, the natural rubber has been considered from the literature [15] and the
strain energy density function for the Neo-Hookean and the Ogden model is given by
[16],

Neo-Hookean Model: The strain energy density function (W) is defined by,

— 1
W= C10(11 -3)+ D_l(]el - 1)2 (1)

Where [ is the first deviatoric strain invariant, D4, and C;, are the material constants,
and ], is the elastic volume ratio.

Ogden Model: The strain energy density function (W) is provided as,

2Wi (4= —aj —ay 1 i
wzzyzla—*i;(xl“ +A,+ A _3)+21N=1D_i(]el_1)21 (2)

Where y;, a;, N, and D; are the material constants, 7\]._ % are the deviatoric stretches, and
and J; is the elastic volume ratio.

The material constant for the Neo-Hookean and the Ogden model provided in the table
1.

Table 1. Material constants for the Neo-Hookean and the Ogden model

S.No. Hyperelastic Material Constants
Material Model
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1 Neo-Hookean Cyio = 2587.7 kPa,and D, =

0.0001

2 Ogden W, = 445.1 kPa, a; = —224.1,
and D; = 0.0001

U, = 3289.8 kPa, a, = 4375.3,
and D; = 0.0001

us = 2891.7 kPa, ay = —278.3,
and D; = 0.0001

(b)
Figure 4. Three different SPA models along with their meshing
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Figure 5. The boundary and loading condition for the SPAs

For the computation analysis the design software Abaqus has been considered. The IGES
file of the SPAs are imported into the Abaqus. The three-dimensional model is meshed
using the tetrahedral type element with hybrid formulation (figure 4). The total number
of elements for the single chamber SPA with rectangular cross-section, multi-chamber
SPA with square air chambers, and multi-chamber SPA with circular air chambers are
2098, 3358, and 3717, respectively. For the boundary condition, all the SPAs are
considered to be fixed at one side and other side is free to deform (figure 5).

4. Results and Discussion

The analysis is carried out using the finite element analysis (FEA) theory. The SPAs are
actuated with the pneumatic pressure of 32 kPa using the Neo-Hookean and the Ogden
hyperelastic model. Using the Neo-hookean model, the single chamber SPA with
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rectangular cross-section creates a bending of approximately 59 at 26 kPa (figure 7a).
Similarly, at 26 kPa, the multi-chamber SPA with square and circular air chambers
creates a bending of approximately 1700 and 1779, respectively (figure 6 b&c). The
bending created by the three different SPAs is shown in the figure 6.
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Figure 6. Bending of (a) single chamber SPA with rectangular cross-section, (b) multi-
chamber SPA with square air chambers, and (c) multi-chamber SPA with circular air
chambers at 32 kpa pneumatic pressure using the Neo-Hookean model.
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Figure 7. Bending of (a) single chamber SPA with rectangular cross-section, (b) multi-
chamber SPA with square air chambers, and (c) multi-chamber SPA with circular air
chambers at 32 kpa pneumatic pressure using the Ogden model.
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Similarly, Using the Ogden model, the single chamber SPA with rectangular cross-section
creates a bending of approximately 60 at 32 kPa (figure 7a). Similarly, at 32 kPa, the
multi-chamber SPA with square and circular air chambers creates a bending of
approximately 1759 and 1809, respectively (figure 7 b&c).

Table 2. Deformation and bending of the SPAs at 26 and 32 kPa pneumatic pressure
Actuating Pressure (32 kPa)

S. Type of SPA Neo-Hookean Model Ogden Model
No. Bending | Deformation | Bending | Deformation
) (mm) Q) (mm)

Single chamber
1 SPA (rectangular 5 18.8 6 23.3
cross-section)
Multi-chamber

2 SPA (square air 170 14.5 175 14.5
chambers)
Multi-chamber
3 SPA (circular air 177 14 180 13.8
chambers)

From figures 6&7, it can be observed that the SPA with a single chamber creates a very
low bending angle as compared to the SPAs with multiple chambers. This is due to the
radial expansion of the single chamber, also known as the ballooning effect. This radial
expansion is not able to create a high bending moment on the lower layer, thus, leading
to smaller bending. Whereas the presence of multiple air chambers separated by a small
gap between them eliminates the ballooning effect. The small gap allows the SPA to bend
easily and even create higher bending at low pneumatic pressures. However, SPA with
circular air chambers creates larger bending as compared to the SPA with a square air
chambers. This is because the SPA with square air chambers has different wall stiffness
(the top wall has low stiffness as compared to the side wall). Due to low stiffness, the top
wall suffers high expansion as compared to the side wall and creates a bending moment
on the lower layer. But in the case of SPA with circular air chambers, the top and side
wall has the same stiffness because of the same thickness. This led to the equal expansion
of the circular air chambers and develops a higher bending moment on the lower layer
as compared to the air chambers with the square air chambers.

5. Conclusion

The conducted study uses the FEA theory to evaluate the hyperelastic material model for
bending of the SPAs. The analysis results concluded that the SPA with multiple air
chambers creates higher bending angle as compare to the SPA with singe chamber under
similar boundary loading condition. However, the multiple chambers SPA with circular
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air chambers creates higher bending as compared to the multiple chambers SPA with
square air chambers under similar boundary and loading conditions. Moreover, the
Ogden model results are better than the Neo-Hookean results in terms of bending.

On the basis of FEA results, one can say that the Ogden model is better than the Neo-
Hookean model for analyzing SPA fabricated with natural rubber that are subjected to
the higher strains.
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