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Simulation of mechanical responses of fingertip to dynamic loading
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Abstract

Extended exposure to mechanical vibration has been related to many vascular, sensorineural and musculoskeletal disorders of
the hand–arm system, frequently termed ‘hand–arm vibration syndrome’ (HAVS). A two-dimensional, nonlinear finite element
model of a fingertip is developed to study the stress and strain fields of the soft tissue under dynamic loading, that may be
encountered while grasping and operating a hand-held power tool. The model incorporates the most essential anatomical elements
of a fingertip, such as soft tissue, bone, and nail. The finger is assumed to be in contact with a steel plate, simulating the interaction
between the fingertip and a vibrating machine tool or handle. The soft tissue is assumed to be nonlinearly visco-elastic, while the
nail, bone, and steel plate are considered to be linearly elastic. In order to study the time-dependent deformation behavior of the
fingertip, the numerical simulations were performed under ramp-like loading with different ramping periods and sinusoidal vibrations
of the contacting plate at three different frequencies (1, 10, and 31.5 Hz). Owing to relatively large deformations of the soft tissue
under specified static and dynamic loading, Lagrangian large deformation theory was applied in the present analysis. The effects
of the loading rate and the frequency of the sinusoidal vibration on the time-dependent strain/stress distributions in the different
depth within the soft tissue of the fingertip are investigated numerically. Our simulations suggest that the soft tissue of the fingertip
experiences high local stress and strain under dynamic loading and the fingertip may separate from the vibrating contact surface
due to the viscous deformation behaviour of the soft tissue. For a given deformation, the high frequency loading produces a higher
stress in the tissues compared to that obtained at a low frequency loading. The present model may serve as a useful tool to study
the mechanism of tissue degeneration under vibratory loading encountered during operation of hand-held power tools. Published
by Elsevier Science Ltd on behalf of IPEM.
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1. Introduction

It is accepted that an extended exposure to mechanical
vibration can induce an array of vascular, sensorineural
and musculoskeletal disorders of the hand and arm of
the operators. Such disorders are collectively termed the
‘hand–arm vibration syndrome’ (HAVS) [1–3]. The sev-
ere health risks posed by prolonged occupational
exposure to power hand tool vibration, supported by
findings of the epidemiological studies [4,5], have
prompted several theoretical and experimental studies to
enhance an understanding of the injury mechanisms.
These studies have focused on the characterization of
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vibration amplitude and power flow in the coupled hand,
tool and work piece system, the potential performance
benefit analysis of vibration attenuation mechanisms,
and the development of measurement methods and test
rigs for assessment of vibration transmission of differ-
ent tools.

Mechanical equivalent models of the human hand and
arm have been developed to characterize its response to
vibration on the basis of measured driving-point mech-
anical impedance [6,7]. The majority of the previous
models are comprised of lumped mass, stiffness and
damping elements, where the lumped parameter values
are determined upon fitting curves to the data measured
within a specified range of test conditions. Thus, they
do not adequately represent the biomechanical properties
of the human hand and arm. For example, the reported
models characterize the biodynamic behaviour of the
hand and arm under uncoupled vibration along the three
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orthogonal axes defined in ISO-8727 [8], where the
coupling effects were neglected. Although these models
have served as important tools to study effects of direc-
tion and magnitude of vibration on the ‘hand-transmitted
vibration’ (HTV) [9,10], they have provided little insight
into the potential injury mechanisms and the pathologi-
cal changes in the biological tissues caused by HTV.

A few studies have speculated on a potential injury
mechanism leading to the onset of vibration induced
white finger (VWF) disease [11,12]. The occurrence of
VWF among exposed workers has been related to
impaired blood circulation in the fingers resulting in
degeneration of the vascular system, termed Raynaud’s
phenomenon of occupational origin [4] and traumatic
vasospastic disease (TVD) [13,14]. It has been suggested
that the occurrence of high contact pressures at the tips
of the index and middle fingers under tool vibration
affects the hemodynamic forces in the arterial walls and
produces alterations to the arterial blood flow to the
finger tips [15–17]. Gemne and Pyykko [5] suggested
the concept of the growth of the muscle layer in the
vessel wall caused by repeated contraction, thereby
reducing the flow of blood in the vessels. The hypothesis
is further supported by evidence of the onset of VWF
disease at the tips of index, middle, and ring fingers
[18,19], and the occurrence of the high grip pressure at
the hand–handle interface [20]. Owing to the technical
complexities associated with efforts to measure the inter-
face pressure and the blood flow under vibration con-
ditions and to characterize soft tissue in the fingertips,
no attempts have been made to establish a correlation
between the interface pressure and arterial blood flow.

Skin and soft tissue play predominant roles in the
interactions between hand and power tools, and the ‘ to-
the-hand’ and ‘ through-the-hand–arm’ transmission of
the vibration energy. Owing to the highly nonlinear elas-
tic and viscoelastic properties of the skin and soft tissues
in the finger, the reported biodynamic models composed
of linear springs, damping, and mass elements could not
be applied to model biodynamic behaviour of the skin
and soft tissues. A study of the time-dependent response
of finger skin and soft tissue to localized, dynamic con-
tact pressure could yield considerable insight into the
mechanisms leading to tissue and arterial loading, and
potentially, the impairment of finger blood flow. Such
an analysis, however, would necessitate the knowledge
of time-dependent stress and deformation fields within
the soft tissue during vibration and knowledge of the
localized dynamic contact pressure at the interface of the
hand and the power tool handle. The mechanical proper-
ties of skin and soft tissue have been investigated exten-
sively in vitro and in vivo using extensometers [21,22]
or ultrasonic techniques [23]. It is generally accepted
that skin and soft tissue are nonlinearly elastic [24],
characterized by a low-stiffness region at small strains
followed by a dramatic increase in stiffness as the strain

is increased. Moreover, the mechanical properties of skin
and soft tissue have been identified as time-dependent,
i.e. they are visco-elastic [25]. The viscoelasticity of skin
and soft tissue has been investigated by many
researchers, in vivo, using a stress relaxation protocol
[26,27]. In such a test, a step load (typically tension) is
applied to the specimen and the resulting static displace-
ment of the specimen is held constant by varying the
applied force, until a steady state is reached. For skin,
typically, it has been observed that 20–50% of the
initially applied load can be recovered during a relax-
ation period of 30–80 s [27–29].

High concentration of the interface pressure at the
fingertip, which occurs while operating a hand-held
machine, can apply excessive loading on the skin and
soft tissues, which could introduce excessive defor-
mation of arterial walls, and thus interfere with normal
blood flow in the fingertips. The deformation of the
arterial vessels is speculated to be associated with the
stress and strain fields within the soft tissue. The purpose
of the present research is to develop a model based on
finite element techniques to simulate the mechanical
responses of a fingertip to dynamic loading and the
stress/strain distributions in the soft tissue in the
vibration environment. The model is two-dimensional
and incorporates the essential anatomical structures of
a finger: soft tissue (representing both the skin and the
subcutaneous tissues), bone, and nail. The finger is
assumed to be in contact with a steel plate, simulating
the interaction between hand and a vibrating machine
tool or handle. The soft tissue is assumed to be nonlin-
early elastic and linearly viscoelastic; the nail, bone, and
steel plate were considered as linearly elastic. The mech-
anical characteristics of all biological materials in the
model were identified from the experimental data
reported in the literature.

2. Methods

2.1. Constitutive equation of soft tissue

The soft tissue is assumed to experience large defor-
mation; and possess nonlinearly elastic and linearly vis-
coelastic properties. The total tissue stress (Cauchy
stress), sij(t), is assumed to be decomposed into an elas-
tic stress, s0

ij(t), and a viscous stress, sv
ij(t). The elastic

stress is associated with the long term material behav-
iour; while the viscous stress reflects the time-dependent
characteristics of the tissue. The constitutive relations for
such nonlinear elastic and linearly viscoelastic materials
are expressed as [30]:
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sij(t) � sij
0(t) � sij

v(t)

sv
ij(t) � �

t

0

ġ(t)s0
ij(t�t)dt; i,j � 1,2,3

(1)

where ġ(t) is the time-derivative of the the stress relax-
ation function, g(t), which is defined using Prony ser-
ies [31]:

g(t) � �1��NG

i � 1

gi�1�e�
t

tGi �� (2)

where gi and tGi (i=1,2,···NG) are stress relaxation para-
meters; and NG is the number of the series terms. It is
assumed here that the stress relaxation behaviour in
volumetric deformation is identical to that in the shear
deformation.

Owing to the large deformation of the soft tissues
under high localized loading, a finite deformation analy-
sis is applied to the soft tissue in the present study. Elas-
tic stress in the soft tissue (Cauchy stress), s0

ij, is
determined by a constitutive equation [32]:

s0
ij � 2Fir

∂(r0U)
∂Crs

Fsj; i,j � 1,2,3. (3)

where Fij and Cij are the tensors of the deformation
gradient and the right Cauchy–Green deformation,
respectively; U is the strain energy per unit mass, r0 is
the mass density in undeformed state, so (r0U) is the
strain energy per unit volume. In this study, we have
adopted the strain energy function proposed by Storak-
ers [33]:

r0U � �N
i � 1

2mi

a2
i
�lai1 � lai2 � lai3 �3 �

1
b

((J)�aib�1)�
(4)

where J=l1l2l3, with li(i=1,2,3) being the principal
stretch ratios, is the volume ratio; ai and mi(i=1,···N) are
the exponential hardening parameters and generalized
shear modulus, respectively; b=n/(1�2n) where n is the
Poisson’ s ratio; and N is the number of the terms needed
to fit to the experimental data satisfactorily.

The material properties in Eq. (4) are determined by
performing uniaxial or constrained tension/compression
tests. The nominal stress in the stretch direction is
expressed as [30]:

s0
j �

∂(r0U)
∂lj

�
2
lj
�N

i � 1

mi

ai

(laij �J�aib) (5)

where s0
j is the Cauchy stress in the direction of the

stretch and lj(j=1,2,3) are the principal stretch ratios.

2.2. Finite element model

The dynamic interaction between a fingertip and steel
plate is simulated using a two-dimensional finite element
model (Fig. 1). The model is composed of linearly elastic
bone and nail, and nonlinearly elastic and visco-elastic
soft tissue, which is assumed to be in contact with a
linearly elastic steel plate with a smooth surface. The
contact between the skin surface and the steel plate is
assumed to be frictionless. The bone within the fingertip
was assumed to be fixed. The steel plate is subjected to
a prescribed vertical displacement, �(t), simulating the
vibration of the handle of a power tool (Fig. 1); F(t) is
the resultant contact force of the fingertip. The dimen-
sions of the fingertip are assumed to be representative
of the index finger of a male subject [34]. The cross
section of the fingertip and the bone are assumed to be
elliptical and the tissue thickness is considered to be
asymmetric about the bone (Fig. 1). The tissue thickness
between the bone and the skin surface contacting the
steel plate is assumed to be larger than that between the
bone and the nail, as shown in Fig. 1. The finite element
model is developed using a commercial finite element
software package Abaqus (version 5.8), and is composed
of 421 eight-node, quadratic, plain-strain elements
(Element type: CPE8).

The Young’s moduli of the bone and nail are assumed
as 17.0 GPa and 170.0 MPa, respectively, on the basis
of the published experimental measurements [35], while
Poisson’ s ratio is assumed to be 0.30 for both. The long

Fig. 1. Finite element model simulating the interaction between
fingertip and vibratory power tool. The bone, nail, and steel plate are
assumed to be linearly elastic; the soft tissue is assumed to be nonlin-
early elastic and linearly viso-elastic. The model is composed of 421
eight-node, nonlinear, plain-strain elements. All dimensions are in mm.
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term material property of the soft tissue and skin is
assumed to be nonlinearly elastic, and the material para-
meters are obtained by fitting the constitutive Eq. (5) to
the reported uniaxial experimental data [23]. The
material parameters associated with the viscous defor-
mation were obtained by fitting the stress relaxation Eq.
(2) to the reported experimental data for human skin
[23,29].

2.3. Numerical tests

Three series of numerical tests were performed in this
study. The purpose of the first series of tests was to
determine the material parameters of the soft tissue and
to demonstrate the characteristics of the constitutive law
used in the present simulations. The behaviour of the
soft tissue defined using the proposed model is demon-
strated in numerical tests of uniaxial
tension/compression, confined compression, and con-
strained tension. In the tests of confined compression and
constrained tension, the specimens are loaded (tension
or compression) in one direction while the displacements
in lateral directions are restricted. The second series of
tests were performed to study the dynamic response of
a fingertip to a prescribed displacement, which is varied
as a linear function of time (ramp). The steel plate was
displaced upwards by 3.0 mm within a ramping period
of Tc and then downwards to the original position at the
same rate (Fig. 2a). The reaction force of the fingertip
was computed as a function of time for different ramping
periods, Tc=1.0, 10.0, 50.0, and 100.0 s. In the third ser-
ies of tests, the dynamic response of the fingertip to a
prescribed sinusoidal vibration was investigated. The
steel plate was first moved up by a displacement of 3.0
mm (Tc=1.0 s); and it was then kept at that position for
a period of 10.0 s, to allow for the relaxation of the
reaction force of the fingertip, which approached a quasi-
steady state (Fig. 2b). The contacting steel plate was then
subjected to sinusoidal motion with peak displacement
of 0.5 mm at three discrete frequencies of 1, 10.0, and
31.5 Hz, to study the effects of loading frequency. Ten
hertz is a typical dominant frequency of tampers, 31.5
Hz is a representative dominant frequency of the oper-
ations of paving breakers, jackhammers and chipping
hammers [36], while the test at 1 Hz serves as a quasi-
static reference. Fig. 2b shows the prescribed movement
of the steel plate performed at a vibration frequency of
1 Hz. The analyses were carried out to derive the contact
force and displacement within different tissue layers as
a function of time, and the time-dependent distributions
of strain and stress within the soft tissue.

Fig. 2. Prescribed displacement of the steel plate: (a) Ramping dis-
placement. Numerical tests were performed for four different ramping
periods: Tc=1, 10, 50, and 100 s. (b) Sinusoidal vibration (the figure
shows f=1 Hz). The steel plate was first moved upwards by 3.0 mm
within a ramping period of 1 s, held constant for 10 s, and then sub-
jected to sinusoidal vibrations with a vibration magnitude of 0.5 mm
and frequencies of 1, 10 and 31.5 Hz.

3. Results

3.1. Parameter identification

The material parameters associated with strain energy
function, described in Eq. (4), are identified by fitting
Eq. (3) or (5) to the uniaxial tension tests for the human
skin reported by Pan et al. [23]. The analysis performed
by considering three terms (N=3) [Eq. (3)] resulted in a
maximal error within 1% and the parameters, mi and ai,
were determined as: mi(i=1,2,3)=�0.07594, 0.01138, and
0.06572; ai(i=1,2,3)=4.941, 6.425, and 4.712. A constant
value of Poisson’ s ratio, n=0.40, was assumed in the
parameter identification. In a (nominal) strain range from
�0.5 to +0.5, the soft tissue was assumed to exhibit sym-
metric behaviour in tension and compression in a nomi-
nal stress/strain scale (i.e. the stress and strain defined
with reference to the original undeformed structure). The
stress–strain curves derived from the proposed model
were compared to the experimental data of human skin
by Pan et al. (1998) and Dunn et al. (1985) [23,37] in
a nominal stress/strain scale (Fig. 3a). The results show
that the proposed constitutive model can fit well to the
experimental data. In a scale of true stress (Cauchy
stress) and logarithmic strain, however, the soft tissue



257J.Z. Wu et al. / Medical Engineering & Physics 24 (2002) 253–264

Fig. 3. Elastic deformation behaviour of the proposed constitutive
model for the soft tissue. (a) In a nominal stress/strain scale (i.e. the
stress and strain defined with reference to the original undeformed
structure), the proposed soft tissue model [Eq. (5)] agree well with the
experimental data of human skins reported by Pan et al. [23] and Dunn
et al. [37]; the proposed model was assumed to be symmetric in uniax-
ial tension/compression in the nominal stress/strain scale (in a strain
range of ±50%). (b) In a true stress/strain (Cauchy stress/logarithmic
strain) scale, the proposed soft tissue model [Eq. (5)] is asymmetric
in constrained and uniaxial tension/compression tests. (c) The
stress/strain relations in compression [Fig. 3(b)] are re-plotted in a log-
arithmic scale and in a large stress range. The Material parameters
for the elastic deformation were identified as: mi(i=1,2,3)=�0.07594,
0.01138, and 0.06572; ai(i=1,2,3)=4.941, 6.425, and 4.712. A constant
Poisson’ s ratio, n=0.40, was assumed in the curve fitting.

exhibits asymmetric properties in tension and com-
pression under both uniaxial and constrained defor-
mation, as shown in Fig. 3b. Since the soft tissues in
fingertips are mostly under compression for biological
loading conditions, the deformation behaviour of the soft
tissue represented by the proposed model (Fig. 3b) is re-
plotted in a logarithmic scale and in a large range of
stress, as in Fig. 3c. A lateral constraint has a significant
effect on the deformation in compression (Fig. 3c), while
it has only little effect on the deformation in tension (Fig.

3b). Furthermore, the tissue exhibits considerably higher
stiffness under the confined compression compared to
that under constrained tension (Fig. 3b).

The material parameters in the stress relaxation func-
tion were determined by fitting Eq. (2) to the experi-
mental data reported by Wan [29]. Based on the data
reported in the literature [27,29,38], it was assumed that
40% of the initially applied load can be recovered in a
stress relaxation test. Using a two-term Prony series
[N=2, Eq. (2)], the maximal error in the curve-fitting can
be kept within 1% and the material parameters were
determined as: gi(i=1,2)=0.1480 and 0.2520; and
ti(i=1,2)=2.123 and 9.371 s. The relaxation function
used in the present study was compared with the reported
data from typical stress relaxation tests of the human
skin [29], porcine soft tissue (skin and subcutaneous)
[28], and human ligament [39], as shown in Fig. 4.

3.2. Response of fingertip under ramping displacement

Finite element analyses were performed on the second
series of tests using the identified material parameters to
derive the contact force, the deformation in different
tissue layers, and stress and strain fields under prescribed
ramp and harmonic displacements. The contact forces of
the fingertip as a function of the displacement for pre-
scribed ramping displacements with different rates or
ramping periods were predicted (Fig. 5). The predicted
peak response force increases considerably with the
increase of the ramping rate, consequently exhibiting the
hysteretic properties of the soft tissue. The hysteretic or
viscous effect is almost negligible under high-rate load-
ing (Tc�1.0 s). The viscous effect becomes quite appar-

Fig. 4. Normalized stress relaxation curve of the proposed model
describing viscoelastic deformation of the soft tissue. Two-term Prony
series (Eq. (2)) were fitted to the experimental measurements of human
skin [29]. The proposed model was compared to the relaxation behav-
iours of human ligament [39] and porcine soft tissue (skin and
subcutaneous) [28]. The material parameters for the viscous defor-
mation were determined as: gi(i=1,2)=0.1480, 0.2520; ti(i=1,2)=2.123
and 9.371 s. It is assumed that 40% of the initially applied force is
recovered during the stress relaxation test.
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Fig. 5. Model prediction of the hysteric loading/unloading curves of
a fingertip undergoing ramped displacement at different rates (the cor-
responding forcing function is shown in Fig. 2a). The contact force
density as a function of displacement is plotted in the figure. The ramp-
ing period was varied from 0 to 100 s [i.e. Tc=0 (static), 1, 10, 50,
and 100 s].

ent under a slow rate of loading (Tc�10 s). The results
also show progressive hardening effect with increasing
deformation, similar to that observed from the stress–
strain curves presented in Fig. 3. The distributions of
(logarithmic) strains in vertical and horizontal directions
obtained from the test with prescribed ramping com-
pression (Tc=1.0 s) are depicted in Fig. 6. At t=Tc=1.0
s, when the fingertip is compressed to the maximal dis-
placement (3.0 mm), the tissue experiences a large defor-
mation and the local (logarithmic) strain in the vertical
direction, near the contact surface, approaches a value as
large as �95% (Fig. 6b). The corresponding local tissue
(logarithmic) strain in the horizontal direction reaches
about 64% (Fig. 6a). The local strain of the tissue
decreases as the depth from the contact surface
increases. When the contacting plate returns to its orig-
inal position, i.e. t=2Tc=2.0 s, there is still residual strain
in the tissue (Fig. 6c and d). The fingertip tends to lose
contact with the steel plate due to hysteresis or delayed
deformation behaviour. This phenomenon can also be
seen from the contact force–displacement curves (Fig.
5), where the contact force approaches zero correspond-
ing to a non-zero displacement.

The maximal shear strain across the depth of the soft
tissue under the prescribed ramp displacement of the
contacting plate are evaluated to study the localized
strain behaviour and its time-dependency. The distri-
butions of the maximal shear (logarithmic) strain across
the depth of the soft tissue for the two tests with different
ramping periods (Tc=1.0 and 100 s) in loading and
unloading stages are illustrated in Fig. 7a–d. It is seen
that the peak of the maximal shear strain during the load-
ing stage occurs at a depth of 2.0–3.0 mm from the con-
tact surface, irrespective of the time and loading rate.
The distribution of the maximal shear strain, however,
is relatively uniform in a range of 1.0–4.0 mm from the
contact surface. A comparison of the maximal shear

(logarithmic) strain obtained in the tests with ramp per-
iods Tc=1.0 and 100 s, as presented in Fig. 7a and c,
suggest that the loading frequency has negligible effect
on the strain distribution in the loading stage (t�Tc). The
residual strain distribution across the soft tissue in the
unloading stage (Fig. 7b and d), however, is affected
considerably by the rate of loading/unloading. The
residual strain obtained under a slow rate of
loading/unloading (Tc=100 s) is considerably smaller
than that obtained under a relatively fast rate of
loading/unloading (Tc=1 s).

The distributions of von Mises stress across the depth
of the fingertip soft tissue are also evaluated during load-
ing and unloading stages (Fig. 8a–d). The peak stress in
the loading stage for the test with fast loading rate (Tc=1
s, Fig. 8a) is approximately 40% higher compared to that
with the slow loading rate (Tc=100 s, Fig. 8c). At a depth
of approximately 3.0 mm from the skin surface, the mag-
nitude of stress reaches a peak value. The stress is
released almost completely for the test with slow loading
rate (Tc=100 s, Fig. 8d) during unloading; while the fas-
ter rate of loading (Tc=1 s, Fig. 8b) yields a residual
stress, approximately 5% of the peak stress magnitude,
within the soft tissue.

3.3. Response of fingertip under cyclic displacement

The third group of tests were performed to investigate
the responses of the fingertip to cyclic loading. The
fingertip is subjected to a pre-load by displacing the con-
tacting plate upwards by 3.0 mm within a ramp period
of 1.0 s (Fig. 2). The position of the steel plate is then
held constant for 10 s, where the corresponding contact
force allowed to relax and approach a nearly steady-state
value (results not shown), approximately 0.18 N/mm.
Assuming an average section thickness of 10 mm in the
proposed two-dimensional model, the initial contact
force between the fingertip and the plate is approxi-
mately 1.8 N, which is within the range of the grip force
studied by Gurram et al. [40]. The contact plate is then
subjected to a sinusoidal motion with an amplitude of
0.5 mm for ten cycles. The displacements at different
depths from the skin surface (at 0.00, 0.53, 1.21, 2.13,
and 3.35 mm, measured from the contact surface of the
undeformed fingertip) and nail, as well as the resultant
contact force were predicted as a function of time for
three different cycling frequencies (the results for f=1
and 10 Hz are shown in Figs. 9 and 10, respectively).
The frequency of the oscillatory deformation at different
layers in the soft tissue are identical to those of the pre-
scribed motion, while the phase response is negligible
at such low frequencies. The time-histories of contact
force and displacement for the first ten cycles of the test
at 31.5 Hz are similar to that at 10 Hz (results not
shown).

The contact force approaches zero during the
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Fig. 6. Predicted distributions of the (logarithmic) strain in the fingertip at the maximal compressed [(a),(b), t=Tc] and the unloaded state [(c),(d),
t=2Tc] for the test with the ramping period Tc=1 s. (a) Horizontal (logarithmic) strain at t=Tc; (b) Vertical (logarithmic) strain at t=Tc; (c) Horizontal
(logarithmic) strain at t=2Tc; (d) Vertical (logarithmic) strain at t=2Tc.

unloading portion of the displacement cycle for both
excitation frequencies (Figs. 9 and 10), indicating a loss
of contact between the fingertip and the steel plate. The
ratio of the separation duration over the total cycling
period increases with the increasing cycling number (i.e.
increasing the duration of cycling) and reaches a steady-
state value after a sufficient long cycling period.

The distributions of the strain and stress across the
soft tissue vary as a function of time and approach to a
steady-state after a sufficient long period of cycling time.
Fig. 11 shows the steady-state distributions of the cyc-
ling deformation and stress across the soft tissue in the
fingertip. The magnitude of the cycling displacement of
the soft tissue is linearly distributed across the thickness
of the tissue (Fig. 11a); it reaches the maximum near the
contact surface and zero near the bone–tissue interface.
The von Mises stress is nonlinearly distributed across
the finger tissue; it reaches a peak at a depth around 2.0
mm. In the range of depth from 1.0 to 3.0 mm, the vari-

ation of von Mises stress is small. The results suggest
that the excitation at higher frequency (31.5 Hz) induces
higher deformation (Fig. 11a) and higher stress (Fig.
11b) in the tissue compared to the excitation at lower
frequency (1 Hz).

4. Discussion and conclusion

Grasping a tool handle with a specified grip force, in
general, yields a high concentration of interface pressure
at the tips of index, middle, and ring fingers. It has been
shown that a handle grip of 25 N yields a pressure of
approximately 80 kPa at the tip of the index finger [7].
These results suggest excessive loading of the skin, soft
tissues, and arterial walls near the fingertips. It has been
speculated that the high local contact pressure under tool
vibration affects the arterial blood flow, and could
induce the degeneration of the vascular systems, and
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Fig. 7. Predicted distributions of the maximal shear (logarithmic) strain across the soft tissue (at the central line of the fingertip) as a function
of time. (a) Loading period for the test with Tc=1 s; (b) Unloading period for the test with Tc=1 s; (c) Loading period for the test with Tc=100 s;
(d) Unloading period for the test with Tc=100 s.

finally, lead to the development of VWF [11]. In order
to understand the mechanism of development of VWF
and other vibration-induced musculoskeletal diseases, it
is important to know the time-dependent stress and strain
fields within the soft tissue in a vibration environment.
The dynamic time-dependent stress and strain distri-
butions within the soft tissue under vibration, however,
have not yet been characterized experimentally or theor-
etically due to technical complexities. A model based
upon a simplified in-plane representation of the fingertip
incorporating time-dependent properties of the soft
tissues could thus provide considerable insight into the
tissue response under localized static and dynamic load-
ing that may occur while operating a hand-held power
tool. The purpose of the present research is to develop
a model to analyze the time-dependent stress and strain

distributions within the tissue in a vibrating environment,
and the mechanical responses of a fingertip to
dynamic loading.

Our simulations suggest that the deformation of the
fingertip under dynamic loading is time-dependent. The
current deformation state of the tissue depends not only
on the current loading but also on the loading in the
deformation history. Therefore, for the tests under pre-
scribed displacement of the contacting plate, the fingertip
may lose contact with the contact surface during the
unloading phase. The length of the period of the separ-
ation between the fingertip and the contacting surface is
associated with the loading rate or vibration frequency.
The duration of the tissue recovery depends on the rate
of loading. This phenomenon has been reported by Gur-
ram et al. [20], who observed that the local contact press-
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Fig. 8. Predicted distributions of von Mises stress across the soft tissue (at the central line of the fingertip) as a function of time. (a) Loading
period for the test with Tc=1 s; (b) Unloading period for the test with Tc=1 s; (c) Loading period for the test with Tc=100 s; (d) Unloading period
for the test with Tc=100 s.

ure between the fingers and the handle of a vibrating
hand-tool was reduced to zero at certain frequencies. The
dependence of the separation ratio on the cycling fre-
quency however, was not examined in the reported
study.

The constitutive equation for the soft tissue used in
the present study was calibrated using the test results
obtained for skin in tension [23]. Our constitutive equ-
ation for skin is qualitatively comparable with the
loading/displacement curves by Wan [29], however, a
quantitative calibration cannot be carried out using
Wan’s data because the thickness of the skin specimen
was not available.

The bone and nail were assumed to have a Poisson’ s
ratio of 0.30, which is typical for most linear-elastic
materials undergoing small deformation. A constant

value of Poisson’ s ratio (n=0.40) of the soft tissue was
assumed in our analysis, implying that the compress-
ibility of the soft tissue is assumed to lie between that
of hard tissue (e.g. bone, n=0.3) and incompressible fluid
(n=0.5). The soft tissue of a fingertip remains mostly in
compression under vibratory loading. However, almost
all experimental data for skin and soft tissues available
in literature were obtained in tensile tests. Poisson’ s ratio
for soft tissues has not yet been studied systematically.
The compressibility of the soft tissue may be strain-
dependent, which means that Poisson’ s ratio may not be
constant. Further efforts are thus needed to calibrate the
constitutive model of the soft tissue under uniaxial and
confined compression/tension tests, where n should be
obtained as a function of the deformation.

The model prediction on the force response agrees
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Fig. 9. Predicted contact force and displacements at different
locations within the fingertip as a function of time (f=1 Hz). (a) Contact
force density of the fingertip as a function of time; (b) Time-history
of the displacements at the contacting plate, the nail, the skin surface,
and in the depths of 0.53, 1.21, 2.13, and 3.35 mm from the skin
surface (measured at the undeformed state and in the central line of
the fingertip).

qualitatively with the experimental results (pulp force–
displacement relationship) by Serina et al. [41]. How-
ever, a qualitative comparison cannot be made because
of the difference between the finite element model and
the experimental configuration [41].

In our finite element model, the bone is assumed to
be fixed to realize the compression of the soft tissue.
Under exposure to vibration, the arterial bone encounters
low magnitude motions mostly associated with the rigid-
body mode. The rigid-body motion of the bone could
contribute to the resulting stress/strain fields of the soft
tissue due to the inertia force associated with the bone
and the variations in the compressive deformation of the
soft tissue, induced by the relative displacement between
the bone and the contacting plate (Fig. 1). The effects
of the inertia force, however, is considered to be negli-
gible in the frequency range investigated in the present
study. The effects of the variations in the compressive
deformation of the soft tissue, on the other hand, are
effectively investigated by varying the magnitude of the
prescribed vibration.

In the present simulations, the fingertip has been

Fig. 10. Predicted contact force and displacements at different
locations within the fingertip as a function of time (f=10 Hz). (a) Con-
tact force density of the fingertip as a function of time; (b) Time-
history of the displacements at the contacting plate, the nail, the skin
surface, and in the depths of 0.53, 1.21, 2.13, and 3.35 mm from the
skin surface (measured at the undeformed state and in the central line
of the fingertip).

assumed to be directly in contact with the vibrating plate.
The simulations are representative for the practical case
of grasping a power tool using a bare hand. We have
observed, in our recent field studies, that the wrapping
materials on the handles were often worn out. Gloves
were also worn out in some scenarios, resulting in a
nearly ‘bare contact’ between the finger and the handle
of the power tool. The effects of glove and wrapping
materials on the dynamic interaction between finger and
power tool can be studied using the proposed method-
ology; it is, however, beyond the scope of the present
study.

Due to the lack of adequate knowledge of the time-
dependent properties of the biological material and tech-
nical complexities associated with modeling of the
fingertip tissue in a dynamic loading environment, the
soft tissue of the fingertip is assumed to be uniform and
isotropic. This simplified model is considered to yield
considerable insight into stress and deformation fields
of the tissue under oscillatory loads. It is known that
physiological soft tissue contains many anatomical sub-
structures, e.g. tendons, vessels, and other non-uniform
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Fig. 11. Predicted steady-state distributions of the magnitude of the
cycling displacement and von Mises stress across the soft tissue (at
the central line of the fingertip) for the tests with frequencies of 1,
10, and 31.5 Hz. (a) The distributions of the magnitude of cycling
displacement; (b) The distributions of von Mises stress.

connective tissues. Consequently, physiological soft
tissue exhibits non-uniform and heterogeneous proper-
ties. The calibration of the constitutive equation pro-
posed in this study, when performed using a real soft
tissue containing all these anatomical substructures,
could be effectively applied to study the effects of non-
uniformity of the soft tissue.

In the present study, the numerical simulations of the
dynamic responses of the fingertip under vibration were
performed under a specified preload. The static preload
and vibratory motion at the contact surface represents
the interactions between the hand and a power tool. A
few studies investigated the relationship between the
magnitude of the grip force associated with grasping a
tool handle affects the nature of hand transmitted
vibration and the vibration response of the human hand–
arm system expressed in terms of driving-point mechan-
ical impedence [40]. The effects of grip force on the
mechanical response of the fingertip in vibration have
not yet been investigated.

A two-dimensional finite element model was
developed herein to study the interaction between the

fingertip and a vibration surface. Unlike previous mech-
anical-equivalent hand–arm vibration models, the pro-
posed model is developed on the basis of the physical
properties of the soft tissue and the anatomical structures
of the fingertip, and is capable of predicting the time-
dependent stress/strain distributions within the soft
tissues under static and dynamic loading. To the best of
the authors’ knowledge, the proposed model represents
the first ‘biodynamic’ model which simulates the
dynamic responses of the biological tissues under a
vibratory environment. The results of the present study
suggest that the fingertip may separate from the contact
surface subjected to sinusoidal vibration, where the dur-
ation of the separation within a cycle depends on the rate
of loading. The prescribed vibratory motion at a higher
frequency yields higher stresses in the tissues when com-
pared to those observed under a lower frequency
vibration. The predicted time-dependent deformation
fields in the soft tissue of fingertip under vibration
environment can be used as the boundary conditions to
simulate the effects of vibration on the local blood circu-
lation. The present model could serve as a useful tool to
study the mechanism of tissue degeneration under vibra-
tory loading encountered during operation of hand-held
power tools.
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