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IN THIS STUDY, THREE DIFFERENT SOFT PNEUMATIC ACTUATORS (SPA) are de-
signed and directly fabricated through additive manufacturing using thermoplastic
polyurethane (TPU) filaments. The equal total inner volume size is used in the three
varied designs to compare their effect on the bending response. A material model
is selected and implemented according to the uniaxial tensile test parameters. The
experimental results obtained from three different soft pneumatic actuators are com-
pared with numerical model results. Especially, the experimentally measured bending
forces are compared with the numerical model counterparts. The highest continuous
bending deformation is determined among the three different soft pneumatic actua-
tors. Additionally, a new integrated design and manufacturing approach is presented
alming to maximize the potential bending capability of the actuator through additive
manufacturing.

Key words: thermoplastic elastomers, bending response, soft robotics actuator, ad-

ditive manufacturing, hyperelastic material models.
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1. Introduction

THE ELASTOMERIC MATERIALS BASED SOFT INFLATABLE ACTUATORS change
dramatically the mechanism and structure of the robotics systems [1]. The hy-
perelastic characteristics of the materials provides the large deformation under
loading. Upon unloading, the elastomeric materials revert back to the initial
shape with a minimum permanent deformation. Their flexible structures pro-
vide a high degree of freedom with a lightweight mechanism compared to the
rigid components. These types of soft robotics systems are started to be used
in many fields, such as biomedical and industrial areas. They are mainly used
for the rehabilitation purposes in the biomedical field [2]. Alternatively, they
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are assembled with the industrial manipulators for grasping delicate or complex
objects in industry [3-5].

Many soft robotics systems are manufactured using a conventional casting
process. The mold which is printed using fused deposition modelling (FDM) is
commonly used in manufacturing of the soft robotics components [4-8|. However,
the difficulties of the complex mold design, the inconsistent feature of the casting
process, the multiple production steps are the main drawbacks of the casting
based soft robotics systems. Thus, the additive manufacturing technique replaced
the casting technique to fabricate directly the soft components. The additive
manufacturing process enables to have a complex soft robotics actuator design
with a high precision [9-11]. In addition, the additive manufacturing process can
integrate design and manufacturing approach to build new actuators, such as
artificial muscles [12, 13|, biologically inspired robots [14] and lightweight soft
robots [15].

Most of the soft pneumatics actuators (SPA) are actuated using the pres-
surized fluid flow by inflating the flexible chambers. The main advantage of the
soft inflatable actuator system is the establishment of the equally distributed
forces on the surface of the varied geometrical chamber shapes. Additionally,
the soft pneumatics actuators have cost effective maintenance and replacements
compared to the other fluidic systems [10]. Their bending motion performance
are dependent on the material property, the asymmetric structural design and
the applied pressure value [11]. The asymmetry in design plays an important role
to achieve the desired bending motion [16, 17]. It can be classified into two types
which are geometry and material based asymmetry. The details of the actuation
type for bending of the soft pneumatic actuators are depicted in Fig. 1.

Asymmetry types for bending of soft pneumatic actuators

Geometry based asymmetry ‘ ‘ Material based asymmetry ‘

Geometrically gradient || Eccentric void || Compositionally gradient || Multimaterial
asymmetry asymmetry asymmetry asymmetry

Fia. 1. Types of asymmetry for bending response of soft pneumatic actuators.

Soft robots have two major characteristics which are continuum body motion
and large-scale deformation. The asymmetric shell pattern design with fixed-end
boundary conditions provides the required bending motion with large-scale de-
formation. Compared to the other asymmetry types, the geometrically gradient
asymmetry is mainly used for achieving the maximum bending motion |9, 10].
Most of the soft robotics actuators are made of materials with hyperelastic
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characteristics which allow large-scale deformation. The stress-strain relation-
ship of these materials can be defined by means of strain energy function. The
strain energy function can be stated in terms of strain invariants which is also
a function of principal stretch ratios [18]. Herrmann and coworkers [19, 20| made
the calculation of displacement through the variational theorem for the nearly-
incompressible elastomeric material.

The effect of the geometrical design on the bending motion should be sys-
tematically analyzed to specify the performance of the soft pneumatics systems.
In this study, the effect of geometrically gradient asymmetry is investigated us-
ing equal total inner volume sized three different soft robotics actuators. The
experimental results and model predictions are analyzed to compare maximum
bending deformation for each manufactured actuator.

2. Materials, manufacturing process and design

Thermoplastic polyurethane (TPU) filaments with the diameter of 1.75 mm
are used for the additive manufacturing of the soft robotics actuator. A system-
atic flowchart which is depicted in Fig. 2 is followed for the actuator manufac-
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for numerical model Model
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Fi1Gc. 2. Schematic of manufacturing process for the developed soft pneumatic actuator
prototype.
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turing process. The determination of the material parameters for a numerical
model is obtained through the tensile tests which is explained in the following
subsection.

2.1. Experiments to determine material parameters for numerical model

The uniaxial tensile tests are conducted using TPU dog-bone samples. The
tensile test results are used to generate the material parameters of the numerical
model. The dog-bone samples of the uniaxial tensile tests are prepared according
to the ISO 37-2011 standard. The loading rate of 200 mm/min is applied to
conduct the tensile tests. Young’s Modulus and Shore A hardness values were
obtained as 8 MPa and 94A from the experimental results. The numerical model
is designed using the experimental result of the tensile test of the TPU dog-bone
samples.

2.2. Numerical model establishment

In order to create material models for numerical analysis, the strain and stress
values which were obtained from the uniaxial tensile test were used as an input
in Marc Mentat (MSC Software Corporation) experimental data fit tool. Three
different hyperelastic material models which are neo-Hookean model, Mooney—
Rivlin model and Ogden model were used for predicting the nonlinear stress-
strain behavior of a material. The parameter values for hyperelastic material
models are shown in Table 1. The strain energy function of a hyperelastic mate-
rial model for the neo-Hookean model is shown in Eq. (2.1). The strain energy
function of a hyperelastic material model for the Mooney—Rivlin model is shown
in Eq. (2.2). The strain energy function of a hyperelastic material model for the
Ogden model is shown in Eq. (2.3). In the equations, the parameters of Iy, Iy
are the strain invariants. The parameters of A\T*, A\g*, A\3* and are the principal
stretch ratios for the Ogden model.

(21> Wneo—Hookeanmodel = CIO : (Il - 3)7
WMooneyfRivlinmodel = ClO : (Il - 3) + COI : (I2 - 3),

N
(23) WOgdenmodel = Z 27112 . ()\(1)% + )\gk + )\glC — 3)
k=1

The material specific constants that can be seen in Table 1 were derived
using experimental data fit tool. The Finite Element Model (FEM) of a dog-
bone specimen was created to select the convenient material model. The FEM
for this analysis consists of 74750 eight-noded hexahedral elements (HEXS). All
elements are of type 84 with full integration formulation. Type 84 elements are
eight-node isoparametric elements with an additional node for the pressure. The
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pressure is assumed constant throughout the element. This type of elements
support incompressibility, which is needed in the hyperelastic material behavior.
The front view of a FEM of dog-bone specimen is shown in Fig. 3.

140 —
—— Experimental data y
120 4 ---- neo-Hookean material model T_.
- = = Mooney-Rivlin material model ] 2o X _
100 -| ---- Ogden material model J
o 80
£
[0} e
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Fi1G. 3. True stress versus true strain plots for the uniaxial tensile test, the hyperelastic

material models and related tensile test specimen.

FEM analyses were run for each material model. The true strain versus true
stress plots for the node which is located in the middle of a dog-bone specimen
are used for the comparison. The model results shown in Fig. 3 revealed that
the Ogden hyperelastic constitutive material model converges with the uniaxial

Table 1. Parameter values for hyperelastic material models.

Hyperelastic material model types

Parameters neo-Hookean | Mooney—Rivlin
Ogden model
model model

Co1, Cio: Material specific constants - 1.64745 0.930759,
derived from experimental data ’ 1.99405
K: Bulk modulus 30063.9 16474.5 29248.1
LSE: Least square error 0.0729091 0.698497 0.214687
N: Number of terms selected to create 9 o o
the material model
1k Material specific moduli derived 0.0334692, o o
from experimental data 4362.65
ay: Material specific exponents derived 4.36501, - -
from experimental data 0.00272299
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tensile test results more convenient than the other hyperelastic models. Hence,
this constitutive model is selected as a convenient material model for the FEM
analysis of the soft actuator structures.

30
—— Uniaxial
---- Biaxial .
25~ _. Plannar shear o
— Si ,“ ,
imple shear o
20 —
@
o
Z 15|
[23
(72}
.
» 10
5 —
0 —

0 100 200 300 400 500 600
Strain (%)

Fic. 4. Engineering stress versus engineering strain responses for the Ogden material model.

Uniaxial, biaxial, planar shear and simple shear behaviors of the Ogden con-
stitutive material model are shown in Fig. 4. A number of terms taken into
consideration (N) is 2. Moduli are p; = 0.0334692 MPa and po = 4362.65 MPa
and exponents are a; = 4.36501 and as = 0.00272299.

2.3. The 3D CAD design of the actuator

The three varied designs with an equal total inner volume value of the cham-
ber size is used for the experimental setup to have pneumatically equivalent
systems for comparison purposes. The soft robotics actuator with three differ-
ent trapezoidal geometries are designed as shown in Fig. 5. The soft actuators
with the taper angle of 8.3°, 0° and —8.3° are used in the designs. The total
chamber size volume for each of the designs is measured as 8.89 cm?®. The actua-
tors having 0°, 8.3° and —8.3° are called SPA-1, SPA-2 and SPA-3, respectively.
The developed designs are used to fabricate soft pneumatic actuator prototypes
through the FDM process. The same fused deposition manufacturing parameters
are selected during fabrication. An equal pneumatic pressure value in the range
of 0.1 MPa—0.5 MPa are applied for the bending performance comparison.

The bending motion for the soft actuator structure is emerged from the geo-
metrically asymmetric design concept. The bending of a soft pneumatic actuator
occurs through expanding of the top and stretching the walls of the chamber as
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shown in Fig. 6. The actuator chambers are filled with pressurized air. The
inflation of the flexible inner chambers causes the bending motion of the soft
actuator. Each soft actuator consists of the extensible and inextensible layers.

Fi1G. 5. Soft robotics actuator designs with three different trapezoidal geometries.

SPA-1

SPA-2

SPA-3

Fi1G. 6. The cross-sectional area view of the SPA-1, SPA-2 and SPA-3.
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The extensible layer provides the bending of the soft actuator. The change in
the chamber volume size defines the time interval for reaching the maximum
bending angle. The extensible layers cause the bending motion by applying force
against each other.

2.4. FEM analysis

Numerical models of the SPA structures were built using Marc Mentat (MSC
Software Corporation). Details of finite element models are given in Table 2. In
order to mesh the structure of the actuators, eight-node hexahedral elements
(HEXS) are used. After conducting the mesh convergence, an average element
length of 1 mm is determined. Additionally, type 84 with full integration of the
Herrmann element is selected as the element type.

Table 2. Details of FEM.

Number of elements Number of nodes
SPA-1 54649 74810
SPA-2 57917 78846
SPA-3 57783 78572

The nodes located on the outer surface of base of the actuators are con-
strained in all directions to satisfy the fixed-end boundary conditions. The sur-
faces of the elements that are exposed to pressure are defined as a cavity. A cavity
pressure having the maximum value of 0.5 MPa is defined as a ramp input to
simulate pneumatic pressure from 0.1 to 0.5 MPa. The large strain and large de-
formation formulation is used for a nonlinear procedure. The follower force option
for a pressure load in Marc is activated to simulate cavity pressure accurately.
The cavities of SPA-1, SPA-2 and SPA-3 are shown through the cross-sectional
area view in Fig. 6. Each actuator is defined as a deformable contact body. The
friction coefficient for the self-contact condition is defined as 0.5.

2.5. Experimental setup with corresponding numerical design

To compare the experimental system with the equivalent numerical model,
the numerical model is established as similar to the experimental setup. In order
to compare the free-expansion behavior of the actuator structures, the FEM of
each SPA are prepared and run as in the experimental system. In these analyses,
the bending deformation of SPAs with respect to the cavity pressure is received
as an output in order to compare with the free expansion experimental results.
Afterwards, a geometrical surface, defined as a rigid body, is located 25 mm
away from the tip of the SPAs in z direction to measure the bending forces. For
each SPA, this analysis configuration is set and the contact body force between
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a rigid surface and SPA with respect to the cavity pressure is taken as an output
in Marc Mentat (MSC Software Corporation).

Fi1c. 7. Experimental setup and corresponding numerical design with boundary condition for
the applied force measurements of the SPA-1.

A load-cell is used to measure the experimental bending force received from
the soft inflatable actuator as shown in Fig. 7. The pneumatic fluid pressure
is applied into the numerical model to analyze the bending response of three
different actuators for comparison purposes.

3. Experimental and numerical results

The experimental results which are obtained from the experimental setup are
investigated based on the bending displacement and the bending force for the
three SPA designs. The numerical results which are generated by finite-element
modelling are compared with the experimental results.

To observe the comparison of the bending displacements, the experimental
and numerical results are placed in Fig. 8. Each bending curve and bending
displacement are obtained from the applied pressures of 0.1, 0.3 and 0.5 MPa.
The increase of the value of the applied pressure causes the gradual increase in
the bending motion and displacement.

Considering the combined results presented in Fig. 8, a number of remarks
can be obtained as follows. Both experimental measurements and model predic-
tions indicate that the SPA-2 shows the highest bending deformation compared
to the SPA-1 and SPA-3 designs. In particular, the bending deformation increases
gradually by the value of pressure which are 0.1, 0.3 and 0.5 MPa.

The contact force of the actuator is measured using a load-cell as a rigid
surface. Experimental results and model predictions for bending forces are shown
in Fig. 9. The maximum contact force between the actuator and the surface,
which is called as the bending force, is the highest for SPA-2 compared to the
SPA-1 and SPA-3. Particularly, the force exerted by SPA-2 is 30% and 89%
higher than SPA-1 and SPA-3, respectively.
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Fia. 8. Comparison of the bending deformation of experimental results and model
predictions.

The bending deformation obtained from the experimental results and the
model predictions for the chamber pressure of 0.1 MPa-0.5 MPa are shown
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Fic. 9. Pressure vs applied force plots extracted from experimental and corresponding
numerical results for each soft actuator design.
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Fi1c. 10. Cauchy (true) stress values of SPA-2 from 0 to 0.5 MPa.

in Fig. 8. The maximum bending force occurs in SPA-2 design as it is seen
in Fig. 9. The finite element analysis of SPA-2 with details of Cauchy stress
values is described from 0 to 0.5 MPa in Fig. 10.
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4. Discussion

The geometrically gradient chamber design for the bending of a soft robotic
actuator is thoroughly investigated here. The desired bending can be achieved
by the structural asymmetricity in the design. This geometry based asymmetric
structure is conceived by the systematic design process of the actuator to ob-
tain dedicated bending actuation. Other than the geometry based asymmetry,
the material based asymmetry is also used for the soft robotic actuator in the
literature [21].

Considering the bending response of the soft pneumatic actuator structures,
the SPA-2 showed the highest bending response compared to the other designs.
This result is compatible with the bio-mimicking concept if the elephant nose is
observed. It is clear that the elephant’s trunk-inspired the design of a cylindrical
diameter which gradually reduces through the trunk-tip, similar to the SPA-2
design [22|. The free-end geometry of the SPA-2 design is the smallest among
the SPA designs. It is preferred due to the potential easy-access capability in
narrow and tight workspaces.

The majority of the soft robotic actuator applications are designed using the
casting technique. The casting technique uses the silicone as a material which is
convenient for the mass production. The high bending response can be obtained
from the casting based soft actuators. The Ecoflex 30 material with Shore hard-
ness of 30A is commonly used for soft actuator [3]. UDUPA et al. [7] studied
the soft actuator made of silicone materials which applies the maximum force
of 0.17 N under the pressure value of 180 kPa. However, the applied bending
force is higher in TPU based additively manufactured soft actuator compared
to the casting processed soft actuator. In the experimental results of this study,
the maximum applied bending force is measured as 12 N for the TPU based
additively manufactured soft actuator.

In model prediction, different material models were developed to obtain max-
imum consistency with experimental results. For instance, the Ogden material
model result matches with the experimental result conducted by KuT et al. [23].
They revealed that the Ogden material model gives the closest result to the
experimental counterpart for the bending motion. In this respect, the Ogden
material model predicted coherently the bending motion of the manufactured
soft robotics actuator structure compared to the other material model predic-
tions in this study.

5. Conclusions

In this paper, the effect of geometrical asymmetry on the bending response
of the three different soft pneumatic actuators is examined using experimental
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and numerical analyses. Each of the soft inflatable actuator has been designed
and fabricated with an equal total inner volume size. Among the hyperelastic
material models, the Ogden model uses the principal stretches to predict large
deformations. The Ogden constitutive model was determined as a convenient
constitutive material model for the mechanics of hyperelastic material based
structures. The following conclusions were made for the experimental results
and numerical counterparts.

A significant difference in bending responses was observed for the designs of
SPA-1, SPA-2 and SPA-3. The SPA-2 is the most convenient design for satisfying
the high force requirement of 12 N.

Both the experimental results and numerical model prediction of the pneu-
matic soft actuator demonstrated similar bending responses under the equally
applied inner pressure values of 0.1-0.5 MPa.

A greatest bending response was obtained on the tip of the SPA-2 design in
both experimental and modeling results.

Additionally, SPA-2 is the most convenient soft robotic actuator design to
manipulate in a small working space, such as minimally invasive surgeries.
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