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EXPERIMENTAL AND FINITE ELEMENT STUDIES OF A SOFT
ROBOT FINGER MATERIAL - A CONTACT MECHANICS
APPROACH

Summary

A robot is a machine, especially a programmable one, which is capable of carrying out a
complex series of actions automatically, emulating certain human movements and functions.
Robotic applications are used worldwide to improve quality and to meet production
requirements. In this paper, a study has been made to develop a robot finger material which
enables a soft contact and withstands a high temperature. Two materials, the Viton® and the
silicone rubber are investigated. Experimental studies on these two materials are conducted to
estimate their tensile strength and hardness. Other parameters such as contact width and
percent elongation are also determined. The finite element software "ABAQUS" is used for
the determination of the Von-Mises stress, contact pressure and contact width at different
depths of indentation. In the robot finger design, the properties of the Viton® rubber are
observed to be superior to those of the silicone rubber material.
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1. Introduction

In industry, robots are used for carrying out multiple actions to help the man in a
planned manner. The arm of a robot is used in production for different purposes, such as
material handling, machine loading and unloading, welding, painting, and assembly. A
significant task of the end-effector is to grip and hold objects which are to be moved from one
place to another. Soft contact interaction is important in the robot end-effector design. The
end-effector has a number of fingers and joints with various degrees of freedom. These factors
provide different grasping abilities, like human finger grasping, for example [1]. The most
popular finger gripper is a two or a three finger gripper. A vital aspect that is expected of a
robot in object gripping is soft contact interaction. Different contact models are used to
analyse the object grasping in order to describe the transmission of force between an object
and the finger [2]. For linear elastic models, the first contact theory was developed in [3] and
then it was modified in [4].
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2. Literature Review

In 1875, Reuleaux started his work on robotic grasping. The first elastic-fingered robot
hand was developed in 1979 [5]. In the design of a robot hand, various developments, from
simple devices to most stylish multi-fingered Utah MIT hand, have taken place [6]. In the
finger - object contacts of multi-finger grasping, the elastic contact model is studied by
various approaches [7]. Rigid body models are inadequate for the dynamic analysis and
simulation of processes with multiple frictional contacts. In particular, two severe limitations
are demonstrated in this paper: (a) The lack of a suitable model for collisions and impacts; (b)
Incompatibility with empirical laws of friction such as Coulomb's law of friction [8]. The
theory of elastic membrane was developed by the liquid-filled membrane model for the
fingertip bulb. This model is helpful for the illustration of large strain deformations [9].
Communicating voids of the internal layer are sealed and hyper elastic models of the
continuous outer skin layer are filled with a viscous fluid [10]. The contact mechanics of soft
fingertip is studied by developing a contact model. The model is developed by the finite
element method. The results are then experimentally validated [11]. The robot finger in a
multi-layer structure model was studied and a simulation structure of the human finger
robotics was carried out [12]. A multi-layer structure model was considered and a simple
model was developed [13]. A type of a robotic finger that is very similar to the human finger
is a thin-layered robotic finger filled with fluids. A hyper-elastic, Viton" fluoroelastomer
finger model of a semi-cylindrical type, which is filled with a fluid, is to be designed and
various parameters, such as tensile strength, compressive strength, load carrying capacity, and
tear strength, are to be estimated to validate the material suitability [14]. A review of soft
materials for soft robot manipulation is carried out. Various soft materials, like polymer-
matrix composites and their fillers, are discussed in terms of their advantages and processing
methods [15]. The use of additive manufacturing (AM) for the design of a robot gripper for
food handling is presented. The AM actuator and grippers developed as a single part is
discussed [16]. For power grasping, a contact model of a robot soft finger is applied. A
nonlinear model of the soft finger is analysed and results concerning the contact surface with
respect to the contact angle are reported [17]. The design and fabrication process of a fully
integrated soft humanoid robotic hand with five fingers that integrate an embedded shape
memory alloy (SMA) actuator and a piezoelectric transducer (PZT) flexure sensor are
discussed [18]. The contact between a robotic or a prosthetic hand and the external world is
realised through the artificial skin. Tactile sensors are used for this study. These sensors are
normally embedded in soft, synthetic materials used for protecting the subsurface sensor from
damage or for establishing a better hand-to-object contact [19]. For robotic applications, a
skin like soft material is developed by blending different grades of silicone at 1:1 volume
fraction. Five different grades of pure silicone are also used for making skin-like soft
materials. The prepared materials are experimentally investigated. A tensile test is then
carried out and it is concluded that the tensile strength of 2.189 MPa is obtained while using
the Luperox 101 cross-linked silicone grade 10. This is the material that resembles closely
the human skin on the forearm [20]. SILASTIC P-1 Silicone, a hyper elastic material supplied
by Dow Corning” is considered for the development of a soft actuator. Uniaxial tensile testing
and compression testing according to the ASTM standards are conducted to determine its
mechanical properties. The mechanical properties of the selected material, such as ultimate
tensile strength, compressive strength, shear modulus, and non-linear material constants are
presented and used for the design and analysis of the soft actuator for a further study [21]. The
material exhibits softness comparable with that of biological tissue and can sustain very high
strain [22].
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3. Materials and Methods

Silicone rubber is considered as a finger material and tensile tests are conducted [16].
Other possible elastic materials which could replace silicone rubber are Viton" and Kalriz".
Viton® is economically the most suitable finger material. The silicone and Viton® rubber
specimens are shown in Fig. 1 (a) and (b), respectively.

Various properties, such as hardness, Young's modulus, thermal properties, tensile
strength and elongation (at break) of the silicone rubber and the Viton® fluoro elastomer have
been evaluated. Various contact parameters, such as contact width, contact pressure, and
equivalent stress are estimated in the simulation software 'ANSYS'.

Fig. 1 (a) Silicone rubber Fig. 1 (b) Viton® rubber

3.1 Hardness test

Hardness is defined as the ability of a material to resist plastic deformation, usually by
indentation. Figure 2 shows a hardness tester, Durometer. The hardness values of the Viton"
and silicone rubbers are determined and shown in Table 1.

Fig. 2 Durometer - the Shore hardness tester

Table 1 Hardness (S) value

Materials

Silicone rubber Viton® rubber
65 BHN 75 BHN

3.2 Young's modulus

Using the linear elastic indentation hardness, a relation between the ASTM D2240 hardness
and Young's modulus for elastomeric materials has been derived in [23] and in [24]. The
relationship is shown in equation (1)
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~0.0981(56+7.62336.5) 1)
0.137505(254 —2.54S5)
where,
E - Young's modulus in MPa.
S - Hardness.

The values of Young’s modulus of the Viton® and silicone rubbers are calculated from
equation (1). The calculated values are shown in Table 2.

Table 2 Young’s modulus values

Young’s modulus in MPa

Silicone rubber Viton® rubber
4.43 7.05

3.3 Thermal property

The thermal property (temperature) of the silicone and Viton® fluoro elastomer rubbers
is measured. Dynamic mechanical analysis is carried out to estimate the heat resistance
capacity of the silicone and Viton" rubbers and the result is shown in Table 3.

Table 3 Thermal Property

. Type of rubber
. No. Propert
5. No roperties Silicone | Viton®
1 Maximum service temperature / °C 285 312

3.4 Tensile strength and elongation

Tensile strength and elongation (at break) are estimated for the silicone and Viton®
fluoro elastomer rubbers and the results are shown in Table 4.

Table 4 Tensile strength and elongation

. Type of rubber
. No. Propert
5. No FOPEIHES Silicone Viton®
1 Tensile strength / N/mm? 5.20 8.46
2 Elongation (at break) 162.28 % | 203.68 %

From Tables 1, 2, 3 and 4, one can note that the properties of the Viton® rubber are
superior to those of the silicone rubber as far as the suitability for the robot finger is
concerned. Hence, the Viton® rubber is considered for further study.

3.5 Contact width

Contact width is the dimension measured in the indentation area. A10 mm diameter
indenter has made an impression in a flat rubber specimen. Loads of 50 N, 100 N, and 150 N
(from the catalogue) are considered for an experiment in the hardness testing machine. The
indentation diameters (contact width) are marked and then measured by means of a
microscope. Table 5 shows the contact width dimensions estimated in the experiment.

Table 5 Contact width

Grasping force / N 50 100 150
Contact width / mm 3.80 | 459 | 5.25
Depth of indentation / mm 4 7 9.5
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3.6 Finite element analysis

The main objective of the present study is to determine the contact phenomena between
the robot finger (Viton® rubber) and a spherical object (ball) for a single asperity contact
under loading conditions. The finite element analysis of the contact parameters is carried out
by the ABAQUS software. The analysis is done under an axisymmetric condition. The
assumption made in the study is that the robot fingers are in contact with the spherical object.
A quarter sphere and a flat model are considered for the simulation study [25]. Figure 3 shows
the finite element model used in the present study. The element type CAX4R is considered in
the study. The boundary condition considered for the analysis is that the radial direction
movements of the symmetric axis nodes are constrained, the bottom of the flat is fixed and the
reference point (RP) is chosen at the centre of the sphere. The contact formulation has been
made as a frictionless contact model.

KRP

Fig. 3 Finite element model

Fig. 4 Finite element meshed model

Figure 4 shows the finite element meshed model of a sphere and a flat model. The fine
mesh is carried out in the top and the left edge of the flat plate. The sphere of 10 mm in
diameter and a total number of 5150 elements is considered for the analysis. Various depths
of indentation, i.e. 4, 7, and 9.5 mm, for the loads of 50, 100, and 150 N, respectively, are
analysed. The values of loads have been chosen according to the forces chosen to measure the
contact width. The displacement (4, 7, 9.5 mm) is given for the sphere that has penetrated the
flat plate. The Von-Mises stress and contact pressure are estimated for the silicone and Viton®
rubbers in contact with a steel sphere.
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Fig. 5 (a) Von-Mises stress - 4mm displacement of the sphere
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Fig. 5 (b) Von-Mises stress - 7mm displacement of the sphere
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Fig. 5 (¢) Von-Mises stress - 9.5mm displacement of the sphere

For different depths of indentation, the Von-Mises stress developed in the flat plate
(Viton" rubber) is shown in Fig. 5(a), (b), and (c). A point where the flat plate comes in
contact with the sphere exhibits maximum stress. The increment in the stress value is noted as
the depth of indentation increases.
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Fig. 6 (a) Contact pressure - 4mm displacement of the sphere
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Fig. 6 (b) Contact pressure - 7mm displacement of the sphere
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Fig. 6 (¢) Contact pressure - 9.5mm displacement of the sphere

For different depths of indentation, the development of contact pressure between the
sphere and the flat plate (Viton® rubber) is shown in Fig. 6(a), (b), and (c). A point where the
flat plate comes in contact with the sphere exhibits maximum contact pressure. The increment
in the contact pressure value is noted with an increase in the depth of indentation.

4. Results and discussion

The values of tensile strength, hardness, elongation (at break), Young’s modulus, Von-
Mises stress, and contact pressure and width are determined by simulation and experimental
studies. This study is carried out to identify the suitability of the material for the robot finger
with the capability of soft handling and also of withstanding higher temperatures.
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The contact width for different loads has been estimated in the simulation study. The
results are shown in Table 6. It is observed that the percent deviation of the contact width in
the simulation study of displacements of sphere of 4, 7, and 9.5mm and that in the
experimental study is less than 6.5%. Hence, it is shown that the simulation results are within
the acceptable values.

Table 6 Simulation and experimental results - Contact width

SL. . Contact width / mm o
F f /N % D t
No. orce of grasping Experimental | Simulation o Leviation
1 50 3.89 4.15 6.26
2 100 4.59 4.70 2.34
3 150 5.25 5.45 3.67
56
5.4-
52
. 50
I J
E 48
g 46
g 24
8 42
4_0_. —&— Simulation
] —e— Experimental
3.8

4 5 6 7 8 9 10
Depth of Indentation (mm)

Fig. 7 Depth of indentation vs contact width

Figure 7 shows the relationship between the depth of indentation and the contact width
in the experimental and the simulation study. It is observed that the depth of indentation
gradually increased the contact width (the contact area between the finger and the object
being held by the robot). It is shown that the Viton" rubber has the capability of increasing the
force and of transmitting the required force to the finger to hold the object. In nature, this
material shows a nonlinear behaviour if the load is continuously applied to the material.
Hence, the material shows a non-linear behaviour.

Table 7 Results of experimental work

- TR
S. No. Properties Srﬁi;;);e \rfll‘tt)(k))relr
1 Hardness 65 75
2 Tensile strength / N/mm?® 5.20 8.46
3 Elongation (at break), % 162.28 203.68

Better mechanical properties are observed in the Viton® rubber than in the silicone
rubber, as shown in Table 7. Thus, the Viton® rubber is considered for further studies. Then,
simulation is done to study the Von-Mises stress, contact pressure, and contact width.
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Table 8 Results - simulation

S. No. | Depth of indentation / mm | Contact pressure / N/m* | Von-Mises stress / N/m”

1 4 8.473 x 10° 5.331 x 10*
2 7 1.773 x 10° 1.116 x 10°
3 9.5 2.542x 10° 1.600 x 10°

For the model of the robot finger holding an object with different depths of indentation,
the values of the Von-Mises stress and contact pressure are given in Table 8. The increments
in the values of the Von-Mises stress and contact pressure are observed when there is an
increment in the indentation depth. The validation of the developed model for the object and
the robot finger is done using the results obtained by simulation.

5. Conclusion

The present study has been carried out in order to select a soft material for the robot
finger, which would be capable of withstanding high temperatures. The materials considered
in the present study are the Viton" and the silicone rubber. The experimental study is carried
out for both materials. The properties considered for estimation are percent elongation (at
break), tensile strength, contact width, and hardness. The finite element analysis software
"ABAQUS" is used for the simulation study. The contact parameters, i.e. Von-Mises stress,
contact width and contact pressure between the sphere and the flat plate, are estimated in the
simulation using different depths of indentation. The experimental results show that the
Viton® rubber is better for the design of the robot finger because this material is soft in nature
and can withstand higher temperatures than the silicone rubber. Thus, in order to avoid
damage while handling objects, the Viton® rubber will be used for the robot finger as it
enables the gentle handling of the object.
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