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Abstract

Tactile performance of human fingertips is associated with activity of the nerve endings and sensitivity of the soft tissue within
the fingertip to the static and dynamic skin indentation. The nerve endings in the fingertips sense the stress/strain states
developed within the soft tissue, which are affected by the material properties of the tissues. The vibrotactile sensation and tactile
performance are thus believed to be strongly influenced by the nonlinear and time-dependent properties of the soft tissues. The
purpose of the present research is to simulate the biomechanics of tactile sensation. A two-dimensional model, which incorporates
the essential anatomical structures of a finger (i.e. skin, subcutaneous tissue, bone, and nail), has been used for the analysis. The
skin tissue is assumed to be hyperelastic and viscoelastic. The subcutaneous tissue is considered to be a nonlinear, biphasic
material composed of a hyperelastic solid and an inviscid fluid phase. The nail and bone are considered to be linearly elastic. The
advantages of the proposed fingertip model over the previous ‘‘waterbed’’ and ‘‘continuum’’ fingertip models include its ability to
predict the deflection profile of the fingertip surface, the stress and strain distributions within the soft tissue, and most impor-
tantly, the dynamic response of the fingertip to mechanical stimuli. The proposed model is applied to simulate the mechanical
responses of a fingertip under a line load, and in one-point (1PT) and two-point (2PT) tactile discrimination tests. The model’s
predictions of the deflection profiles of a fingertip surface under a line load agree well with the reported experimental data.
Assuming that the mechanoreceptors in the dermis sense the stimuli associated with normal strains (the vertical and horizontal
strains) and strain energy density, our numerical results suggest that the threshold of 2PT discrimination may lie between 2.0 and
3.0 mm, which is consistent with the published experimental data. The present study represents an effort to develop a structural
model of the fingertip that incorporates its anatomical structure, and the nonlinear and time-dependent properties of the soft
tissues.
Published by Elsevier Ltd on behalf of IPEM.
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1. Introduction

The tactile senses, in general, include the sensation of

touch, pressure, vibration, and temperature. Humans

primarily use their fingertips in the exploration of the

external world through the sense of touch. When the

fingertips come in contact with an object, the tactile

receptors beneath the skin respond to deformation of

the skin by transmitting electrical impulses to the brain

through the peripheral nerve system [1]. The primary

features of the transmitted signals, the frequencies of

nerve impulses, are associated with the mechanical

environment of the tactile receptors, e.g. stress and

strain [2]. The presence of multiple mechanoreceptors

that respond to mechanical stimuli in different ways

has been reported by Verrillo and Gescheider [3]. The

study of fingertip biomechanics is vital to enhance an

understanding of the mechanism of tactile sensation

and sensory thresholds.
The human fingertip is complex from a mechanical

and structural point of view. Macroscopically, a finger-

tip is composed of skin layers (epidermis and dermis),
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subcutaneous tissue, arterial bone, and nail. The epi-
dermis, the outermost layer of the skin, consists of
primarily protective horny structures, such as stratum
corneum. The dermis, a fibrous layer supporting the
epidermis, contains numerous mechanoreceptors [4]
which have been classified into four types [5]. The sub-
cutaneous tissue is a fat layer which primarily consists
of lipocytes. The matrix of the subcutaneous tissue
contains approximately 60–72% fluid in volume [6].
The biomechanical properties of the skin and the sub-
cutaneous tissues influence the transmission of mechan-
ical stimuli (i.e. stress and strain) through the tissues,
and thus, play an important role in the tactile sen-
sation.
In order to avoid the difficulties associated with com-

plex mechanical behavior and structures of the skin
and subcutaneous tissues, two types of simplified mod-
els of fingertips have been proposed in the literature:
‘‘waterbed’’ and ‘‘continuum’’ models. In the ‘‘water-
bed’’ models [7,8], a fingertip is represented by an
incompressible fluid representing the subcutaneous
tissue enclosed by an elastic or hyperelastic membrane
representing the skin. Although the ‘‘waterbed’’ models
have been applied to predict the deflection of fingertip
surface under a static, line load [7] and the static force-
deflection characteristics [8], they cannot predict the
mechanical stimuli which the mechanoreceptors receive
at different locations within the skin. This is attributed
to their inability to analyze variations in the stress and
strain within the tissues due to the considerations of
uniform tension in the membrane and uniform fluid
pressure. Phillips and Johnson [9] and Srinivasan and
Dandekar [10] proposed ‘‘continuum’’ fingertip models
where the skin and subcutaneous tissues were repre-
sented by homogeneous, isotropic, and incompressible
elastic media. The continuum fingertip models predict
the stress and strain distributions within the tissues,
and thus the response profiles of the receptors within
the skin tissue. However, the force-deformation
response and the deflection profile of the skin surface
predicted by these two models did not agree with
experimental observations [10]. All these published
fingertip models are two-dimensional (2D). To our
knowledge, there is no published three-dimensional
(3D) fingertip model. Generally, absolute values of
force response cannot be predicted using a 2D model.
However, the trends of the variations in force response
as a function of time and the contact conditions can be
predicted reasonably using a 2D model [11]. Compared
to a detailed 3D model, the 2D model has the advan-
tage of providing cost-effective solutions for parametric
studies, especially for complex nonlinear problems.
The soft subcutaneous and skin tissues are known to

exhibit nonlinear and time-dependent material proper-
ties [12–14], and, consequently, the response of finger-
tips to mechanical loading is expected to be nonlinear

and time-dependent. Zhang et al. [15] suggested that
the mechanical behavior of the skin and the sub-
cutaneous tissue can be simulated using the nonlinear
biphasic constitutive model [16]. Since the tactile sen-
sation is known to depend on the nature of the mech-
anical stimuli (frequency and magnitude), contact force
and contact area [17], the effects of nonlinearity and
time-dependency of the soft tissues are expected to
have a substantial influence on vibrotactile sensation
and tactile performance, which are related to activity of
the nerve endings at the fingertips, and sensitivity of
the soft subcutaneous tissue to skin indentation. The
reported fingertip models do not incorporate the non-
linear and time-dependent effects associated with the
anatomical substructures and tissue material proper-
ties. The purpose of the present research was to simu-
late the mechanics of tactile sensation of a fingertip
using a multi-layered fingertip model. A two-dimen-
sional model is proposed that incorporates the essential
anatomical structures of a finger: skin, subcutaneous
tissue, bone, and nail. The skin tissue is assumed to be
hyperelastic and viscoelastic. The subcutaneous tissue
is considered to be a nonlinear, biphasic material com-
posed of a hyperelastic solid and an inviscid fluid
phase. The hydraulic permeability of the subcutaneous
tissue is considered to be deformation-dependent. The
mechanical responses of a fingertip under a line load,
and in one-point (1PT) and two-point (2PT) tactile dis-
crimination tests are simulated using the proposed
model.

2. Methods

2.1. Finite element model

The biomechanics of tactile sensation of a fingertip
are analyzed using a multi-layered 2D finite element
(FE) model, as shown in Fig. 1(a). The fingertip is
assumed to be composed of a skin layer (representing
epidermis and dermis), subcutaneous tissue, bone, and
nail. The dimensions of the fingertip are assumed to be
representative of the index finger of a male subject [18].
The skin is assumed to have a thickness of 0.8 mm.
The cross-sections of the fingertip and the bone are
assumed to be elliptical and the tissue thickness is con-
sidered to be asymmetric about the bone (Fig. 1(a)):
the tissue thickness between the bone and the pulp skin
surface is assumed to be greater than that between the
bone and the nail. The biquadral, plain-strain elements
were used in the finite element models. The commercial
finite element software package ABAQUS (Hibbitt,
Karlsson, and Sorensen, Inc., Pawtucket, USA; version
6.2) was applied for the analysis.
The skin tissue, including epidermis and dermis, is

assumed to be nonlinearly elastic (hyperelastic) and lin-
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ite element modeling of fingertip. (a) The fingertip is composed of skin, subcutaneous tissue, bone, and nail; the skin tissue
Fig. 1. Fin is assumed

to be nonlinearly elastic and linearly viscoelastic, the subcutaneous tissue is assumed to be a biphasic material composed of a fluid phase and a

hyperelastic phase, and the bone and nail are considered as linear elastic. (b) Indentation of the fingertip using a sharp wedge. The wedge has

widths of 50 lm and 1.2 mm on the tip and base, respectively, and a height of 3.0 mm, and is assumed to be of hard plastic. (c) One-point (1PT)

indentation test of the fingertip. (d) Two-point (2PT) indentation test of the fingertip. The indentors have a width of 1 mm and a circular contact-

ing surface, and are assumed to be of steel.
oelastic. The subcutaneous tissue is assumed
biphasic material composed of a fluid phase
perelastic solid phase. The nail and the bone
dered to be linearly elastic. The constitutive
of the skin and subcutaneous tissue are dis-
detail in [11,19], and attached in Appendix A.
information on how the governing equations
elastic and poroelastic materials are solved
lly and how the continuity equations are satis-
BAQUS has been described in the ABAQUS
anual [20]. Simon [21] showed that the poro-
del, as used in ABAQUS, is equivalent to the

biphasic model provided that the fluid phase is inviscid.
Wu et al. [22] have further evaluated the application of
ABAQUS for solving the biomechanical problems and
found that the biphasic models for soft tissues can be
implemented into ABAQUS.

2.2. Numerical tests

Two series of numerical tests have been performed in
this study. The first series of tests were performed to
simulate the mechanical responses of a fingertip under
a line load, as shown in Fig. 1(b). The fingertip was



fixed at the center on the nail surface, while a steel
wedge with sharp edge (edge thickness ¼ 50 lm) was
moved towards the skin surface in a ramp manner,
such that a skin deformation of 1 mm was realized
within a ramping period of 1 s. The position of the
wedge was then kept constant for 100 s, to allow for
relaxation of the reaction force at the fingertip. The
reaction force, and the distributions of displacement,
fluid pressure, stresses and strains within the soft tissue
were computed as a function of time using the FE
model. The predicted skin surface deflections of the
fingertip were compared with the experimental results
reported by Srinivasan [7].
The second series of tests were performed to study

the mechanics of tactile sensation of the fingertip in
one-point (1PT) and two-point (2PT) discrimination
tests. The fingertip was fixed on the center of the nail
surface, while either one or two steel bars (each with a
circular contact surface and thickness of 1 mm) was
used to deform the skin surface of the fingertip by 1
mm within a ramping period of 1 s (Fig. 1(c) and (d)).
A total of five numerical tests were performed within
this series, where the first test was carried out using one
single steel bar (Fig. 1(c)). The remaining four tests
were performed using two steel bars with different spa-
cing between the bars (Fig. 1(d)), d¼ 1:5; 2:0; 3:0, and
4.0 mm, respectively. The analyses were performed to
compute the displacement, stress and strain fields
within the soft tissue at the state of maximum
depression (t¼ 1 s).
The contact of fingertip/wedge or fingertip/indenter

was assumed to be frictionless. The wedge and inden-
ters were assumed to be of steel (linearly elastic). The
center of the fingernail surface was fixed in both hori-
zontal and vertical directions, while the wedge or
indenter was prescribed to a vertical movement
towards the fingertip. No other boundary conditions
were assumed in the simulations.

3. Results

Using the proposed fingertip model (Fig. 1(b)), the
surface deflection of the fingertip indented by a wedge-
shaped probe was determined. The predicted profiles of
the skin surface deflection at t¼ 1 s (when the wedge
approaches the maximum displacement of 1 mm) and
100 s were compared with the experimental measure-
ments by Srinivasan [7], as shown in Fig. 2. The skin
surface deflection, as predicted by our model, decreased
slightly as a function of time, while the position of the
wedge was kept unchanged. The skin surface deflection
tends to approach a steady-state, as time increases.
After approximately 20 s, the variation of the skin sur-
face deflection became negligible (results not shown);
therefore, skin surface deflection at 100s (Fig. 2) repre-
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Fig. 2. Comparison of the predicted profile of skin surface deflec-

tion with the experimental data reported by Srinivasan [7]. The

numerical tests were performed using the configuration shown in

Fig. 1(b).
sents approximately the steady-state profile. The
steady-state profile of the skin surface deflection (Fig. 2,
t¼ 100 s) derived from our model agrees well with the
experimental data by Srinivasan [7]. Some deviations
between the computed and measured data were
observed, particularly as the distance from load excee-
ded 2.5 mm.
Fig. 3. Model prediction of the loading curves of a fingertip

indented using a sharp wedge. (a) Prescribed displacement history of

the indenting wedge. (b) Predicted contact force as a function of time.

The numerical tests were performed using the configuration shown in

Fig. 1(b). In this two-dimensional model, the contact force, F, is

expressed as the force in unit length (N/mm).
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Predicted distributions of the displacement in the vertical direction and fluid pressure within the fingertip indented using a sharp
Fig. 4. wedge.

(a) Vertical displacement (U2) for t¼ 1 s. (b) Vertical displacement (U2) for t¼ 100 s. (c) Fluid pressure (POR) for t¼ 1 s. (d) Fluid pressure

(POR) for t¼ 100 s. The unit for the displacement is mm and that for the fluid pressure is MPa. The numerical tests were performed using the

configuration shown in Fig. 1(b).
3 shows the time histories of the prescribed dis-
ent and the resulting reaction force acting on
dge. In the 2D FE model, the force is measured
nsity, i.e. force per unit length (N/mm). The
n force is increased in a linear ramp manner in
se to the prescribed indentation of the wedge.
gh the displacement of the wedge was held con-
1 mm) at t> 1 s, the reaction force tended to
se in time (Fig. 3(b)). Most of the decay in the
n force occurred within a short period
20 s). The variation of the reaction force is neg-
at t> 20 s.
fields of the displacement in the loading direc-
nd the fluid pressure within the soft tissue for
(Fig. 4(a) and (c)) are compared with those for
s (Fig. 4(b) and (d)). A comparison of Fig. 4(a)
) suggests almost negligible variations in the

surface deflection. The displacement distribution within
the tissue, however, varied slightly because of tissue
relaxation. The time-dependent response of tissue
deformation and reaction force is mainly attributed to
the redistribution of the fluid pressure and the fluid
flow within the biphasic subcutaneous tissue, as
demonstrated in Fig. 4(c) and (d).
The distributions of the maximum and minimum

normal strains, shear strain, and strain energy density
at depths of 0.50, 0.75, and 1.00 mm from the unde-
formed skin surface were derived over the width of the
fingertip, and are shown in Fig. 5(a)–(d), respectively.
The maximum (tensile) strain of the tissue pre-
dominantly occurs in a direction parallel to the skin
surface, while the minimum (compressive) strain mostly
occurs in a direction normal to the skin surface. The
maximum and minimum strain and strain energy



170 J.Z. Wu et al. / Medical Engineering & Physics 26 (2004) 165–175
Fig. 5. Predicted distributions of the maximum and minimum strains, shear strain, and strain energy density in the soft tissue of the fingertip

indented using a sharp wedge (at depths of 0.50, 0.75, and 1.00 mm within the tissue, and at t¼ 1 s). (a) Maximum strain. (b) Minimum strain. (c)

Shear strain. (d) Strain energy density. The strains are defined in logarithm strain. The numerical tests were performed using the configuration

shown in Fig. 1(b). The time history of the prescribed displacement of the indentation wedge is shown in Fig. 3(a).
density exhibit their maximal magnitudes in the

immediate vicinity of the contact point, while the shear

strain reverses its direction around the contact point.
Fig. 6 illustrates the distributions of vertical displace-

ments at a depth of 0.75 mm from the undeformed skin

surface for the one-point (1PT) and two-point (2PT)

indentations. The figure also illustrates the deflection

response as a function of indentor spacing, d, in the

case of the 2PT indentation test. The peak displace-

ment occurs at the contact points for both the 1PT and

2PT indentations. For the 2PT test, the difference

between the displacement at the center and that at the

contact points increases with the increasing spacing

between the indentors.
The distribution of strains in the horizontal and the

vertical direction at a depth of 0.75 mm from the unde-

formed skin surface for 1PT and 2PT indentations is

illustrated in Fig. 7(a) and (b), respectively. The differ-

ence between the strain values at the center and those

at the contact points decreased with the decreasing spa-

cing between the indentors. It is interesting to note

that, when the indentor spacing, d, decreased from 4.0

to 1.5 mm, the positive peak strain values under the

contacting point changed very little, while the strain

values at the center changed considerably. The vari-

ation in the magnitudes of the normal strains at the

center of the fingertip is relatively small when the spa-

cing between the indentors was increased from 3.0 to

4.0 mm or reduced from 2.0 to 1.5 mm (Fig. 7). How-

ever, a reduction in the indentor spacing from 2.0 to

1.5 mm produced a significant variation in the strain

values.
Fig. 6. Predicted distributions of the displacement in the vertical

direction (u2) in the soft tissue of the fingertip (at a depth of 0.75 mm

within the tissue) for 1PT and 2PT indentations (t¼ 1 s). The numeri-

cal tests were performed using the configurations shown in Fig. 1(c)

and (d).



transmitted vibration [23] and carpal tunnel syndrome
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Fig. 7. Predicted distributions of the logarithm strains in the hori-

zontal (e11) and vertical (e22) directions in the soft tissue of the finger-

tip (at a depth of 0.75 mm within the tissue) for 1PT and 2PT

indentations (t¼ 1 s). (a) Horizontal strain. (b) Vertical strain. The

numerical tests were performed using the configurations shown in

Fig. 1(c) and (d).
The distribution of the shear strain and strain energy

density at a depth of 0.75 mm from the undeformed

skin surface, derived from the 1PT and 2PT inden-

tation models, is illustrated in Fig. 8(a) and (b),

respectively. The shear strain profiles reverse direction

at the contact points (due to the selection of the coor-

dinate system), and the peak-to-peak variations in the

strain around the contact point decrease dramatically

when the indentor spacing decreases from 4.0 to 1.5

mm, as shown in Fig. 8(a). The values of the strain

energy density reach their peak values under the con-

tact points, and these peak values also decrease when

the indentor spacing decreases from 4.0 to 1.5 mm.

4. Discussion and conclusion

Tactile sensation of the human fingertips has been

widely used for the assessment of health and function

in persons who have prolonged exposure to hand-
Fig. 8. Predicted distributions of the logarithm shear strains (e12)

and strain energy density (SED) in the soft tissue of the fingertip (at a

depth of 0.75 mm) for 1PT and 2PT indentations (t¼ 1 s). (a) Shear

strain. (b) Strain energy density. The numerical tests were performed

using the configurations shown in Fig. 1(c) and (d).
[24]. Tactile performance is associated with activity of
the nerve endings at the fingertips, and the sensitivity
of the soft tissue within the fingertip to the nature of
static and dynamic skin indentation. In the present
study, an anatomically based FE model of the fingertip
was developed to investigate the biomechanics of tac-
tile sensation. The multi-layered fingertip model used in
this analysis has the advantage over the ‘‘waterbed’’
and ‘‘continuum’’ fingertip models in that it can predict
the surface deflection of the fingertip, the stress and
strain distribution within the soft tissues, and, most
importantly, the dynamic responses of the fingertip to
mechanical stimuli. The present study represents the
first theoretical analysis of the biomechanics of the tac-
tile sensation in 1PT and 2PT discrimination tests.
The deflection profile of the skin surface subjected to

a line load agrees well with experimental data and the
results of the ‘‘waterbed’’ model [7] (Fig. 2(a)).
Although the ‘‘waterbed’’ and our fingertip models give
similar skin surface deflections under static loads, the
proposed model differs considerably from the ‘‘water-
bed’’ model when dynamic responses are considered.



The proposed model accounts for the effects of non-
linear and time-dependent mechanical properties of the
skin and subcutaneous tissue, and, therefore, can be
applied to study the dynamic behavior of the deflection
profile of the skin surface (Fig. 2(b)). The ‘‘continuum’’
models reported by [9,10] predicted a dramatic increase
in the skin surface deflection near the contact point,
which was not consistent with their own experimental
observations.
The calculated distributions of strain and strain

energy density within the skin tissue (Fig. 5) showed
reasonably good qualitative agreement with those pre-
dicted from the ‘‘continuum’’ model [10]. However, the
peak strain and strain energy density values derived
from the current model are approximately 50–80%
greater than those predicted from the ‘‘continuum’’
model [10]. It is likely that the strain values predicted
using our model are more realistic than those obtained
using the ‘‘continuum’’ model, because our deflection
profiles of the skin surface agree well with the reported
experimental data [7] and the spatial displacement
within the soft tissue is continuous. However, there are
no appropriate experimental data on stress/strain fields
within soft tissues for comparison with our predictions.
The model results for the 2PT discrimination tests

reveal that differences in the normal strains (horizontal
and vertical strains) and strain energy density
developed in the skin at the contact points and at the
geometric center of the fingertip vary little with a
decrease in the indentor spacing from 4.0 to 3.0 mm
(Fig. 9), but decreased considerably with a further
decrease in the indentor spacing from 3.0 to 2.0 mm

(Fig. 9). The corresponding differences in the vertical

displacement and shear strain, however, decreased

almost linearly with the decrease in the indentor spa-

cing from 4.0 to 1.5 mm. Assuming that the mechano-

receptors in the dermis sense the stimuli associated

with normal strains (the vertical and horizontal strains)

and strain energy density rather than those associated

with shear strain, the threshold of 2PT discrimination

test for the fingertip may lie between 2.0 and 3.0 mm

based on the present analysis, which is consistent with

the experimental observations by Perez et al. [25] who

reported an average 2PT discrimination distance of 2.1

mm in vibrotactile tests of the index finger.
As the distance from the indenting wedge exceeds 3.0

mm, the predicted profile of the skin surface deflection

at the steady-state deviates from the measured data [7],

as shown in Fig. 2. This deviation may be attributed to

the differences between the configurations in the experi-

mental measurement and the FE model. In the experi-

ment [7], the profile of the skin deflection was

measured along the longitudinal direction of the finger;

while in the FE model, it is predicted to be perpendicu-

lar to the longitudinal direction of the finger. It is

accepted that in the vicinity of the indenting wedge,

boundary condition has less effect on the skin surface

deflection, such that the results from 2D fingertip mod-

els [10] are comparable to the experimental results [7].
In the tactile sensation tests, such as the tests of 2PT

discrimination and vibrotactile sensation threshold, the

testing results may depend on many factors, such as

the magnitude and the speed of the indentations, the

conditions of the surrounding supports on the fingers,

and the dimensions of the indenters. It is technically

difficult to quantitatively evaluate how these factors

influence the testing results through an experimental

approach. The proposed theoretical model is capable

of determining the time-dependent stress/strain dis-

tributions in a cross-section of the fingertip. The pro-

posed approach can be applied to mimic the

mechanical stimuli which the mechanoreceptors (i.e.

Parisian and Meissner’s corpuscles) in the fingertip

sense during the tactile sensation tests. The potential

impacts of the varied test conditions on the measure-

ments can be analyzed quantitatively. Therefore, the

proposed approach can be applied to help improve the

reliability of the tactile sensation tests.

Appendix A. Constitutive equation for the skin

The skin is assumed to experience large deformation

and possess nonlinearly elastic and linearly viscoelastic

properties. The total tissue stress (~rr) is assumed to be

composed of elastic (~rr0) and viscous (~rrv) stress compo-
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Fig. 9. Normalized variations of horizontal (e11), vertical (e22) and

shear strains (e12), vertical displacement (u2), and strain energy

density (SED) as a function of 2PT spacing. The normalized varia-

tions were evaluated by ½fðcontact point of indentorÞ � fðgeometry centerÞ�=
fðcontact point of indentorÞ with f ¼ e11; e22; e12; u2, and SED, as shown in

Figs. 6–8.



nents, such that [26]

~rrðtÞ ¼ ~rr0ðtÞ þ ~rrvðtÞ ¼ ~rr0ðtÞ þ
ðt
0

_GGðsÞ
G0

~rr0ðt� sÞds

¼ ~rr0ðtÞ þ
ðt
0

_ggðsÞ~rr0ðt� sÞds ð1Þ

where t is time. Here the deformation behavior during
the volumetric relaxation is considered to be identical
to that attained under shear relaxation. The stress
relaxation function is defined using the Prony series
[27]

gðtÞ ¼ GðtÞ
G0

¼ 1�
XNG
i¼1

gið1� e�t=siÞ
" #

ð2Þ

where G0 and GðtÞ are the instantaneous and time-
dependent moduli, respectively; gi and si
(i ¼ 1; 2; . . . ;NG) are stress relaxation parameters; NG is
the number of terms used in the stress relaxation func-
tion.
The elastic deformation behavior of the soft tissue,

based on finite deformation theory, is assumed to be
nonlinearly elastic (hyperelastic). A function of strain
energy density per unit volume, U, defined for the elas-
tometric foams [28] is applied to describe the elastic
behavior of the tissue in the following manner:

U ¼
XN
i¼1

2li
a2i

kai
1 þ kai

2 þ kai
3 � 3þ 1

b
ðJ�aib � 1Þ

� �
ð3Þ

where J ¼ k1k2k3 is the volume ratio, ki (i¼ 1; 2; 3)
are the principal stretch ratios, ai and li (i ¼ 1; . . . ;N)
are the material parameters, b ¼ m=ð1� 2mÞ where v is
the Poisson’s ratio, and N is the number of terms used
in the strain energy function.
The elastic stress ~rr0 is related to the elastic strain

energy function (3) by

~rr0 ¼
2

J
~FF
@U

@ ~CC
~FFT ð4Þ

where ~FF and ~CC are the deformation gradient and the
right Cauchy-Green deformation tensors, respectively.

Constitutive equation for the subcutaneous tissue

The subcutaneous tissue is modeled as a sponge-like
porous material fully saturated with fluid. The biphasic
models for articular cartilage [16,29,30] are adopted in
the present study to simulate the biomechanical beha-
vior of the subcutaneous tissue. Since the subcutaneous
tissue undergoes large deformation, the poroelastic
constitutive relation is formulated based on the finite
deformation theory with a deformation-dependent
hydraulic permeability. The tissue stress, ~rrt, is com-
posed of the stresses in the solid and fluid phase, ~rrs

and ~rrf , respectively:

~rrt ¼ ~rrf þ ~rrs

~rrf ¼ �UfpI; ~rrs ¼ rs
e � UspI

ð5Þ

where Us and Uf , with Us þ Uf ¼ 1, are the instan-
taneous volume fractions of the solid and fluid phases,
respectively; p is the fluid pressure; the superscripts s
and f imply the solid and fluid phase, respectively. The
deformation-related stress in the solid phase, ~rrs

e, is con-

sidered as nonlinearly elastic (hyperelastic) and is
determined using Eqs. (3) and (4).
The equation of motion of the tissue is governed by:

r 
 ~rrs þ ~pps ¼ 0; r 
 ~rrf þ ~ppf ¼ 0 ð6Þ

where ~ppf and ~pps are the momentum exchanges, given
by:

~ppf ¼ �~pps ¼ Usrpþ Kð~vvs � ~vvfÞ ð7Þ

where ~vvf and ~vvs are the speed of the fluid and solid
phases, respectively; K is the diffusive drag constant,
which measures the frictional resistance of the fluid
flowing through the solid matrix and is related to the

hydraulic permeability, k, by K ¼ ðUfÞ2=k.
The continuity condition of the tissue can be derived

from the mass balance:

r 
 ðUs~vvs þ Uf~vvfÞ ¼ 0 ð8Þ

Owing to large deformations, the hydraulic per-
meability is considered to be deformation-dependent.
The constitutive law of deformation-dependent per-
meability proposed by Holmes and Mow [30] is adop-
ted, which is expressed in term of the void ratio [31],

e ¼ Uf=Us, such that:

k ¼ k0
e

e0

� �j

exp
M

2

1þ e
1þ e0

� �2

�1

" #( )
ð9Þ

where e0 is the void ratio in the undeformed state; M
and j are the material parameters. For the undeformed
state (e ¼ e0), Eq. (9) yields k ¼ k0; and under very
large deformations (e! 0), k! 0.

Material parameters

The Young’s moduli of the bone and nail were
assumed, according to the published experimental data
[32], to be 17.0 GPa and 170.0 MPa, respectively; while
Poisson’s ratio was assumed to be 0.30 for both. The
material parameters of the skin and subcutaneous
tissues used in the present simulations were determined
based on the published experimental data [12,14,33,34],
as in Table 1. The hydraulic permeability of the soft
tissue has not been measured experimentally to date. It
has been assumed that the permeability of the soft
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Table 1

Material parameters of soft tissues
i 1
tissue is similar to that of

suggested by Zhang et al. [15
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