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ABSTRACT: The ability to achieve sufficient grasping force while maintaining conformal contact with objects is
highly attractive for bio-inspired flexible robotic hands and grippers. In this paper, a flexible robotic hand design is
developed inspired by the human hand, where the fingers have an embedded rigid phalanx wrapped in soft silicone
rubber materials. A rigid-soft numerical model is developed to investigate the static contact behavior of a fingertip
with a rigid flat using finite element (FE) analysis. The Ogden constitutive model is adopted to characterize the hyper-
elastic behavior of the silicone rubber material and its parameters are determined by uniaxial tensile and compression
experiments. The FE numerical model is validated against experimental contact radius measurements, indicating that
the classical Hertz contact theory becomes inadequate for large-deformation rigid-soft contact, and the presence of an
internal rigid core has a great impact on the contact behavior. It is observed that when the normal force is small, the
maximum stresses occur near the contact area. As the normal force increases, the location of the maximum stresses
gradually migrates to the interface between the soft tissue and the rigid bone, indicating that the interfacial stress
should be considered in the fingertip design. A parametric study is further conducted to systematically evaluate the
effects of contact angle, friction coeflicient, and rigid bone size on the contact force-deformation relationship and the
resulting stress distribution along the rigid-soft interface. The simulations show that, within a certain parameter range,
the contact angle and the friction coefficient slightly affect the interfacial stress distribution, while the structural size
has a significant effect. The interfacial stresses exhibit a U-shaped dependence on the rigid bone size, with optimal
stress minimization achieved at a bone-to-fingertip radius ratio between 3/8 and 1/2 for the present rigid flat contact
configuration. These findings provide novel insights into the fingertip contact behavior and can further inspire the
design of the flexible manipulators.

KEYWORDS: Soft fingertip; rigid-soft model; contact analysis; finite element analysis; experimental validation

1 Introduction

With the development of advanced materials and robotics technology, bioinspired manipula-
tors/grippers have attracted widespread attention. Conventional rigid grippers can easily achieve high
output force, stability, and control accuracy; however, their inherent high stiffness also severely limits their
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compliance and makes it more difficult for them to perform various soft interactions. The rigid-soft or soft-
rigid coupling strategy, which combines rigid and soft materials/structures in a complementary manner, is
a promising way to overcome these limitations and achieve a relatively high grasping performance [1-3]. It
can combine the advantages of rigid and soft parts: the rigid parts provide stiffness and controllability, while
the soft parts provide compliance and adaptability. An example is the rigid-soft manipulators inspired by
the human hands and fingertips, where a soft fingertip or soft pad is attached to a traditional rigid gripper
to achieve compliance and interaction capability, while the advantages of rigid grippers can also be well
inherited. Some representative fingertip designs include: (1) hemi-spherical soft fingertips involving contact
with flat [4-7] or curved surface [8-10]; and (2) rigid-soft fingertips featuring a soft layer over an internal rigid
core, with research addressing soft pad patterns [11-14], soft layer thickness [15-18], and contact or grasping
behavior [19-21]. The rigid-soft fingertip design is more similar to the human fingertip, where the external
soft layer resembles the soft tissue and skin, and the internal rigid core reproduces the phalangeal bone.

As the soft part of the fingertip tends to undergo large deformations and exhibit nonlinear mechanical
characteristics, the contact behavior of soft fingertips is more complicated [22]. Tatara [23] proved that the
classical Hertz contact model is suitable only for linear materials, and that the soft fingertip contacts cannot
be treated the same way as linear elastic contacts. Xydas et al. [24,25] derived a power-law theory reflecting
the nonlinear contact behavior of the hemispherical soft fingers through experiments and finite element
(FE) analysis, where the nonlinear contact is characterized by a force-radius relationship. Venkatesh Raja
and Malayalamurthi [5] compared seven popular hyper-elastic nonlinear material models in the contact
modeling and analysis of the hemispherical soft fingertip, and revealed that the Ogden and Neo-Hookean
models are more suitable for representing the hyper-elastic material behavior. For the soft fingertip with an
internal rigid core, i.e., the rigid-soft fingertip, Tiezzi et al. [15,19,26] tested fingertips with three differently
sized cores and showed the impact of the thickness of the compliant layer using the power law model
and exponential model. Raja and Malayalamurthi [17,18] also modelled soft fingertips with an inner rigid
core using the FE method and conducted contact simulations with the Ogden model to investigate the
influence of the rigid core in the soft hemispherical fingertip. It was found that the power-law theory
proposed in [25] becomes invalid. Moreover, soft fingertips with an inner core are preferable to entirely
soft ones, as they maintain a balanced relationship between the area of contact, conformal nature, and
grasping stability. Further designs and optimizations for the soft layer with an internal rigid core have been
conducted in [11-13] using the FE analyses and experimental tests, with the aim of achieving the desired
compliance properties for soft contact that replicate those of human fingers. Although significant progress
has been made in understanding the complex contact behavior of soft fingertips, existing knowledge remains
insufficient for practical applications. Two main gaps are identified: (1) Most studies have focused on contact
deformation under normal loads, while the effect of varying contact angles between the soft fingertip and
the reference object has not been well considered, which is a more common case in practical applications.
(2) Few investigations have focused on the stress distribution in the soft fingertips, particularly for the rigid-
soft fingertips under different contact angles, friction coeflicients, and soft layer thickness, which could be
essential for the fingertip design based on the strength criterion. To address these gaps, this study aims to
develop an experimentally validated FE model of a rigid-soft fingertip and to further investigate the influence
of contact angle, friction coefficient, and structural dimensions on load capacity and stress distribution.
Emphasis is placed on stress distribution from the perspective of strength criteria, and a potentially favorable
structural design will be recommended based on the findings.
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Specifically, this paper investigates the static contact behavior of a rigid-soft coupled fingertip intended
for bioinspired manipulators. A corresponding FE model by the software Abaqus is developed for contact
analysis, and its effectiveness and reliability are validated through contact experiments. The study further
reveals the influence of different contact angles, friction coefficients, and structural sizes on the load capacity
and stress distribution of the rigid-soft fingertip during flat contact. Based on the contact analysis, discussions
and conclusions are provided to support the development of artificial flexible manipulators.

This study makes the following novel contributions: (1) Developing and experimentally validating a
rigid-soft FE model of the fingertip; (2) Investigating the effects of contact angle, friction coefficient, and
soft layer thickness on fingertip stress distribution in contact with a rigid flat surface; (3) Conducting
a combined parametric study to evaluate how these factors jointly influence load capacity and stress
concentration; (4) Identifying a potentially favorable structural size design (e.g., bone-to-fingertip radius
ratio) for bioinspired manipulators.

2 A FE Model with Experimental Validation for the Rigid-Soft Fingertip Contact

The development of a reliable numerical model is essential for capturing the nonlinear deformation
characteristics of the soft fingertip contact. This section first describes the structural design of the bioinspired
rigid-soft fingertip. Then, a FE model with experimental validation is presented for analyzing the contact
behavior of the fingertip.

2.1 A Bioinspired Rigid-Soft Fingertip for Manipulators with Soft Contact Capability

A human-hand-inspired rigid-soft fingertip design is shown in Fig. 1. The fingertip is composed of
two parts: an internal rigid part, serving as the phalanx and bone, and an external soft part, serving as the
finger skin and subcutaneous tissue. The rigid ‘bone’ is covered by soft ‘tissues, where the rigid bones can
provide sufficient grasping capacity and the soft tissues can touch objects smoothly, like an actual finger
during grasping. Therefore, by controlling the movement of the bones as the usual rigid manipulators, the
manipulator with soft tissues can adapt to complex objects similarly to human hands. The tip of the fingertip
and the end of the bone are simplified as hemispheres, while the rest of the soft pad and the bone body
of the fingertip are simplified as cylinders. The outer diameter is set to be R = 8.0 mm, which is inspired
by an average male’s index fingertip [27]. The material selection of the rigid bone can refer to the usual
rigid grippers, and the steel material is considered in the present study. There could be many candidates for
the soft tissues, see Ref. [22], and impact force attenuation, conformability, and repetitive strain dissipation
should generally be considered. The silicone rubber is adopted in the present study as it possesses outstanding
properties at low and high temperatures, thermal and oxidative stability. Besides, the silicone rubber is
exceptionally pure and is also suitable for use in the food and medical industries. Furthermore, the soft part
and the rigid part are ideally coupled together through adhesive connections with a binder [1]. To evaluate
the soft contact behavior of the fingertip and the proper size ratio of rigid/soft parts, the contact behavior of
the fingertip is further investigated through developing an FE-based model in the following. A representative
fixed rigid flat plate is considered as a simplified object’s surface. The radius of the bone and the contact
angle are expressed as r and 0, respectively. A large r indicates a small thickness of the soft part, and 6 means
various contact geometries.

2.2 Material Model and Parameters

The material parameters of the steel for the rigid bone are Young’s modulus of 210 GPa and Poisson’s
ratio of 0.3. The silicone rubber for the soft tissue shows a nonlinear material behavior in large deformation
during the contact process. The hyper-elastic material model [28] is used for the silicone rubber, and the
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material constitutive parameters are determined by the standard uniaxial tensile and compressive tests, where
the compressive test is equivalent to the biaxial tensile test if the material is incompressible. The Ogden
hyper-elastic material model [29] is adopted, which is defined by a function of strain energy:

N2i To T T N 1 i
U:Z“—[é(kl +A, + A, _3)+Z;E(]_1)2 (1)

=1

where Xi are the deviatoric principal stretches Xi = J7Y3);; A, are the principal stretches; J is the relative
volume ratio; the number of terms in the summation, N, determines the order of the Ogden model, e.g., first-
order Ogden at N =1; and y;, «; and D; are material parameters. For the incompressible material, D; = 0,
and the second term is vanished as J = 1. If no value is given for the material compressibility in the hyper-
elastic model, a default set of Ko/ o = 20 corresponding to Poisson’s ratio of 0.475 can be used for the silicone
rubber in software Abaqus. It is often used to approximate incompressible behavior while keeping the model
computationally stable. Then, the initial shear modulus g, and bulk modulus K for the Ogden form are
given by
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Figure 1: A bioinspired manipulator with rigid-soft fingertips and contacting the rigid flat surface.

Moreover, the viscosity is omitted as the simulation is considered quasi-static. Fig. 2 presents the uni-
axial results of nominal stress vs. nominal strain, obtained from standard uniaxial tension and compression
tests on typical specimens. The compression tests were conducted on cylindrical specimens (length 35 mm,
radius 16 mm) at a loading speed of 5 mm/min. A loading speed of 50 mm/min was also tested for SampleC5,
and the almost identical results indicate that the silicone rubber is rate-independent over the present loading
rates (or strain rates). The tension tests were performed at 50 mm/min for greater testing efficiency. As the
cross-sectional area of the tension sample outside the gauge length is nonuniform, the true strain rate is lower.
The average results are obtained by first four specimens for each test condition. It is convenient that Abaqus
can directly use the experimental data to define a hyper-elastic model for further simulation. Moreover,
several typical hyper-elastic models can be explicitly fitted to the experimental data. Among them, the third-
order Ogden model (Ogden_N3) shows better performance than lower-order Ogden models as well as other
models such as the Neo-Hookean and Yeoh models. The parameters of the third-order Ogden model are
presented in Table 1. Furthermore, FE simulations by software Abaqus with the C3D8RH element and the
Ogden model for the uniaxial tension and compression specimens are performed, respectively. The results
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compared in Fig. 2c indicate that the FE model is sufficiently accurate, which guarantees the accuracy in
simulating large deformation of the soft tissue of the fingertip.

Table 1: Hyper-elastic constants of the silicone rubber for soft tissue.
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Figure 2: The uniaxial behavior of the silicone rubber: (a) The uniaxial compression tests; (b) The uniaxial tension
tests; (c) The hyper-elastic material models based on the average uniaxial results.
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2.3 Rigid-Soft Fingertip FE Modeling

The rigid-soft fingertip is further modeled by the FE software Abaqus to analyze the contact behavior.
As the geometry, loading, and boundary conditions of the fingertip are symmetric, only half of the fingertip
is modeled. The soft tissue is meshed by the C3D8RH element, which can simulate the nonlinear elastic
behavior of hyper-elastic materials effectively, and the rigid bone is meshed by the C3D4 element, where a
discrete rigid body model can also be used to improve simulation efficiency, as the bone undergoes negligible
deformation. The mesh of the rigid bone is refined near the interface to match the mesh of soft tissue, and
their interaction is set as a “Tie’ type in Abaqus. The interface between the fingertip and the flat is seeded
with a fine mesh to provide enough resolution. Finally, a whole fingertip contact FE mesh model is illustrated
in Fig. 3.

Figure 3: The rigid-soft fingertip FE modeling and meshing.

The static contact behavior is of great concern in this study. The boundary and load conditions for the
simulation are as follows: (1) the rigid flat is fixed; (2) at the end opposite the fingertip’s contact end, all
translational and rotational motions of the rigid bone part are fixed except for displacement along the vertical
axis; and (3) a concentrated vertical load is applied at the center of the rigid bone end. In software Abaqus,
the normal and tangential behaviors between the fingertip and the rigid flat are defined as “Hard” contact
and the “Penalty” friction formulation, respectively, with an initial friction coefficient of 0.3. The static solver
is set to include the nonlinear effects of large displacements.

Through a convergence analysis with mesh refinement, the total number of elements in the adopted FE
mesh ranges from approximately 55,000 to 120,000, depending on the soft tissue thickness. For the case of
r=3.5mm and 6 = 90° under a normal force of 1.0 N, Table 2 and Fig. 4 present the convergence results
with mesh refinement. When approximately 55,000 elements are employed, the relative errors of the contact
radius and the maximum Mises stress are both less than 1%.

Table 2: Contact solutions with various meshes for the case of r = 3.5 mm and 0 = 90°.

Total Number of Elements Contact Radius (mm) Maximum Mises Stress (kPa)
10,434 3.278 22.56
25,809 3.316 27.72
54,714 3.336 30.32

107,012 3.358 30.48
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Figure 4: The convergent solutions with mesh refinement for the case of r = 3.5 mm and = 90° under a normal force
of 1.0 N: (a) The contact radius; (b) The maximum Mises stress.

2.4 Validation of the Rigid-Soft Model for Static Contact Behavior

With a hemispherical tip on the present manipulator fingers, we use the Hertz contact theory to provide
an approximate comparison for the soft contact behavior of the fingertip model. The typical Hertz contact
theory is generally used to characterize the contact behavior of the linear elastic spheroids as shown in Fig. 5a.
The growth of contact radius can be described as a function of the applied normal force as [30,31]:

F 1- 2 1- 2 %
4(R+R)\ E E,

where R,y denotes the contact radius based on the Hertz theory, F is the normal force, R; (i = 1,2) is the
radius of two spheroids, v; denotes Poisson’s ratio, and E; denotes Young’s modulus.

In the present fingertip contact model, the radius and Young’s modulus of one spheroid, i.e., the rigid
flat, are infinity, see Fig. 5b, then Eq. (3) can be simplified as:
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For the silicone rubber material used in the fingertip, E; and v; can be obtained from Eq. (2) and Table 1
(v1 = 0.475 is considered).

Fig. 6 compares the contact radius (R.) as a function of normal force for the fingertip according to Hertz
theory, FE analysis and experiments. A pure soft fingertip model, i.e., without a rigid bone, and a rigid-soft
fingertip with rigid bone r = 3.5 mm are selected. Hertz theory and FE analysis show a significant difference,
as large and nonlinear deformation occurs during the soft contact process, and the assumptions of Hertz
theory are not fully satisfied, which is consistent with the conclusion in [25]. Comparing the two FE analysis
results, they indicate that the presence of rigid bone reduces the rate at which the radius of contact increases
with normal force. In other words, when deformation exceeds a certain value, the behavior of the rigid-soft
coupled fingertip cannot be simply described by Hertz theory or be simplified as a pure soft part, which is
consistent with the findings in [17,18].
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Figure 5: The Hertz contact model
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Figure 6: Comparison and validation of the FE model for rigid-soft fingertip contact.

The relationship between contact radius and normal force of the fingertip, considered a benchmark
case, is experimentally investigated using a setup similar to that in Ref. [32], as shown in Fig. 6. The fingertip
is mounted on a linear stage through a vertical pole and can be moved using the translation stage knob.
When the fingertip contacts the platform surface, the normal force is displayed on an electronic force meter.
The contact radius is measured directly from the fingertip imprint. The fingertip surface is coated with
ink, which produces a clean, high-contrast imprint with a well-defined circumference on white paper, as
illustrated in Fig. 6. The recording paper is placed on the platform surface and replaced for each applied
normal force. The maximum force recorded on the force meter corresponds to the imprint obtained in
each measurement. Although the applied normal force and the resulting deformation can be recorded and
measured with good accuracy, they are difficult to precisely control at a specific target value in the present
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experiments. Nevertheless, each measurement can be regarded as an independent test, and the relationship
can be reliably reproduced across varying applied normal forces and deformations. The experimental results
show that the FE-predicted contact radii agree well with the measured values across the range of normal
forces, thereby validating the effectiveness of the rigid-soft FE model in simulating the contact behavior
between the rigid-soft fingertip and a rigid flat surface.

3 Rigid-Soft Fingertip Static Contact Results and Discussions

With the FE model validated against experimental results, this section presents a comprehensive analysis
of the rigid-soft fingertip’s contact behavior on a rigid flat. The influence of contact angle, friction coefficient,
and rigid bone size on the load capacity and stress distribution is systematically investigated. Particular
attention is given to the stress distribution from the perspective of strength criteria, as it is critical for the
structural integrity of fingertip design.

3.1 Stress Distribution in the Rigid-Soft Fingertip during Static Contact

The stress distribution of the rigid-soft fingertip during the flat contact with rigid bone r = 3.5 mm
is first investigated. Fig. 7 illustrates the fingertip deformation and the Mises stress distribution during the
static contact process under a normal force of 1.0 N, a contact angle of 90°, and a friction coefficient of 0.3.
The results for normal forces of 0.25, 0.50, and 0.75 N are also compared. When the normal force is small,
the maximum Mises stress appears near the contact area. As the normal force increases, it can be found
that the maximum Mises stress gradually shifts to the interface between the soft tissue and the rigid bone.
Furthermore, when the applied normal force becomes large, which can still represent normal operational
loads, the peak values of other stress components, such as normal and tangential stress, are also observed at
the interface. This finding suggests that careful attention must be paid to the soft tissue strength and potential
failure near the interface in fingertip design.

S, Mises S, Mises

(avg: 75%) (avg: 75%)
+8.374e-03 +1.441e-02
+7.677e-03

S, Mises
(avg: 75%)
+2.220e-02

S, Mises
(avg: 75%)
+3.032e-02

+1.854e-03
+48086-06

+1.20de-03
+3335¢-06

Figure 7: The Mises stress (MPa) distribution in the fingertip with various applied normal forces: (a) 0.25N; (b) 0.50 N;
(c) 0.75N; (d) L.O N.

The interfacial stress distribution of the fingertip is further quantitatively illustrated in a spherical
coordinate system, which is set in the center of the hemisphere as shown in Fig. 8a. Fig. 8b-d shows the
distribution of the Mises stress, normal stress, and tangential stress under different contact angles with the
same normal force of 1.0 N. The angular coordinate along the path is measured from the undeformed state,
where the value “0°” is at the middle of the path, while “£90°” is at the edge of the path. It can be seen in Fig. 8b
that, from 0° to 90°, the Mises stress first increases sharply, reaches the maximum values at approximately
+28°, and then decreases gradually. The distributions of the radial stress and the circumferential stresses,
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as Fig. 8c shows, yield a high concentration of stress at the middle of the path, which is relevant to the
contact position. Although they have a similar distribution pattern, the magnitude of variation differs among
them, and the peak of the Mises stress drifts laterally toward the sides. Fig. 8d illustrates the distributions of
interfacial tangential stress. It can be found that the positive and negative peaks occur at the same point as the
Mises stress peaks. In general, the interfacial stress distributions of the fingertip involve various factors. The
peak values and distribution patterns vary across different stress components. Therefore, the comparison of
different parameterized models is carried out in the following, where the interfacial Mises stress, radial stress,
and tangential stress are considered as the main measures. It should be mentioned that the tangential stress
is generally critical to the strength of the soft materials [33,34], and the interface tractions are essential for
the interface strength, including debonding, slip, or delamination. Nevertheless, the current study does not

address interface strength; instead, the soft-rigid interface is assumed perfectly coupled through an idealized
adhesive binder.

| 0. 04 T T T T T T T T T T
| .
| —=— Mises Stress
|
|
| p
| 50.03
| a
| 2
| 2
I o}
| p=
| (’wJ 0.02
I 2
I : =
| Radial
0.01
0‘ 00 n 1 n 1 n 1 n 1 n 1 n
-90 -60 -30 0 30 60 90
Angle (°)
(a) (b)
| | ' ' L | U 0.02 T T T T T T
000 E— —-_.\\\ ~ /////. ————— N _ t —e— Tangential (S12) 4
\ \ 4 <
\ i/ [
L A ros =
001 v\ iy = 0.01
= -U. ~ Vo Il / )]
s | y A /i 2
2 L LA ] 4 2
2 \'\ \ /! 5
8 -0.02 + VA I » 0.00
»n F v i 4 s
— LA b =
< L AURY Iy 5]
] )
E 0L ISy £
z . W/ E-0.01
'\ A\ .
r \\.// ==~ Radial (S11)
-0.04 - AN Circumferential (S22)-
L - - — Circumferential (S33) |
L | L | L | ' | L | ' -0.02 s 1 s 1 s 1 s 1 s 1 s
-90 -60 -30 0 30 60 90 -90 -60 -30 0 30 60 90
Angle (°) Angle (°)
(©) (d)

Figure 8: The interfacial stress distribution of the fingertip: (a) The contact configuration with a spherical coordinate
system; (b) The Mises stress; (c) The normal stress; (d) The tangential stress (S12).
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3.2 The Influence of Contact Angle

The contact behavior between the fingertip and the rigid flat in practice is more complicated than that
under normal (straight-on) contact. Parameterized simulations of the fingertip with different contact angles
are then conducted. The force-compression displacement curves for contact angles ranging from 10° to 90°
are plotted in Fig. 9. The contact angle has only a slight influence on the force-deformation curves within
a certain range, as the hemispherical fingertip exhibits similar deformation behavior when contacting the
rigid flat at different contact angles. However, in the cases of 10° and 20°, the curves change significantly.
This happens because the finger pad additionally engages in the contact, which considerably changes the
contact area in large deformation. Nevertheless, it is beneficial to the fingertip contact as the load capacity
is enhanced.
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- - B4-T8-A20

1 ---2-- B4-T8-A30
- B4-T8-A40
B4-T8-A50
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B4-T8-A80
—— B4-T8-A90

Normal Force (N)
w
T

0.0 0.5 1.0 1.5 2.0
Displacement (mm)

Figure 9: Force-vertical deformation relationship with various contact angles, where ‘B’ denotes the rigid bone radius,
“T” denotes the soft tissue radius, and ‘A’ denotes the contact angle.

A spherical coordinate system is also set at the center of the hemisphere as shown in Fig. 10a. Fig. 10b-d
illustrates the interfacial stress distribution, including the Mises stress, radial stress, and tangential stress, of
the fingertip under different contact angles at a constant normal force of 1.0 N. The stress distribution patterns
are found to be similar across cases. For contact angles ranging from 30° to 90°, the stress distribution exhibits
an approximate translational relationship with varying contact angle, which corresponds to a shift in the
contact position. For the smaller angles of 10° and 20°, the stress distributions show some differences, such
as the stress magnitudes being lower, which is beneficial to the load capacity of the fingertip as the finger
pad also participates in the contact. Therefore, except for extremely small angles, the contact angle has only a
slight influence on the stress distribution of a fingertip contacting a rigid flat. Consequently, it is reasonable
to fix the contact angle in the fingertip model for subsequent studies, allowing the effects of other parameters
to be investigated.
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Figure 10: Interfacial stress distribution of the fingertip with various contact angles: (a) The contact configuration with
a spherical coordinate system; (b) The Mises stress; (c) The radial stress (S11); (d) The tangential stress (S12).

3.3 The Influence of the Friction Coefficient

The friction coefficient between the fingertip and the rigid flat was set to 0.3 in the previous investigation.
To better reflect practical conditions in which the manipulator could contact objects with various friction
coeflicients, a range of friction coefficients from 0.1 to 0.9 at a contact angle of 45° is further studied. The
force-deformation response of the fingertip is shown in Fig. 11. It indicates that there is little difference in
the force-displacement results across different friction coefficients when the deformation is small. However,
apparent differences occur when the deformation exceeds about 1.2 mm. This is because the contact area
between the soft finger and the rigid flat is initially small, making the frictional effect negligible. Under large
deformation, a higher friction coefficient generates a larger tangential force that restrains the deformation of
the soft tissue, thereby resulting in a smaller vertical displacement under the same force.
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Figure 11: Force-vertical deformation relationship of fingertip with various friction coeflicients.

Fig. 12 illustrates the interfacial stress distribution for different friction coefficients under the same
normal force of 1.0 N. The results indicate that the stress distribution shows little difference when the friction
coefficient is not less than 0.3, while the cases with small friction coefficients or the frictionless case exhibit
considerably lower stress magnitudes, which are favorable for the strength of the fingertip. Nevertheless,
only the static contact is considered in the present study. For different manipulator designs, it is necessary
to select an appropriate friction coefficient based on the intended usage scenario, particularly when finger
slipping is involved. Sometimes it is even necessary to increase friction by increasing the surface roughness
of fingertips, for example, by adding epidermal ridges [35-37].
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Figure 12: Interfacial stresses distribution of the fingertip with various friction coefficients: (a) The Mises stress; (b) The
radial stress (S11); (c) The tangential stress (S12).

3.4 The Influence of the Rigid Component Size

A series of cases is conducted to investigate the influence of rigid bone size on fingertip contact with
the rigid flat. The external radius of the fingertip model, i.e., that of the soft tissue, is fixed at 8 mm, while
the internal bone radius ranges from 1.0 to 7.5 mm. Since variations in the contact angle (30° to 90°) and
friction coeflicient (above 0.3) have little influence on the interfacial stress distribution pattern under static
contact with the rigid flat, a contact angle of 45° and a friction coefficient of 0.3 are selected as representative
conditions for investigating the effect of rigid bone size.

Fig. 13 shows the force-vertical deformation relationship for various rigid bone sizes. Since the slope of
the curve represents an equivalent stiffness of the fingertip, the equivalent stiffness increases with the rigid
bone size. This is because the thickness of the deformable soft tissue on the fingertip decreases, resulting
in less deformation or end displacement under the same load. When the bone-to-fingertip radius ratio
(r/R) approaches 100%, the equivalent stiffness will tend to infinity, similar to that of rigid robot fingertips.
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Conversely, when r/R is close to zero, the force-deformation curve becomes gentle, and the equivalent
stiffness approaches that of fully soft robot fingertips.
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Figure 13: Force-vertical deformation relationship with various bone sizes.

Fig. 14 shows the interfacial stress distribution with different bone sizes under the same normal force of
1.0 N. The Mises stress distribution in Fig. 14a exhibits regular variations. As the bone radius increases from
1.0 to 4.0 mm, the peak stress continuously decreases, while the difference between the left and right peaks
gradually diminishes. When the bone radius increases further from 4.0 to 7.5 mm, the peak stress increases,
and the stress distribution becomes rapidly concentrated as the bone radius increases. The radial stress
distribution in Fig. 14b also exhibits regular variations with the bone sizes. The peak radial stress occurs at
—45°, which corresponds to the initial contact point and the center of the contact area. With increasing bone
size, the stress distribution becomes increasingly concentrated. It can be inferred that when the bone size
approaches the full fingertip, the stress distribution reverts to a rigid-like pattern. However, for small bone
sizes (such as r = 1.0, 1.5, 2.0 mm), the maximum interfacial radial stress is higher than that for intermediate
bone sizes. Moreover, distinct tensile stress appears at angles between 45° and 90°, corresponding to the
back of the bone. This occurs because tissue deformation is so large that the tissue is extruded outward
during fingertip compression, resulting in tensile stress on the back of the interface, which tends to cause
outward deformation. This tensile stress effect also exists for larger bone sizes, but is often neglected due to
its small magnitude. This finding suggests that when such a small bone size is adopted in the design of a
bionic manipulator, it is necessary to evaluate the potential tensile stress that may cause interfacial debonding
between the soft tissue and the bone.

The interfacial tangential stress distribution in Fig. 14c is similar to that of the interfacial radial stress,
where the peak value first decreases and then increases as the bone size increases. The peak tangential stress
occurs at —45°, which corresponds to the center of the contact area. In the case of small bones (such as
r =1.0 mm), the maximum interfacial tangential stress is found on the back of the bone and attenuates rapidly
as bone size increases. This can be explained by the same mechanisms discussed for the radial stress. This
finding indicates that when considering the use of such a bone structure in a bionic manipulator, attention
should be paid to the possible occurrence of maximum tangential stress on the back of the bone, particularly
for small bone sizes. Consequently, a more comprehensive verification of interfacial stresses is required to
avoid interface slippage between the bone and the soft tissue.
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Figure 14: Interfacial stress distribution of the fingertip with various bone sizes: (a) The Mises stress; (b) The radial
stress (S11); (c) The tangential stress (S12).
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3.5 Bone-to-Fingertip Radius Ratio Design

As shown in the previous sections, the bone size, or equivalently the bone-to-fingertip radius ratio
r/R, is the most influential parameter affecting both stiffness and interfacial stress distribution when the
fingertip contacts a rigid flat surface. Two key observations are made: (1) the equivalent stiffness increases
monotonically with r/R, ranging from that of a fully soft fingertip to that of a fully rigid one; and (2) the
maximum interfacial stresses (Mises, radial, and tangential) could exhibit a U-shaped dependence on r/R.
These observations indicate that an intermediate bone size minimizes the interfacial stresses.

The extreme values of the interfacial stress components are further presented and compared in Fig. 15.
The maximum interfacial Mises stress first decreases and then increases with the bone size, exhibiting a
U-shaped feature. When the bone size increases from 3.0 to 4.0 mm, the slope of the stress-bone size curve
transitions from negative to positive, corresponding to the minimum interfacial Mises stress value. Similar
features are also observed for radial stress and tangential stress, with their minimum values occurring in the
range of 3.0 to 3.5 mm. This behavior can be attributed to the role of soft tissue as a pressure absorber in the
rigid-soft coupled fingertip. Under the same applied pressure, a smaller bone results in a thicker soft tissue
layer, which absorbs more pressure and thus reduces the pressure transmitted to the interface. However, a
smaller bone also provides a smaller pressure-bearing area compared to a larger bone, which may lead to
increased stress or non-negligible stress concentration. Consequently, both very large and very small bone
sizes yield relatively high stress values. This trend is consistent with the anatomical design of human fingers,
in which an optimal bone size exists. These findings are important for inspiring the design of robotic flexible
manipulators. Therefore, based on the present investigation, a potentially favorable bone-to-fingertip radius
ratio r/R from 3/8 to 1/2 is recommended within the present scope for the fingertip design, as it minimizes
interfacial stresses when in contact with a rigid flat.
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Figure 15: The extreme values of interfacial stress components with bone sizes.

This provides a useful baseline for bioinspired fingertip design within the scope of the present model
assumptions (silicone rubber, rigid flat contact, quasi-static loading, and ideal bonding). Nevertheless,
extrapolation to other materials, contact geometries, or loading modes, particularly for grasping curved or
compliant objects, warrants caution and requires further validation.
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4 Conclusions

This paper investigates the static contact behavior of a bioinspired rigid-soft coupled fingertip for
flexible manipulator applications. The fingertip combines an internal rigid core with an external soft tissue,
aiming to provide sufficient grasping capacity while enabling smooth object contact like the human hand.
A rigid-soft finite element (FE) model capable of capturing large deformation and load-bearing capacity is
developed to simulate static contact between the fingertip and a rigid flat surface representing a simplified
object. The hyper-elastic behavior of the soft tissue is described using a third-order Ogden model. The FE
model is validated against experimental measurements of applied force and contact radius using a fingertip
fabricated from silicone rubber and steel. The results confirm that the contact behavior of the flexible
manipulator cannot be adequately described by Hertzian theory, and that the presence of the internal rigid
core significantly influences the contact response.

Using the validated model, a series of parametric studies is conducted to evaluate the effects of contact
angle, friction coefficient, and rigid bone size on static contact behavior. As the normal force increases, the
location of the maximum stresses migrates from the contact area to the soft tissue-rigid bone interface,
indicating that interfacial strength is a critical concern in fingertip design. Accordingly, particular attention
is paid to the force-deformation relationship and the resulting interfacial stress distribution.

The parametric study reveals the following key findings. First, under the present static contact con-
ditions, variations in contact angle and friction coeflicient have a slight influence on the fingertip contact
behavior with the rigid flat surface, except when the contact angle or friction coeflicient is very small.
Notably, these exceptional cases are favorable for load capacity and fingertip strength. Second, the size of the
internal rigid bone is the most influential parameter. The maximum interfacial stresses exhibit a U-shaped
dependence on the rigid bone size, from which a potentially favorable bone-to-fingertip radius ratio that
minimizes interfacial stresses can be identified. These findings provide a useful baseline for bioinspired
fingertip design under the present model assumptions. Accordingly, for manipulator designs requiring a
balance between compliance and interfacial durability under similar contact conditions, a bone-to-fingertip
radius ratio of approximately 3/8 to 1/2 is recommended as a starting design guideline.

Several limitations of the present study should be acknowledged. The analysis is restricted to quasi-
static loading and neglects the time-dependent viscoelastic behavior of silicone rubber, which may exhibit
stress relaxation and hysteresis under cyclic or sustained loading. The contact scenario is simplified to
a rigid flat surface, which does not fully represent real-world grasping tasks involving curved, textured,
or compliant objects. The assumption of perfect bonding at the rigid-soft interface overlooks potential
interfacial debonding or failure mechanisms under high-load or repeated loading conditions. Dynamic
effects such as sliding, stick-slip behavior, and impact loading are not considered. Therefore, extrapolation
of the present findings to other materials, contact geometries, or loading modes warrants caution and
requires further validation, particularly for grasping curved or compliant objects, where additional analysis
is recommended.

Future work will extend the current model to incorporate viscoelastic constitutive behavior and rate-
dependent effects, enabling more realistic prediction of time-dependent responses. Investigations under
dynamic and multi-axial loading conditions, including frictional sliding and grasping of irregular objects,
will also be pursued. In addition, incorporating interfacial damage or cohesive zone modeling could provide
a better understanding of failure mechanisms and long-term durability.
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