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A Study of Frictional Property of the Human Fingertip
Using Three-Dimensional Finite Element Analysis

Hiroaki Yoshida∗, Mitsunori Tada† and Masaaki Mochimaru†

Abstract: Since the tactile perception detects skin deformation due to the contact
of an object, it is important to understand contact mechanics, especially, frictional
behavior of the human fingertip. The coefficient of friction is recently modeled as
a function of the applied normal load in which case the traditional Coulomb’s law
does not provide a description for the skin surface. When a surface is a rubber-
like material, the frictional behavior follows the frictional law of the rubber-like
material. Therefore, we developed a three-dimensional Finite Element model of the
fingertip and analyzed frictional behavior based on the frictional law of rubber-like
material. We proposed a combined technique using both experimental and Finite
Element analyses in order to investigate the frictional property of the fingertip. A
three-dimensional Finite Element model of the fingertip was developed using MRI
images. We hypothesized a frictional equation of the critical shear stress. Squared
differences between equivalent coefficient of friction of the FE analysis and the
coefficient of kinetic friction of the experiment while sliding was decreased and
the Finite Element analysis iterated until the error was minimized, and thus the
frictional equation was determined. We obtained the equation of the critical shear
stress and simulated kinetic friction of the fingertip while sliding under arbitrary
normal loading condition by using the Finite Element analysis. We think this study
is an appropriate method for understanding the frictional property of the human
fingertip using the Finite Element analysis.
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1 Introduction

Since the tactile perception detects skin deformation due to the contact of an ob-
ject, it is important to understanding contact mechanics of the human skin. We
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contact an object by hand or fingertip in daily living, and the tangential force and
incipient slippage, which are in relation to friction, play a crucial role on dexterous
manipulation of the human being [1][2]. Therefore, it is essential to investigate the
frictional property of the skin, especially, of the fingertip.

Several studies have developed Finite Element (FE) models to analyze frictional
behavior, and most of FE models were two-dimensional [3] [4] and Dandekar et
al. [5] developed a three-dimensional (3D) FE analysis. Since not only the human
fingertip’s structure is asymmetric but also the frictional behavior on an object is
generally two-dimensional (one is the direction of sliding and the other is perpen-
dicular to the sliding direction), a 3D model is necessary for accurate research of
the frictional property. Therefore, we developed a 3D FE model of the fingertip in
this study.

Furthermore, in the previous FE models [3][4], the coefficient of friction has been
regarded as constant and followed Amontons-Coulomb friction law (According to
Amontons-Coulomb friction law, the frictional force is directly proportional to the
normal load and is independent of apparent contact area). However, the friction
coefficient is recently modeled as a function of the applied normal load, that is,
normal force dependency, in which case Coulomb’s law does not provide an ac-
curate description for the skin surface [6] [7] [8]. When a surface or a body is a
rubber-like material, the traditional friction law no longer applies and follows the
frictional law of the rubber-like material. The accurate modeling of the human fin-
gertip’s friction will afford an excellent insight into an understanding of the tactile
sensation and thus we incorporated the frictional law of rubber-like material into
the FE analysis to perform FE analysis precisely.

In this study, we developed a 3D FE model of the index finger and analyzed fric-
tional behavior between the fingertip and a flat plane based on the frictional law of
rubber-like material. This is the first step to simulate kinetic friction of the fingertip
by using FE analysis.

2 Methods

2.1 Experiment using a tactile imaging system

A tactile imaging system is equipped with an orthogonal three-DOF manipulator
(SGAM20-35 and SGAM33-50, Sigma Koki Co., Ltd.) and a six-axis force sensor
(NANO1.2/1-S30, BL Autotec, Ltd.). The manipulator consists of three stages;
indent stage, stroke stage, and base stage. The indent and stroke stages are served
to drive the flat indenter to reproduce passive stroking against the fingertip. The
linear stage is controlled to indent and stroke a transparent flat indenter made of an
acrylic resin. This flat indenter is supported by the force sensor [9].
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An index finger of a normal male subject (age 32, the length of the index finger is
about 5cm from the distal end to the proximal inter-phalangeal joint) was rigidly
fixed (the fingernail was glued to a cylindrical tube) with respect to the flat inden-
ter at an angle of 30 degrees. While indented at four different depths (0.75, 1.0,
1.25, and 1.5 mm, respectively), the fingertip was slid on the indenter at a speed
of 2mm/sec and the sliding direction was from proximal to distal. We measured
forces in the normal and tangential directions three times for each kind of depth.
Informed consent was obtained from the Ethics Committee of AIST.

2.2 3D FE model of the human fingertip

We took medical images of the index finger of the same subject in the experiment
using a 4.7T MRI system (Unity INOVA, Varian, Inc.). The informed consent
for using MRI was obtained from the Ethics Committee of AIST. The fingernail
of right hand was glued to a cylindrical tube and inserted into a small coil in the
center of MRI. The volume data was obtained using a 3D gradient echo sequence
with TR/TE 20/10, FOV 120/30/30, and the image volume size of 512/128/128
voxels.

A 3D FE model of the fingertip was developed using the FE meshing software
Hypermesh (Altair Engineering, Inc.) after the image volume was segmented into
soft tissues and two bones (8-node linear brick) using the visualization open-source
software 3D Slicer (www.slicer.org). The superficial layer of the meshed soft tis-
sues was defined as the skin (epidermis and dermis) and the other region was set as
the subcutaneous tissue. The fingernail (4-node linear tetrahedron) was not visible
by MRI and was created separately using the CAD software Solidworks (Solid-
works Corporation). The FE model had 8000 nodes and 7000 elements (Fig. 1).

Young’s moduli were 10GPa for the bone and 100MPa for the fingernail and both
of the Poisson’s ratios were set as 0.3 assumed as isotropic linear elastic [3] [4].

The skin and the subcutaneous tissue were presumed as nearly incompressible hy-
perelastic because the dominant nonlinear elastic property of the human soft tissues
is hypothesized to be hyperelastic [4] [10] [11]. We utilized an Ogden model as the
hyperelastic model. The form of the Ogden strain energy potential U is
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where λi are the principal stretches; N is a material parameter; α , µ , and D are
temperature-dependent material parameters; and Jelis the elastic volume ratio. µi

is calculated from the initial shear modulus µ0 (µ0 =
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Figure 1(A) 3D FE model of the index finger (isometric view)
Figure 1(B) 3D FE model of the index finger (mid-section)Figure 1: left: 3D FE model of the index finger (isometric view); right: 3D FE

model of the index finger (mid-section)

the initial bulk modulus K0(K0 = 2/D1). The Ogden model was defined as N=1
for simplicity and we utilized µ1=0.034 for the skin and µ1=0.00684 for the subcu-
taneous tissue [3] [4] [12]. D1=1.0 for the skin and D1=10.0 for the subcutaneous
tissue because the Poisson’s ratio was assumed around 0.49. α was fixed to 1.4
[13].

2.3 Rubber friction to incorporate into the FE analysis

When a surface or a body is a rubber-like material, the traditional friction no longer
applies and the area of true contact is proportionate to Nβ (N is the normal force
and β is the frictional constant) [14] [15] [16]. If a body is a truly elastic solid, β is
equal to 2/3. If the contact in material is elastic, the contact area will be of the form
CN2/3 (C involves elastic modulus and geometric parameters). Then, the equation

F = SCN2/3 (2)

is derived from the frictional law of the rubber-like material, where F is the fric-
tional force and S is the shear breaking strength, and it is so-called rubber friction.

This frictional equation is satisfied in the global system (global criteria of friction),
that is, when the fingertip is sliding on a flat plane, the normal force is equivalent to
the reaction force of the vertical direction and the frictional force is derived from the
reaction force of the horizontal direction in a coordinate system of the experiment
or the FE analysis. On the other hand, it is considered that the frictional relationship
in the local system, that is, at a point of contact between the FE model and a plane,
will be expressed by a different form (local criteria of friction). We hypothesized
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that a frictional equation

τcrit = λσ
β (3)

is applied to the local coordinate system, where τ is the shear stress in the tangen-
tial direction (if the shear stress is more than the critical shear stressτcrit , slippage
occurs at a point of contact), σ is the pressure in the normal direction, and λand β

are constants of friction.

Relative motion is generally negligible when two bodies are stuck, however, it is
more realistic to model sticking friction using an elastic behavior [10] [14]. The
behavior is considered to be linear elastic according to the equation τ = kγ , where
γ is the elastic slip (the reversible relative tangential motion from the point of zero
shear stress) and k is the current stiffness in the stuck region. The stiffness k is
bounded by the value of the critical elastic slip γcrit (the critical value of elastic
slip before slip occurs) which is specified in the commercial FE code ABAQUS
(ABAQUS, Inc.) subroutine of friction FRIC as k = τcrit/γcrit . The subroutine
means a user implemented definition for the FE analysis. Since τcrit is pressure
dependent, k will change during the analysis. Therefore, the elastic slip expression
for sticking friction can be written as

τ =
τcritγ

γcrit
=

λσβ γ

γcrit
(4)

For the contact problem of 3D model, there are two slipping direction and we as-
sumed for simplicity that the frictional response was the same in both directions,
that is, isotropic friction. Thus, the equation is τi = kγi (for i=1, 2) and this ex-

pression holds if τeq < τcrit (τeq =
√

τ2
1 + τ2

2 ). Ifτeq > τcrit , then the frictional shear

stress is given by τi = γiτcrit/γeq (γeq =
√

γ2
1 + γ2

2 ) and γi are the components of the
total slip.

In order to perform the FE analysis using the formulation of the rubber friction, it is
necessary to calculate two frictional constants λandβ of the critical shear stress. By
using a Downhill Simplex method, the frictional constants were determined such
that an “equivalent coefficient of friction” of the FE analysis, which means that the
ratio of the reaction forces in the horizontal and the vertical directions generated
to a flat plane, corresponded with the coefficient of kinetic friction obtained from
the experiment. The Downhill Simplex method, written using the programming
language Python, is a kind of a numerical optimization technique widely used in
a minimization problem that has non-smooth evaluation function. The boundary
condition of the FE analysis was the same as that of the experiment. The fingertip,
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which was also fixed with respect to a rigid flat plane at an angle of 30 degrees, was
slid on the plane at a speed of 2mm/s while indented at four different depths (0.75,
1.0, 1.25, and 1.5mm, respectively). The sliding direction was from proximal to
distal and both the fingernail and the proximal end of the fingertip were fixed. The
FE solver ABAQUS Ver6.6 was used for the FE analysis.

The detailed procedure for calculating of two frictional constants is as follows.
Appropriate initial values for each frictional constant were input first and these
constants were updated so that sum of squared differences between each coefficient
of friction of the FE analysis and that of the experiment while sliding at four kinds
of indentation depth was decreased, and the FE analysis iterated these procedures
until the error was minimized. The optimization was performed iteratively until the
diameter of the simplex was less than tolx and the function values of the simplex
differed less than tolf. In this study, tolx of 0.001 and tolf of 0.001 were used in each
optimization as the terminate criteria. The final values were determined frictional
constants.

3 Results

3.1 Result of the experiment using the tactile imaging system

Table 1 shows experimental results of average force (three trials in each depth) in
the normal direction and coefficient of friction (ratio of the frictional force to the
normal force). The relationship between the friction force F and the normal force
N led to the equation F = 1.13N2/3 (F/N = 1.13N−1/3) following the frictional
law of rubber-like material.

Table 1: Results of the experiment using the tactile imaging system
Table1

Results of the experiment using the tactile imaging system

Depth (mm) Normal force
(N)

Coefficient of
kinetic friction

Contact area
(mm2)

0.75 0.120 2.46 49.4
1.00 0.198 2.00 62.8
1.25 0.384 1.53 83.21.25 0.384 1.53 83.2
1.50 0.454 1.42 97.7

3.2 Critical shear stress based on rubber friction

We obtained the equation of the critical shear stress as τcrit = 0.086σ0.46 after the
calculation of two frictional constants. A physical value of γcrit was set as 0.006mm
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Figure 2 Comparison of coefficient of friction between experiment
and FE analysis (Triangle: experimental data square: equivalent

Normal force (N)

and FE analysis (Triangle: experimental data, square: equivalent
coefficient of kinetic friction calculated from FE analysis after
optimization, curved line: theoretical equation of the rubber friction
F/N=1.13N-1/3 )

Figure 2: Comparison of coefficient of friction between experiment and FE analysis
(Triangle: experimental data square: equivalent data, coefficient of kinetic friction
calculated from FE analysis after optimization, curved line: theoretical equation of
the rubber friction F/N=1.13N−1/3 )

because the allowable elastic slip γcrit was calculated from the “characteristic con-
tact surface length” (1.2 in this FE model) and the slip tolerance (the default value
was set as 0.005) [10]. Figure 2 shows the result of “equivalent coefficient of fric-
tion” of the FE analysis, the frictional coefficient of the experiment, and the theo-
retical curve of rubber friction.

4 Discussion

Several studies investigated the frictional behavior of the human skin. In some
models, the coefficient of friction has been regarded as constant [3] [4] [17] [18].
Maeno et al. [3] constructed a two-dimensional FE model of the finger using a
coefficient of kinetic friction of 1.0. Wu et al. [4] analyzed, via a two-dimensional
FE model of the finger, the contact interactions and the contact was considered
to be frictionless. They performed great studies and contributed to the excellent
results of the frictional behavior using the FE models of the fingertip. However,
these researches did not sufficiently take into account frictional mechanics. If the
boundary condition of friction is not appropriate, the results of the FE analysis will
not be accurate.

In 1950s, load-dependent contact area between a rubber-like material and a flat
surface was modeled by several researchers [15] [16]. The friction coefficient is re-
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cently modeled as a function of the applied normal load in which case Coulomb’s
law does not provide an accurate description for the skin surface [8]. Therefore,
in this study, we developed an implemented frictional definition based on rubber
friction and integrated it into the FE analysis to simulate the kinetic friction of the
fingertip while sliding on a flat plane. Without the user subroutine, experimental
measurement is requisite for input data of an FE analysis and it is difficult to ana-
lyze frictional behavior under an unknown normal loading condition. However, by
using the user frictional subroutine, coefficient of friction measured from experi-
ment is not necessary and it enables us to analyze the kinetic friction between the
fingertip and a flat plane under arbitrary normal loading condition. It is possible
that this result is applied to the human motion, for instance touching or grasping an
object, in computer. The exact modeling of friction will afford an insight into the
understanding of the incipient slip. The FE analysis of the frictional behavior in
this study is considered to be practical and the knowledge of the frictional mechan-
ics using the present FE analysis is significant to product design in the ergonomics
field.

The frictional stress was hypothesized to be proportional to the pressure raised to
the power of beta as the local criteria. There are several equations of the critical
shear stress, including real contact area, to express the frictional relationship be-
tween human skin and an object. However, the frictional behavior of the skin can
be simply modeled by the equationτcrit = λσβ . It is presumed that the frictional
constant λ depends on the shape of a subject’s fingertip and the constant β is reg-
ulated by the material properties of the fingertip but these parameters are modeled
as nearly constant despite individual differences.

We investigated the frictional property of the fingertip by using the combination
method of the experiment and the FE analysis. Tada et al. [9] measured frictional
behaviors of five male subjects’ fingertip and indicated that all data followed the
theory of rubber friction. Although only one subject-specific FE model was de-
veloped in this study, it is possible to investigate the frictional behavior of other
subject’s fingertip in the same way. We should examine several subjects’ frictional
properties and perform statistically the FE analyses in the future.

Maeno et al. [3] and Dandekar et al. [5] examined the mechanistic bases of the
human sense of touch using the FE analyses. They predicted the mechanoreceptor
response to an object by utilized strain energy density of the skin. In this study, it
is difficult to investigate the response of the tactile sensation because the present
FE model has problems to be solved that there was only two-layered structure and
material properties of the skin were not so accurate. We will reconstruct the FE
model more precisely and study the response of the tactile sensation in future study.

There are several limitations in this study. First of all, the fingertip has a fingerprint
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and moisture which may significantly influence frictional behavior; however, we
did not introduce these into the FE model because of the technical complexity that
it would have added to the 3D analysis. We modeled friction isotropically in both
slip directions for simplicity, however, the frictional behavior of the human skin
is considered anisotropic slipping due to the existence of Langer’s lines and of
the fingerprint. We will improve the experimental device and plan to incorporate
anisotropic friction in the future. In the experiment, although the condition of a
subject’s fingertip was not controlled, the frictional force did not vary widely at
room temperature (Fig. 2). Therefore, moisture is not considered a main factor of
“dry” friction in this experiment; however the result was significantly different from
the frictional behavior when the fingertip was apparently “wet”. Lastly, though we
attempted to simulate kinetic friction of the fingertip using 3D FE analysis, the
results of the analysis did not entirely coincide with that of the experiment because
the FE model was not completely similar to the real index finger of the subject. We
will improve the fidelity of the FE model meshes to obtain more accurate behavior
of the kinetic friction. Despite these limitations, we simulated the kinetic friction
between the fingertip and a flat plane using the FE analysis and we think that this
study is advancement towards understanding the frictional behavior of the human
skin.

5 Conclusions

The 3D FE model of the fingertip was developed using MRI images. We hypothe-
sized the frictional equation of the critical shear stress and incorporated the equation
of rubber friction into a user implemented frictional definition for the FE analysis.

By using the FE analysis we simulated kinetic friction of the fingertip while sliding
on a rigid flat plane under arbitrary normal loading condition.

We think this study is an appropriate method for understanding the frictional prop-
erty of the human fingertip and is the first step to simulate kinetic friction of the
human fingertip using FE analysis.
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