
A

v
v
i
u
n
H
f
t
e
©

K

1

o
c
c
c
t
a
t
p
i
l
s
o
s
t

1
d

Medical Engineering & Physics 29 (2007) 718–727
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bstract

It is well accepted that the effects of mechanical vibration on the finger–hand–arm system are strongly frequency-dependent: low frequency
ibration can transmit from hand to arm, while high frequency vibration is absorbed in the local tissue of fingers. This assertion has not been
alidated directly. The purpose of the present study is to analyze the frequency- and deformation-dependent dynamic strains in the soft tissues
n a fingertip that is subjected to vibration normal or tangential to the contact surface. The dynamic responses of the fingertip were analyzed
sing a multi-layered two-dimensional finite element model. The major anatomical substructures, i.e., skin, subcutaneous tissue, bone, and
ail, are included in the model. The fingertip was found to have a major resonance around 100–125 Hz and a second resonance around 250
z. The resonances of the fingertip are found to be independent of the direction of exposure (in normal or shear direction). The simulations

urther indicated that the dynamic strains induced by the vibration at low frequencies will penetrate deeper into the tissue (>3 mm) while
hat at high frequencies will be concentrated in the superficial skin layer (<0.8 mm). The model predictions are consistent with the published

xperimental observations.

2006 IPEM. Published by Elsevier Ltd. All rights reserved.
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. Introduction

Extended exposure to hand–arm vibration through the use
f tools such as grinders, chipping hammers, and rock drills,
ould result in hand-arm vibration syndrome (HAVS), the
onsequences of an array of vascular, sensorineural and mus-
uloskeletal disorders. The most common clinical manifes-
ations of HAVS are the vascular symptoms which present
s cold-induced reductions in blood flow and blanching of
he skin, together with tingling and numbness of the ex-
osed fingers–hand [1]. Although the mechanisms underly-
ng the development of HAVS are unclear, it is generally be-
ieved that vibration induces excessive dynamic loading on
oft tissues (e.g., [2–4]). It is well accepted that the effects

f mechanical vibration on the finger-hand-arm system is
trongly frequency-dependent: low frequency vibration can
ransmit from hand to arm, while high frequency vibration

∗ Corresponding author. Tel.: +1 304 285 5832; fax: +1 304 285 6265.
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odal analysis

s absorbed in the local tissue of fingers [5–7]. This asser-
ion has been supported by our previous test results of the
ibration distribution in hands and fingers [8,9], which indi-
ated that high frequency vibration energy (>100 Hz) is ab-
orbed in fingers while the low frequency vibration (<40 Hz)
s transmitted from palm into arm. The distributions of the
ynamic stress/strain in the soft tissues during vibration ex-
osure have, however, not been evaluated directly because
f technical difficulties in measuring these effects on soft
issues.

In occupational settings, the vibrations produced by hand-
eld tools are always three-dimensional. However, in both
xperimental studies [10] and theoretical [11] analyses, the
ibrations were usually considered as uniaxial in a direction
ormal to the contact surface. The response of hand–fingers
o the shear vibration has rarely been characterized [12]. Pre-

ious studies suggest that the response of a fingertip to a dy-
amic load applied in the normal direction is quite different
rom that applied in a shear direction [13]; correspondingly,
he perception of fingers to the vibration in normal direc-
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Fig. 1. Two-dimensional (2D) finite element model of a fingertip in contact
with a flat surface. A cross section of the fingertip is modeled using the 2D
finite element model. The center of the fingernail was supported while the
fingerpad was activated by a vibrating plate. The fingertip was composed of
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ion by a subject is also different from that in shear direction
14].

Soft tissues show different physiological responses to
hear and normal stress. For example, lower levels of shear
tress eventually result in the remodeling of peripheral nerves,
nd an increase in their resiliency [15], while higher levels
f shear can result in nerve tears [16,17]. In contrast, nor-
al or compressive stresses can result in damage to both the
yelin sheath and axons of peripheral nerves [18–21]. Skin is
ore resilient to shear stress because an underlying collagen

ayer allows the skin to slide independently of the underly-
ng tissue [22]. However, exposure to cyclic shear stress does
esult in skin damage in animals that have been tested [23].
inally, in blood vessels, exposure to both shear and normal
tresses may produce similar effects on vascular physiology.

echanically induced changes in vascular shape in response
o stress alter shear forces produced by blood flow through the
essels. These alterations in fluid shear stress on endothelial
ells mediate remodeling of blood vessels [24–27]. Thus, the
verall physiological responses and the soft tissue damage
nduced by mechanical loading are different for shear and
ormal stress.

A fingertip is composed of skin layers (epidermis and der-
is), subcutaneous tissue, bone, and nail. The hard tissues

i.e., bone and nail) are typically elastic, while the soft tis-
ues (i.e., skin and subcutaneous tissues) are nonlinear and
iscous [28,29]. When the finger is in contact with an object,
he mechanical vibrations are transferred through the skin and
ubcutaneous tissues to hand, arm, and body. Because of the
onlinear and time-dependent mechanical properties of the
oft tissues, the transmission of the vibration in the fingers
s dependent on the frequency and finger deformations. The

echanical responses of fingers to static [30] and dynamic
oading [31] have been studied by several researchers. How-
ver, the responses of the soft tissues in the finger to vibration
ave seldom been analyzed.

In order for engineers to improve the tool design to reduce
and–arm vibration injuries, we have to understand how the
ibrations transfer from the handle of the power-tool into the
oft tissues of the fingers. The present study is intended to
nalyze the frequency- and deformation-dependent dynamic
trains in the soft tissues in fingertip that is subjected to vi-
rations in a direction normal or tangential to the contact sur-
ace. Specifically, the distributions of the vibration-induced
ynamic strains in the soft tissue of the fingertip are to be
imulated. The fingertip will be compressed statically to dif-
erent deformation states before being subjected to the nor-
al or shear vibrations. The main purpose of the study is

o investigate: (a) the difference between the distributions of
he dynamic strains induced by the shear vibration and those
nduced by the normal vibration, and (b) the effects of the
tatic compression on the dynamic strains in the soft tissues.

he numerical simulations are performed using a nonlinear

wo-dimensional finite element (FE) model, which includes
ajor anatomical substructures: skin layers, subcutaneous

issue, bone, and nail.

1
a
fi
(

kin, subcutaneous tissue, bone, and nail; the skin and subcutaneous tissues
ere assumed to be nonlinearly elastic and viscoelastic. The flat contact sur-

ace was considered to be of PVC polymer, which was assumed to be linearly
lastic. The contact plate was subjected to normal and shear vibrations.

. Methods

.1. FE model

The dynamic responses of the fingertip were analyzed
sing a multi-layered two-dimensional (2D) finite element
odel, as shown in Fig. 1. The fingertip was assumed to be

omposed of a skin layer (representing epidermis and der-
is), subcutaneous tissue, bone, and nail. The fingertip was

ssumed to have a width of 16 mm and a height of 12 mm,
imensions typical for an index finger [32]. The skin was
ssumed to have a thickness of 0.8 mm [33]. Both skin, in-
luding epidermis and dermis, and subcutaneous tissues were
ssumed to be nonlinearly elastic and viscoelastic. The nail,
one, and contacting objects were considered as linearly elas-
ic. The center of the fingernail was supported while the fin-
erpad was in contact with a flat surface, which was assumed
o be of polyvinyl chloride (PVC) polymer. PVC is considered
s a common material for typical tool handles. The friction
oefficient between the contact surface and the finger skin is
ssumed to be 0.5. The simulations were performed using a
ommercial finite element software package, Abaqus (Ver-
ion 6.4). The FE model and the material models of the soft
issues are described in detail in our previous work [34].

.2. Simulation procedure

The simulation was performed in two stages. First, the
ontact plate was displaced towards the finger to achieve
predetermined value of tissue deformation (i.e., 0.5, 1.0,
.5, and 2.0 mm). The material and geometric nonlinearities
re considered in the static compression. Secondly, the
ngertip is subjected to a continuous harmonic excitation
with a displacement magnitude of 0.5 mm) from the contact
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Fig. 2. The distributions of vibration magnitude (U, mm) across the tissues of a fingertip subjected to normal vibration. The fingertip is pre-compressed by
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d0 =) 1 mm before being subjected to harmonic vibrations, and results show
nd 2000 Hz). The figures show that the contacting plate was specified to
agnitude within the tissues vary as a function of the frequency. At 125 Hz

ontacting plate.
nterface. The vibrations were applied in directions normal
nd tangential to the contact surface separately (Fig. 1). The
nalysis is performed using a linear perturbation procedure.
he fingertip is assumed to undergo small harmonic vibra-

t
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ig. 3. The distributions of vibration magnitude (U, mm) across the tissues of a finge
mm before being subjected to harmonic vibrations, and results shown are for eig
000 Hz). The figures show that the contacting plate was specified to the same displa
ithin the tissues vary as a function of the frequency. At 125 Hz, the vibration mag
late.
or eight different vibration frequencies (f = 16, 32, 63, 125, 250, 500, 1000,
e displacement at all frequencies, while the distributions of the vibration

bration magnitude in the tissues substantially exceeds that specified on the
ions around the deformed, stressed state, and the perturbed
olutions are calculated using the tangential stiffness at the
eformed state [35,36]. Since the harmonic vibration is
onsidered to be infinitesimal, the contact area is assumed

rtip subjected to shear vibration. The fingertip is pre-compressed by (d0 =)
ht different vibration frequencies (f = 16, 32, 63, 125, 250, 500, 1000, and
cement at all frequencies, while the distributions of the vibration magnitude
nitude in the tissues substantially exceeds that specified on the contacting
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Fig. 4. The distributions of vibration magnitude (U, mm) across the tissues of a fingertip around the major resonance. (a) Normal vibration. (b) Shear vibration.
The fingertip is pre-compressed by (d0 =) 1 mm before being subjected to harmonic vibrations. The vibration magnitudes in the tissues reach peaks around
125 and 99.2 Hz for normal and shear vibrations, respectively, indicating that the fingertip has resonances around these frequencies.

Fig. 5. The distributions of dynamic stains (E11, E22, E12) and vibration magnitude across the tissues of a fingertip subjected to normal vibration. The fingertip
is pre-compressed by (d0 =) 1 mm before being subjected to harmonic vibrations, and results shown are for eight different vibration frequencies (f = 16, 32,
63, 125, 250, 500, 1000, and 2000 Hz).
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o be unchanged during the vibrations. The stiffness of the
oft tissues in the fingertip is location- and pre-deformation-
ependent, due to the nonlinearly elastic properties of the
oft tissue and the geometric nonlinearities. The dynamic
nalysis is performed in a frequency range from 16 to
000 Hz in octave band intervals. The frequency-dependent
istributions of the vibration magnitude and dynamic strain
agnitudes across the soft tissues are investigated.
In this two-dimensional model, there are only three strain

omponents, i.e., ε11, ε22, and ε12. In order to study the dis-
ributions of the dynamic strain concentrations, an equivalent
train, εeqv, is defined [37]:

eqv =
√

2

3
εijεij, i, j = 1, 2 (1)

For a linear harmonic vibration, the vibration (displace-
ent) magnitude, u0, is related to the magnitude of the dy-

amic speed and acceleration, v0 and a0, by v = ωu0 and
= ω2u0, respectively. For tests with a constant velocity, v0,

he applied vibration magnitude decreases with vibration fre-

uency, u(ω) = v0/ω; while for tests with a constant accel-
ration, a0, the applied vibration magnitude decreases with
quare of vibration frequency, u(ω) = a0/ω

2. During the har-
onic vibration of the fingertip, the variations of the internal

T
i
v
t

ig. 6. The distributions of dynamic stains (E11, E22, E12) and vibration magnitud
s pre-compressed by (d0 =) 1 mm before being subjected to harmonic vibrations,
3, 125, 250, 500, 1000, and 2000 Hz).
Physics 29 (2007) 718–727

isplacements and strains are strictly proportional to the ap-
lied displacement at the contact interface. Therefore, the
nternal displacements and strains for constant acceleration
ests can be calculated from the results obtained for constant
isplacement tests by linear scaling. In the present studies,
he numerical tests are performed using a constant vibration

agnitude (0.5 mm). The equivalent strains for the constant-
isplacement tests (εeqv) are then converted to those for the
onstant velocity and constant acceleration tests by εeqv/ω

nd εeqv/ω
2, respectively. The same material models and pa-

ameters as those used in our previous [34] have been applied
n the current analysis.

. Results

The predicted distributions of the vibration magnitude
cross the fingertip, subjected to the vibrations normal
nd tangential to the contact surface, are depicted in Figs.

and 3, respectively. In these tests, the fingertip was
re-compressed by 1 mm before being applied to vibrations.

he vibration distributions across the finger section are

llustrated in color scales in these figures. It is seen that the
ibration magnitudes of the contacting plate for all cases are
he same, while the distributions of the vibration magnitude

e across the tissues of a fingertip subjected to shear vibration. The fingertip
and results shown are for eight different vibration frequencies (f = 16, 32,
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cross the finger section vary with vibration frequency. At
frequency of 125 Hz, the vibration magnitudes in the soft

issues substantially exceed that specified on the vibrating
late, indicating that the finger reaches the resonance around
hat frequency. It is seen from the results of both normal and
hear vibrations, that the penetration of the vibration into the
oft tissues increases with increasing frequency before the
esonance of 125 Hz; while at frequencies higher than the
esonance, the penetration of the vibration into the tissues
ecreases with the increasing frequencies.

In order to investigate the resonant characteristics of the
ngertip under normal and shear vibrations, the simulations
Figs. 2 and 3) were repeated at a refined interval around
he resonance (125 Hz), as shown in Fig. 4. The vibration

agnitudes in the tissues peaks around 125 Hz (Fig. 4a)
nd 99.2 Hz (Fig. 4b) for normal and shear vibrations,
espectively, indicating that the fingertip has resonances
round these frequencies.

The results of the modal pattern characteristics are

uantitatively analyzed to show the distributions of the
trains and vibration magnitude across the soft tissues at
ight different frequencies, as in Figs. 5 and 6. In these
gures, the distance from the contact surface (the horizontal

t
a
m
5

ig. 7. The effective strain magnitude (εeqv) at six different tissue depths (0.0, 0.76
f normal vibration. These results are for the vibration tests performed using const
.0, 1.5, and 2.0 mm, respectively.
Physics 29 (2007) 718–727 723

xis) is calculated from the un-deformed state and along the
enterline of the fingertip. The value “0 mm” is at the contact
urface, while “5 mm” is at the interface between bone and
ubcutaneous tissue.

For the tests with the normal vibration, the distributions
f the vibration magnitude are shown in Fig. 5(d), while the
orresponding distributions of the strain components, ε11,
22, and ε12, are shown in parts (a), (b), and (c), respec-
ively, of Fig. 5. It is interesting to see that the character-
stics of strain distributions are quite different for different
train components. The value of the horizontal strain (ε11)
t 125 Hz is much higher than those for other frequencies
Fig. 5(a)). The vertical strain (ε22) shows a sudden varia-
ion around the transition of skin/subcutaneous tissue. In the
egion near the skin surface (<0.8 mm) and for frequency
bove 500 Hz, the value of ε22 increases substantially with
ncreasing frequency (Fig. 5(b)). In the superficial skin layer
<0.2 mm) and for frequencies above 250 Hz, the shear strain
ε12) increases dramatically with increasing frequency; while

he shear strain is negligible deep in the tissue (>0.3 mm) for
ll frequencies (Fig. 5(c)). The overall value of the vibration
agnitude in the tissue reaches the maximum at 250 Hz (Fig.

(d)). Deep in the tissue (>2.5 mm) and for frequencies above

, 2.1, 3.12, 4.15, and 5.0 mm) as a function of vibration frequency for tests
ant displacement. (a), (b), (c), and (d) are for pre-compressions (d0) of 0.5,
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50 Hz, the vibration magnitude decreases with increasing
requency.

For the tests with the shear vibration, the distributions of
he strain components, ε11, ε22, and ε12, and vibration mag-
itude across the tissue are shown in parts (a), (b), (c), and
d), respectively, of Fig. 6. It is seen that the magnitude of
he strains in both horizontal and vertical directions (ε11 and
22, as shown in parts (a) and (b), respectively, of Fig. 6)
re small compared to the shear strain (ε12, as shown in Fig.
(c)). Around the transition of skin/subcutaneous tissue, the
urves for the vertical strain and magnitude, as depicted in
arts (b) and (d), respectively, of Fig. 6, show sudden varia-
ions. In the superficial skin layer (<1 mm), the shear strain
rst decreases with increasing frequency (<62.5 Hz), sud-
enly increases at the resonance (around 125 Hz), and then
ncreases dramatically with increasing frequency (>250 Hz).
t the contact surface the vibration magnitude is prescribed at
.5 mm, while its distribution across the tissue varies with fre-
uency: the vibration magnitude first increases with increas-
ng frequency (<62.5 Hz), reaches the maximum at 125 Hz,

nd then decreases with increasing frequency (>250 Hz).

In order to evaluate the combined effects of all strain com-
onents across the tissues, the frequency-dependent equiv-
lent strain (εeq) at six different tissue depths for pre-

t
h
F
t

ig. 8. The normalized effective strain magnitude (εeqv/ω, s) at six different tissu
requency for tests of normal vibration. These results are corresponding to the vib
re-compressions (d0) of 0.5, 1.0, 1.5, and 2.0 mm, respectively.
Physics 29 (2007) 718–727

ompression (d0) of 0.5, 1.0, 1.5, and 2.0 are plotted in parts
a), (b), (c), and (d), respectively, of Figs. 7. These numer-
cal tests were performed using normal vibration. At high
requency, the equivalent strain in the superficial zone is
uch higher than that in the deep zone; while at low fre-

uency, the equivalent strain is quite uniformly distributed
cross the tissue. The effect of the pre-compression on the
ynamic strain distribution in the tissue seems both loca-
ion and frequency-dependent. At low frequency (<62.5 Hz),
he dynamic strains across the tissue tend to increase with
ncreasing pre-compression. At high frequency (>500 Hz),
he dynamic strain in the deep layer (>3.12 mm) increases
ith increasing pre-compression, while those in the superfi-

ial layer (<0.8 mm) is less influenced. In general, the pre-
ompression tends to make the distribution of the dynamic
train more uniform across the tissue.

All results shown in Figs. 5–7 were obtained in numerical
ests with a constant vibration magnitude of 0.5 mm. In many
ractical applications, vibration tests have been performed
sing constant velocity and constant acceleration. Therefore,

he distributions of the equivalent strain (as in Fig. 7), εeqv,
ave been normalized to εeqv/ω and εeqv/ω

2 and shown in
igs. 8 and 9, respectively. It is seen that the magnitude of

he normalized equivalent strains, εeqv/ω and εeqv/ω
2, at

e depths (0.0, 0.76, 2.1, 3.12, 4.15, and 5.0 mm) as a function of vibration
ration tests performed using constant velocity. (a), (b), (c), and (d) are for
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ig. 9. The normalized effective strain magnitude (εeqv/ω
2, s2) at six differ

requency for tests of normal vibration. These results are corresponding to
or pre-compressions (d0) of 0.5, 1.0, 1.5, and 2.0 mm, respectively.

ifferent depths decrease consistently with increasing fre-
uency. The pre-compression on the fingerpad tends to make
he distribution of the normalized equivalent strains more
requency-independent deep in the tissue (>3.0 mm). The
trains at the superficial layer appear to be little influenced
y the pre-compression. Around a frequency of 250 Hz, the
istributions of the effective dynamic strains across the tis-
ue (Figs. 7–9) show a dip that is independent of the levels
f pre-compression. These observations indicate that there is
second resonance of the fingertip around 250 Hz.

. Discussion and conclusion

Although the dynamic stress and strain in the soft tissues
re believed to result in degeneration and dysfunction in
he vascular and neural systems in the fingers, a direct
ink between occupational exposures to vibration, and the
evelopment of hand disorders has not been established. The

ffects of mechanical vibration on the neural and vascular
ystems depends on the degree of finger deformation in
esponse to vibration frequency [38–40]. In the present
tudy, we theoretically analyzed the frequency-dependent

s
5
n
i

e depths (0.0, 0.76, 2.1, 3.12, 4.15, and 5.0 mm) as a function of vibration
ration tests performed using constant acceleration. (a), (b), (c), and (d) are

istributions of dynamic strain in the soft tissues in a
ngertip that is subjected to normal and shear vibration. The
urrent simulation indicated that vibration at low frequencies
ill penetrate into tissue, while at high frequencies it will
e absorbed in the skin surface. These model predictions
re consistent with experimental observations [8,9]. The
nowledge of the vibration penetration into the soft tissue
f the finger obtained in the present study will help to un-
erstand the mechanisms of HAVS and optimize designing
f hand-held tools to reduce occupation-related disorders of
he hand.

It is interesting to observe that the shear vibration induces
ignificant shear strains and negligible normal strains in soft
issue, while the normal vibration induces both normal and
hear strains in the tissues. The combined normal and shear
train induced by normal vibration may explain why vibra-
ion exposure in the plane is so damaging to both neural and
ascular tissues [15]. Furthermore, the shear strain caused
y the normal vibration is significant only in a superficial

kin layer (<0.3 mm) and negligible deep in the tissue (Fig.
(c)). The shear strains at the superficial layer caused by both
ormal and shear vibrations are observed to increase dramat-
cally for vibration frequencies above 250 Hz. Shear stresses
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ay cause significant damage on the skin tissues. However,
ecause the shear strains are concentrated in the superficial
kin layer, they may be effectively reduced by using a suitable
rotection glove.

Our simulation results indicated that the major resonance
f the finger is around 100–125 Hz that is independent of the
irection of activations (in normal or shear direction). The
istributions of the strains and vibration magnitude across the
issue show that, around the resonance of 125 Hz, the magni-
ude of the horizontal strain, E11, is substantially higher for
he normal vibration (Fig. 5a), while the value of the vertical
train, E22, is substantially higher for the shear vibration (Fig.
b). The predicted major resonance of the finger is consistent
ith the experimental results obtained in vibration transmis-

ibility tests, which showed a peak in a range of 80–150 Hz
10]. However, the vibration tests can only measure the global
echanical response of the finger and cannot evaluate the re-

ponses of the soft tissues. The present study indicated that
he resonance at 100–125 Hz is associated with the dramatic
ncrease in the tissue strains.

From the distribution of the dynamic strain across the tis-
ue (Figs. 5–9) one can identify a second resonance around
50 Hz. The distributions of the dynamic strains in tissue for
oth normal (Fig. 5) and shear vibrations (Fig. 6) indicate that
round the second resonance (250 Hz) the magnitude of the
orizontal strain in the tissues reaches a peak. This second
esonance has been confirmed consistently by the distribu-
ions of the effective dynamic strains for the numerical tests
ith constant vibration magnitude (Fig. 7), constant veloc-

ty (Fig. 8), and constant acceleration (Fig. 9). These results
urther indicate that this second resonance of the fingertip is
ndependent of the pre-compression. This model prediction
s consistent with our previous study of the finger mechanical
mpedance [41], which showed a peak of the energy absorp-
ion rate of the fingers around 250 Hz, indicating that dynamic
train values in the soft tissues reach peak around the second
esonance. This model prediction suggests that the vibrations
round a frequency of 250 Hz may likely cause damage to the
eural and vascular systems.

From the present simulations, it is seen that the vibration
agnitude across the tissue decreases with increasing fre-

uency for the constant speed or constant acceleration tests.
he risk of vibration induced injury or damage on the neural
ystem in finger can, however, not be evaluated solely based
n the vibration magnitude. The vibrations applied at the fin-
ertip are detected by the Meissner’s and Pacinian corpuscles,
hich are assumed to be located in superficial (0.2–0.9 mm
epth) and deep zone (2.5–4.2 mm depth) [42], respectively.
he sensitivity thresholds of these receptors are frequency-
ependent. The Meissner’s corpuscles are maximally acti-
ated in response to low frequency vibrations (less that 60 Hz)
r flutter that results in a 50–1000 �m indentation within the

kin [43]. In contrast, the Pacinian corpuscles are activated
n response to higher frequency vibrations (40–300 Hz) that
esult in a 1–1000 �m indentation of the skin [43]. In order
o evaluate the effects of the vibration on the neural systems
Physics 29 (2007) 718–727

n fingertip, both vibration magnitude across the tissue and
he frequency-dependent sensitivity of the mechanoreceptors
hould be taken into account.

Our simulation results indicate that, at very high frequen-
ies (>1000 Hz), the vibration induced dynamic strain is con-
entrated at a tissue depth less than 1 mm, and vibration en-
rgy dissipates at the skin surface layer. Although the vibra-
ion at very high frequencies may have few acute effects on
he sensory perception, because these mechanical stimuli are
ell beyond the frequency range of the mechanoreceptors,

hey may potentially result in the structural damage of the
ocal tissues [44,45].

Our simulation results indicated that the effects of the
re-compression on the dynamic strain distributions across
he soft tissue is location and frequency-dependent. The
eneral resonant characteristics are less influenced by the
re-compression. In general, the pre-compression tends to
ake vibration penetrate deeper into the tissues over the

ntire frequency range. Based on the present simulations,
ne would expect that the risk of the vibration damage on
he neural and vascular system in fingers would increase
ith increasing grip force.
The shear vibration is transmitted to the soft tissues

hrough the friction between the skin and vibration plate.
e have numerically tested the effects of the friction on the

ibration transmission between the finger and contact plate
results not shown). For a friction coefficient of 0.5, there is
o relative sliding between the skin and the contact plate in
ur simulations. For friction coefficient less than 0.1, the fin-
er skin begins to slide relative to the contact surface during
ibration. The effect of the friction on the normal vibration
ransmission is found to be negligible.

In conclusion, in the present study we analyzed, for the
rst time, the frequency-dependent distributions of dynamic
trains in a fingertip subjected to the normal and shear vibra-
ions. The model prediction on the resonant characteristics
f the finger is consistent with the published experimental
bservations. The proposed model can be used to predict the
esponses of the soft tissues in different depths to vibration
xposures, providing valuable information and data that are
ssential for understanding the mechanism of the vibration-
nduced hand–finger disorders.
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