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a b s t r a c t

In the current study, we hypothesize that the vibration power absorption density

(VPAD) is a good measure for the vibration exposure intensity of the soft tissues of the

fingers. In order to calculate the VPAD at a fingertip, we proposed a hybrid modeling

approach, which combines a 2D finite element (FE) model with a lumped parameter

model. Whereas the lumped components are used to represent the global biodynamic

characteristics of the hand-arm system, the FE component is used to predict the detailed

stresses, strains, and VPAD in the fingertip. The lumped parameters are determined by

using the vibration transmissibilities measured at the fingertip, while the material

parameters of the soft and hard tissues of the FE model are adopted from the published

experimental data. The proposed model was applied to predict the distributions of

dynamic displacement, velocity, and VPAD in the soft tissues of the fingertip.

Furthermore, we have derived the frequency weighting based on the VPAD of the soft

tissue. The preliminary analysis indicated that the VPAD-based frequency weighting is

substantially different from the ISO weighting in that the ISO frequency weighting

emphasizes the effect of the vibration at frequencies lower than 25 Hz whereas the

VPAD-based weighting generally emphasizes the resonant responses of the finger.

Our analysis indicated that the VPAD-based weighting was fairly consistent with the

finger surface vibration transmissibility at frequencies greater than the first resonance,

suggesting that the finger surface transmissibility may be used as an alternative

frequency weighting for assessing the finger vibration exposure. The proposed method

provides a practical and efficient tool to simulate the detailed biodynamic responses of a

complex biological system to vibration.

Published by Elsevier Ltd.

1. Introduction

Prolonged, intensive exposure to hand-transmitted vibration could cause a series of disorders in the sensorineural,
vascular, and muscular systems of the fingers, which are the major components of hand-arm vibration syndrome [1,2]. It is
well accepted that any effect of vibration exposure is generally frequency-dependent. However, a reasonable frequency
weighting that accounts for many components of the vibration-induced finger disorders, such as the most studied
vibration-induced white finger (VWF), has not been well established [3]. The current frequency weighting that has
been conventionally used to assess the risk of the hand-arm vibration syndrome is specified in a consensus standard
(ISO 5349-1) [4]. This weighting was formulated based on the subjective sensation of the entire hand-arm system
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measured under some specific testing conditions [5]. Such a weighting may not truly reflect the frequency dependency of
the vibration-induced finger disorders. Although a few epidemiological studies of the VWF have reported results consistent
with the predictions of the standardized weighting method [6,7], many other studies have reported large discrepancies
[8–15]. Therefore, the development of a more reasonable frequency weighting for assessing the risk of the vibration-
induced finger disorders remains an important issue.

Naturally, the immediate biodynamic responses of the fingers can be best expressed as vibration-induced stress, strain,
and power absorption in the finger tissues [16]. Such responses to mechanical stimuli incite the neural sensors of the
fingers to detect the vibration and/or cause any injury to the finger soft tissues. It has also been well known that the
mechanical stress and strain are essential factors that modulate the growth, remodeling, morphogenesis of the biological
system [17]. Whereas many other factors may also influence the development of the vibration-induced finger disorders,
the vibration-induced finger biodynamic responses might be the major factor that could cause physiological and
subsequent pathological responses, which could eventually lead to the development of the finger disorders [1,16]. This
concept is also supported from the observation that vibration-induced finger disorders are primarily associated with the
local soft tissue [3], although vibration could also induce sympathetic responses of the fingers without direct exposure to
vibration [1]. These observations suggest that there could be strong associations between the vibration-induced
biodynamic responses and finger disorders, which further suggest that their frequency dependencies are at least partially
related to each other. A comprehensive understanding of the biodynamic response weighting can help establish a better
frequency weighting for risk assessment. More specifically, a preliminary frequency weighting can be derived from the
finger biodynamic responses. The final weighting can be established by testing and revising the preliminary weighting
through further physiological, pathological, and epidemiological studies. This may be a practical and effective approach to
establish a more reasonable frequency weighting for assessing the risk of vibration-induced finger disorders.

Vibration power absorption density (VPAD) is a scalar parameter that combines the effects of tissue damping and
vibration-induced stress and strain. We hypothesize that VPAD is a good measure for the vibration exposure intensity of
the soft tissues of the fingers. Consistent with the concept of VPAD, several investigators proposed to use the vibration
power absorption (VPA) to quantify the vibration exposure and hypothesized that VPA might be a significant etiological
factor with regard to vibration-induced disorders [18–20]. Because it is technically difficult to quantify the VPA density, the
total VPA of the entire hand-arm system was usually measured in previous studies. It was found that the frequency
weighting derived from the total VPA was highly correlated with the ISO frequency weighting [21], suggesting that the
total VPA is associated with the overall perception of the vibration and it is a measure similar to the ISO frequency-
weighted acceleration. Thus, if the total VPA would be strongly associated with vibration-induced finger disorders, the
current ISO weighting method would have provided a reasonable prediction of the VWF. As aforementioned, this does not
seem to be the case. Whereas the total VPA may have some value for studying the vibration-induced disorders in the palm–
wrist–arm–shoulder system, it may not be suitable for studying vibration-induced finger disorders [22].

Vibration-induced finger disorders are likely to be more closely associated with the VPAD in the fingers. To test this
hypothesis, it is necessary to quantify the VPA or VPAD in the fingers. However, there is no practical method for direct
evaluation of the VPA or VPAD in the fingers of a human subject. Alternatively, Dong et al. [23] proposed an approximate
method to estimate the total VPA in the fingers using a mechanical-equivalent model of the finger–hand–arm system.
Because the model does not include anatomical sub-structures of the fingers, it cannot be used to predict the VPA in the
sections of a finger. In a separate study, an approximate method was proposed to predict the average VPAD of all the
fingers [16]. Again, it is impossible to use such an approach to identify the distribution of the VPA or VPAD in each finger
section, without taking into account the detailed anatomical structures of the hand-fingers in the modeling.

The current technology has made it possible to develop more comprehensive models of the fingers-hand-arm system
for predicting more detailed distribution of the VPA and/or the VPAD in the soft tissues. Traditionally, there are two types
of models simulating the responses of the human hand–arm system to vibration: lumped mass model and finite element
(FE) model. In the lumped mass model, the hand–arm systems are represented using elements of spring, dashpots, and
mass, and the global driving point biodynamics of the hand–arm–finger system can be simulated. Another approach is to
use a FE method to mimic detailed anatomical structures of the biological system. Theoretically, the FE model can predict
both applied-hand-force-induced and vibration-induced stresses, strains, and VPAD. However, it is technically demanding
to model the entire hand–arm system using a FE method. In the current study, we propose a hybrid modeling method for
analyzing the biodynamic responses of a fingertip, taking advantage of both modeling approaches. Whereas the lumped
components will be used to represent the global biodynamic characteristics of the hand–arm system, the FE component
will be used to predict the detailed stresses, strains, and VPAD in the fingertip. Using the proposed model, the methodology
for deriving the frequency weighting based on the VPAD will be explored.

2. Method

2.1. Hand–finger model

The system of the hand–finger is simulated by using a lumped parameter model combined with a 2D FE model, as
illustrated in Fig. 1A. The fingertip is simulated using a 2D finite element model, while the effective mass of the
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hand–finger is represented by the mass element m. The coupling between the fingertip and hand–finger is represented by
the spring and damping element (k1 and c1). The contact between the fingertip and the vibrating plate is simulated in
the FE modeling, while the coupling between the hand and the vibrating plate is represented by a spring/damping unit
(k3 and c3). The coupling between the hand, forearm, and ground is represented by using another spring/damping unit (k2 and c2).

The fingertip model was assumed to be composed of skin layers, subcutaneous tissue, bone, and nail. The dimensions of
the fingertip were determined based on the measurements of subject’s finger and they are representative of the index
finger of males [24,25]. The biquadral, plain-strain elements were used in the FE models and the commercial FE software
package, ABAQUS (version 6.8), was utilized for the analyses. The nail is considered to have a thickness of 0.60 mm [26].
The skin is assumed to be composed of two layers: the outer skin (100mm thick) and inner skin (1.26 mm thick). The outer
skin layer contains stratum corneum (SC) and a part of the viable epidermis; and is considered as linearly elastic (Young’s
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Fig. 1. Hybrid model of a fingertip. (A) The vibration response of the fingertip is simulated using a lumped parameter model combined with a 2D FE

model. (B) Sketch for the calculation of the contact force between the force plate and the fingertip, Fn. The fingertip model includes nail, bone, outer skin,

and inner skin, and subcutaneous tissues.
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modulus of 2 MPa and Poisson’s ratio of 0.30); while the inner skin layer is composed of dermis and a part of the viable
epidermis, and is characterized as nonlinearly elastic. The bone and nail are assumed to be linearly elastic [27], and have
Poisson’s ratio of 0.30 and Young’s moduli of 17.0 GPa and 170.0 MPa, respectively. The two-term Mooney–Rivlin model is
applied to characterize the nonlinearly elastic behaviors and the Rayleigh formula is applied for the frequency-dependent
viscous damping characteristics of the soft tissues (i.e., the inner skin layer and subcutaneous tissues), as described in our
previous studies [28,29]. The vibrating plate was assumed to have a thickness of 25 mm and a flat contact surface. The plate
was considered to be made of aluminum with Young’s modulus of 77.9 GPa and Poisson’s ratio of 0.30. The parameters of
the FE fingertip model are listed in Table 1.

2.2. Experimental procedure

Practically, the vibration transmissibility on the surface of a finger and/or the driving-point biodynamic response of the
finger and hand can be directly measured. Each or both of them can be used to determine the remaining parameters of the
model. In the current study, the vibration transmissibility of the fingertip was measured using a laser vibrometer (Polytec
PSV-300-H). The basic measurement method and testing setup were similar to those reported in a previous study [30].
Briefly, a flat, rectangular aluminum platform (21.6�12.7 cm, 1.09 kg) connected to a single-axis vibration testing system
(Unholtz-Dickie, TA250-S032-PB) was used to deliver the vibration, as shown in Fig. 2. The subject pushed against the plate
with an open hand at four different given static force levels (from 15 to 30 N) during the measurement. The forearm of the
subject was approximately horizontal and aligned with the wrist. The static and dynamic forces were measured using
three force sensors (Kistler 9212), which connected the plate to the shaker. The remaining lumped parameters (m, ci, and ki,
i = 1, 2, 3) were determined by fitting the predicted vibration transmissibility to the measured data using a least root-
mean-square method [21]. The lumped parameters used in the simulations are listed in Table 1.

2.3. Numerical simulation procedure

The simulations were conducted using a displacement-controlled protocol in two stages. First, the fingertip was
statically pre-compressed by applying a static force, F, at the bone center towards the contact plate. Second, the contact
plate was subjected to a continuous harmonic vibration and the steady-state dynamic responses of the fingertip were
analyzed using a linear perturbation procedure.

The contact force between the force plate and the fingertip, Fn, was calculated via a force equilibrium (Fig. 1B):

Fn¼ F�F1¼ F�D � k1 (1)

where F1 and D is the force and deformation of the spring k1, respectively.
The fingertip was assumed to undergo small harmonic vibrations around the deformed, stressed state, and the

perturbed solutions were obtained using the tangential stiffness at the deformed state [31,32]. At the stressed state,
the stiffness of the tissue is location-dependent due to the non-uniform deformation and the material nonlinearity.
The perturbation procedure is linear—the contact area is assumed to be unchanged and the material properties are linearly
viscoelastic. The dynamic analysis was performed in the frequency domain ranging from 16 to 1000 Hz.

2.4. Calculation of VPAD

The VPAD is defined as the vibration power absorption per unit volume of tissue. Assuming a tissue element with a
volume, vol¼Dx �Dy �Dz, is subjected to a sinusoidal vibration, u, under uniaxial force in the x direction, fx, the VPA and

Table 1
The parameters of the FE fingertip and the lumped parametric model used in the current simulations.

Materials Mooney–Rivlin form Elastic form Density Rayleigh Damping

C10 (MPa) C01 (MPa) D1 (1/MPa) E (MPa) u (–) r (kg/m3) a (1/s) b (s)

Fingertip FE model

Skin (outer) * * * 2 0.3 1000 100 5.0E�06

Skin (inner) 2340 5420 2.0E�09 * * 1000 100 5.0E�06

Subcutaneous tissue 597 1340 2.0E�09 * * 1000 100 5.0E�06

Bone * * * 10 000 0.3 2000 100 1.0E�08

Nail * * * 170 0.3 2000 100 1.0E�08

Lumped parametric model

m (g) k1
0 (N/m) c1

0 (N*s/m) k2
0 (N/m) c2

0 (N*s/m) k3
0 (N/m) c3

0 (N*s/m)

48 1937 2.57 562 16.00 13 273 18.53
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VPAD of the tissue element are derived conceptually:

VPA¼ Re½fxðoÞ _uðoÞ� (2)

and

VPAD¼
VPA

vol
¼

VPA

Dx �Dy � Dz
¼ Re

fxðoÞ
Dy � Dz

�
_uðoÞ
Dx

� �

¼ Re½sðoÞ_eðoÞ� ¼ Re½sðoÞeðoÞj�o (3)

where j¼
ffiffiffiffiffiffiffi
�1
p

; s and e is the stress and strain, respectively; and o is the excitation frequency in rad/s.
Soft tissues are generally subjected to multi-axial loading, therefore, the contributions of the normal and shear stress/

strain in all axes should be considered:

VPAD¼ Re½sabðoÞ_eabðoÞ� ¼ Re½sabðoÞeabðoÞj�o, a,b¼ 1,2,3 (4)

where sab, eab, and _eab is the tensor of the dynamic stress and strain, and strain rate, respectively.
For a linear system, both stress and strain are linearly proportional to the vibration magnitude, U, which is related to the

input acceleration, A, by Uo2
pA. Therefore, it will be reasonable to assume that the VPAD is proportional to the square of

the acceleration, A:

VPAD¼ wðoÞA2 or wðoÞ ¼ Re½sabðoÞeabðoÞj�o
A2

(5)

where wðoÞ is a parameter that is dependent on the stiffness and damping characteristics of the structure.

2.5. Frequency weighting derived from VPAD

The ISO frequency-weighted acceleration is proportional to the acceleration. To make the measurement of the VPAD
directly comparable with the ISO weighted acceleration [21,22], VPAD is transformed into a form that is linearly
proportional to the acceleration, A,

ffiffiffiffiffiffiffiffiffiffiffiffi
VPAD
p

¼
ffiffiffiffiffiffiffiffiffiffiffi
wðoÞ

p
A (6)

This expression indicates that the frequency weighting based on the VPAD should be dependent on
ffiffiffiffiffiffiffiffiffiffiffi
wðoÞ

p
. After

normalization with respect to its maximum value and the maximum value (0.958) of the ISO frequency weighting in the
one-third octave bands, the VPAD-based frequency weighting can be expressed as

WVPADðoÞ ¼ 0:958

ffiffiffiffiffiffiffiffiffiffiffi
wðoÞ

p
Max

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
wðoref Þ

p ¼ 0:958

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Re½sabðoÞeabðoÞj�o

p
=A

Max
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
wðoref Þ

p (7)

where oref is the reference frequency, at which the variable wðoÞ reaches its maximum. Consequently, the frequency
weighting function, WVPADðoÞ, is dimensionless and has a maximum value of 0.958.

The VPAD-based frequency weighting, as expressed in Eq. (7), is in the same scale as the frequency weighting of ISO and
both weighting curves are directly comparable.

Fig. 2. Set-up for testing vibration transmissibility of human hand–finger system. A constant-velocity (8 mm/s) broad-band random vibration from 16 to

1250 Hz was used as the excitation. The black squares in the picture represent the scanning spots of the laser vibrometer.
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3. Results

3.1. Deformations of the fingertip under static loading

The applied force at the bone center, F, and the contact force between the fingertip and vibration plate, Fn, as a function
of the fingertip deformation are depicted in Fig. 3. The fingertip deformation is defined as the displacement difference
between the bone center and the contact surface. The 2D FE model is considered to have a thickness of 10 mm, therefore,
the forces are expressed in terms of N/cm. It is seen that F is almost linearly related to the fingertip deformation, whereas
the relationship between Fn and fingertip deformation is nonlinear. That is because only a small portion of the applied
force contributed to the fingertip deformation, and most of the applied force is carried out by the other part of the hand.

For four representative contact force levels, F1 (= 0.1 N/cm), F2=2F1, F3=3F1, and F4=4F1, we calculated the
distributions of the static deformations in the fingertip, as shown in Fig. 4. The left and right columns of the figure show the
horizontal and vertical displacements (shown as U1 and U2 in figure), respectively.

3.2. Model calibration

By adjusting the lumped parameters (ki and ci, i=1, 2, 3, and m), the model predictions on the magnitudes of the
vibration transmissibility are fitted to the experimental data, as shown in Fig. 5. The transmissibility is defined as the ratio
of the vibration magnitude at the nail to that at the vibration plate. Both numerical and physical tests were conducted at
the same constant vibration velocity of 8 mm/s. It is seen that the model predictions for the first and second resonant
responses agree well with the experimental measurements. The comparison of the corresponding phase variations
between the theoretical predictions and the experimental data is shown in Fig. 6. It is seen that the theoretically predicted
phase angles agree in trend with the experimental data for vibration frequencies lower than 100 Hz. The lumped
parameters of the model were found to be dependent on the static compression:

ci ¼ c0
i � cdamp, ki ¼ k0

i � kdamp (8)

where ci
0 and ki

0 are the damping coefficient and spring stiffness at the reference level (Table 1), respectively; and cdamp and
kdamp are functions of the static compression, as illustrated in Fig. 7.
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Fig. 4. The distributions of the horizontal (U1, left column) and vertical displacement (U2, right column) of the fingertip subjected to different

pre-compression forces. A section thickness of 1 cm in the 2D model is considered, such that F1=0.1 N, F2=2F1, F3=3F1, F4=4F1. U1 and U2 are in mm.
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3.3. Effects of the static contact force and tissue damping

The transmissibility of the vibration at the fingertip and the corresponding phase shifts as a function of the static pre-
compression is shown in Fig. 8. In this series of numerical tests, the normalized static compression force (f=Fi/F1, i=1,2,3,4)
is increased one, two, and three times from f=1, while all other model parameters were kept unchanged. The results show
that the first and the second resonant frequencies of the fingertip are around 70-80 Hz and around 200 Hz, respectively.
The static compression has an effect on the vibration magnitude, but no effect on the resonant frequency.

The simulation results for the effects of the tissue damping on the transmissibility and the phase shift are shown in
Fig. 9. In this series of numerical tests, the tissue damping factor was increased from 0:5b0 (b0 ¼ 5� 10�6 s) to b0, 2b0, and
4b0, while the other parameters were unchanged. It is seen that the vibration transmissibility magnitudes around the
resonances are reduced with increasing tissue damping, and that tissue damping has little effect on the phase angle
variations. Again, the resonant frequency is not affected by the variations of the tissue damping.

3.4. Distributions of dynamic displacement, velocity, and VPAD in the soft tissues

The representative results for the frequency-dependent distributions of the vibration displacement magnitude across
the fingertip are shown in Fig. 10. Since the numerical tests were conducted under constant vibration velocity at the
contact plate (8 mm/s), the magnitude of the maximal displacement magnitude decreases with increasing frequency, as
expected.

Fig. 11 shows the results of the distributions of the vibration velocity magnitude across the fingertip sections. It is seen
that velocity magnitude of the plate is constant (8 mm/s), while the penetration of the vibration into the soft tissues is
frequency-dependent. Although the undeformed shapes of the fingertip model are shown in these figures for the purpose
of illustrating, the fingertip is, in fact, vibrated under a pre-compressed state.

The distributions of vibration magnitude, velocity, and VPAD along the central line of the fingertip model are depicted in
Fig. 12. The spatial distances of the plots refer to the fingertip in the undeformed state. The distributions of these
parameters within the soft tissues are of major concern (i.e., the range from the bone/soft tissue interface to the tissue/
plate contact interface). The frequency-dependent characteristics of the vibration penetrations into the soft tissues are
quantitatively analyzed in these figures. At the tissue/plate contact surface, the vibration velocity is constant at 8 mm/s
(Fig. 12B) and the corresponding vibration magnitude decreases with increasing frequency (Fig. 12A). However, the
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Fig. 6. Comparison of the simulated phase change of the vibration transmissibility at the fingertip with the experimental data. The fingertip was

pre-compressed by four different forces before subjected to vibration. (A) Experiments (*: f=1; 3: f=2; &: f=2; n: f=4). (B) Simulations (n: f=1; �: f=2; ’:

f=3; m: f=4). The normalized force is defined as: f=Fi/F1 (i=1,2,3,4), with F1=0.1 N, F2=2F1, F3=3F1, and F4=4F1.

k_damp = 0.560(F/F0) - 1.891(F/F0) + 2.011

0

1

2

3

4

0
F (N)

k_
da

m
p

c_damp = -0.268(F/F0) + 1.709

0.0

0.5

1.0

1.5

c_
da

m
p

1 2 3 4 5

0 1 2 3 4 5

Fig. 7. The variation of the stiffness and damping parameters of the lumped elements as a function of the applied pre-compression force. (A) Damping

parameter, cdamp = �0.268 (F/F0)+1.709. (B) Stiffness parameter, kdamp=0.560(F/F0)2
�1.891(F/F0)+2.011. F is in N, and F0 = 1 N.

J.Z. Wu et al. / Journal of Sound and Vibration 329 (2010) 5600–56145608

(A) 
10 100 1000 

0 

-100 

~ -200 
" Experiments 
'" .. 
~ 

"-
-300 

-400 

(8) 10 100 1000 

0 

-100 

~ 
" '" 

-200 .. 
~ 

"-
-300 

Simulations 

-400 
Frequency (Hz) 



Author's personal copy

0.0

0.5

1.0

1.5

2.0

Tr
an

sm
is

si
bi

lit
y

f=4 (d=1.74 mm)
f=3 (d=1.53 mm)
f=2 (d=1.25 mm)
f=1 (d=0.83 mm)

-400

-350

-300

-250

-200

-150

-100

-50

0

50
10 100 1000

Frequency (Hz)

Ph
as

e
(d

eg
)

f=4 (d=1.74 mm)
f=3 (d=1.53 mm)
f=2 (d=1.25 mm)
f=1 (d=0.83 mm)

Fig. 8. The effects of the pre-compression forces on the vibration transmissibility of the fingertip. The fingertip was pre-compressed by different forces

before subjected to vibrations. n: f=1 (d=0.83 mm); �: f=2 (d=1.25 mm); ’: f=3 (d=1.53 mm); and m: f=4 (d=1.74 mm). The normalized force is defined

as: f=Fi/F1 (i=1,2,3,4), with F1=0.1 N, F2=2F1, F3=3F1, and F4=4F1.

-400
-350
-300
-250
-200
-150
-100

-50
0

50

Frequency (Hz)

Ph
as

e
(d

eg
)

4*b0
2*b0
1.0*b0
0.5*b0

0.0

0.5

1.0

1.5

10 100 1000

Tr
an

sm
is

si
bi

lit
y

4*b0
2*b0
1.0*b0
0.5*b0

Fig. 9. The effects of the tissue damping on the vibration transmissibility of the fingertip. The tissue damping is reduced by 50%, or increased by 100% and

300%. The pre-compression force is unchanged at F2=0.2 N for the simulations. m: 0:5b0; ’: 1:0b0; �: 2:0b0; n: 4:0b0, with b0 ¼ 5� 10�6 s.

J.Z. Wu et al. / Journal of Sound and Vibration 329 (2010) 5600–5614 5609



Author's personal copy

distributions of the vibration within the soft tissue depend on the frequency; especially when the frequency is equal to or
greater than 125 Hz, the distribution patterns of the vibration in the soft tissue varied suddenly: the gradients of vibration
displacement and velocity across the tissue become substantially greater.

3.5. VPAD-based frequency weighting

Using the results of the VPAD distributions (Fig. 12C), the VPAD-based frequency weighting curves are calculated using
Eq. (7), as shown in Fig. 13A and B. Each of the VPAD-based weighting curves was derived using the VPAD data at one point in
the soft tissue along the centerline (L 1) and along a line 301 from the center line (L 2), as illustrated in Fig. 1B. The location of
the points within the tissue is described by a normalized scale, s/L, along the lines; s/L=0 and 1.0 represent the bone/tissue
interface and the skin surface, respectively. The points at the bone/tissue interface (s/L=0) and the tissue/plate contact
interface (s/L=1 on line L 1) were not considered, because they contain artifacts in the interfaces. The curves of the ISO
frequency weighting and the normalized vibration transmissibility at the nail are also shown in the figure for comparison.

4. Discussion and conclusion

In the current study, we proposed to simulate the vibration of the human arm–hand–finger system using a hybrid
model that combines a finite element model of a fingertip with a lumped parameter model of the hand–arm system.

Fig. 10. The distributions of the dynamic displacement magnitude (U) of the fingertip as a function of vibration frequency. U is in mm.
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We demonstrated in the study that the proposed modeling approach can effectively take into account both local and global
responses, such that the vibration-induced tissue stress, strain, and power absorption density in the fingertip, as well as the
global driving point biodynamics can be predicted. The static stress and strain due to the static compression of the fingertip
can also be predicted using this model. Although only the fingertip biodynamic responses were simulated in the current
study, such a modeling approach can be generalized to predict the detailed biodynamic responses of other anatomical
substructures of the hand–arm system. The proposed method is a practical and efficient approach to simulate the detailed
biodynamic responses of a complex biological system in vibration.

The fingertip can be subjected to different static compressions in operating a vibrating tool or machine. The contact
stiffness of a fingertip is nonlinear, as illustrated in the current simulations (Fig. 3). Because of the nonlinearity of the
materials, the stiffness of the soft tissues varies with the status of the static deformation. The static pre-compression
influences the stiffness of the soft tissues differently in different locations within the tissues. The vibration responses of the
soft tissues vary due to the change of the tissue stiffness caused by the pre-compression. The pre-compression of
the fingertip is thus coupled with the vibration transmissibility or biodynamic responses. All these phenomena are
described by the proposed model (Figs. 6–8).

As anticipated, the biodynamic responses of the fingertip and their modal patterns are generally frequency-dependent,
as shown in Figs. 10 and 11. One of the factors that contributes to the frequency-dependent responses of the fingertip is the
tissue damping. Whereas it is extremely difficult to accurately measure the tissue damping, we performed a parametric
study to explore its influence. The simulation results suggest that the tissue damping property could effectively affect the

Fig. 11. The distributions of the dynamic velocity magnitude (V) of the fingertip as a function of vibration frequency. V is in m/s.
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magnitudes of the biodynamic responses, but would have little influence on the frequency dependency of the responses, as
shown in Fig. 9.

Under the specific testing conditions used in this study, the first resonance observed in the vibration transmissibility
was in the range from 60 to 90 Hz, as shown in (Fig. 5). The first resonance is usually greatly influenced by the global
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response of the entire hand-arm system [16]. Therefore, it is necessary to take into account the global response in the
simulation of any substructure of the hand-arm system. This was considered in the proposed model.

The second major resonance was in the range between 160 and 250 Hz (Fig. 5). The vibration distribution patterns
reported by [30] indicate that this resonance is primarily associated with the local fingertip response. This is consistent
with the experimental observation that the high frequency response of the fingers is not significantly influenced by the
other part of the hand–arm system [21]. There are a few resonances at higher frequencies. They are more localized
resonances and some of them are also reflected in the frequency weightings presented in Fig. 13.

The distributions of the vibration magnitude and velocity varied suddenly between frequencies 63 and 125 Hz: they are
more uniformly distributed across the tissues for frequencies less than 63 Hz, while the gradient across the tissues
increased suddenly for frequencies higher than 125 Hz (Fig. 12A and B), which also indicates that the responses at higher
frequencies become more localized.

Because of the frequency-dependent distributions of the stress/strain in the soft tissues, the VPAD-based weighting
depends on the reference location in the tissue. In this study, we calculated the VPAD-based weighting only on points along
two lines with the tissues. As shown in Fig. 13B, the transmissibility curves are similar to the outline profile of the VPAD-
based weighting curves. This suggests that the finger surface vibration transmissibility at frequencies higher than the first
resonance could be approximately utilized to represent the weighting of the biodynamic response. It is technically less
challenging to derive a frequency weighting based on the finger vibration transmissibility because the transmissibility on
the surface of each finger can be directly measured using a laser vibrometer.

The VPAD-based frequency weighting is substantially different from the ISO weighting, as shown in Fig. 13. Obviously,
the ISO frequency weighting emphasizes the effect of the vibration at frequencies lower than 25 Hz. The VPAD-based

Fig. 13. The comparison of the frequency weighting derived using VPAD with ISO-weighting and the weighting derived using the finger surface vibration

transmissibility. (A) Calculated along line L 1. (B) Calculated along line L 2. Each of these weighting curves based on VPAD is derived using the data at one

point in the soft tissue along line L 1 (A) and line L 2 (B). L 1 and L 2 represents the centerline and a line 301 from the centerline, respectively, as illustrated

in Fig. 1B. The value of s/L represents the position in the soft tissue: 0 for the bone/tissue interface, and 1.0 for the skin surface. a: VPAD-based weighting,

b: transmissibility-based weighting, and c: ISO weighting.
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weighting emphasizes the biodynamic response close to the resonance frequency observed in the finger vibration
transmissibility.

It is noted that the fingertip resonance frequencies identified in this study may not be generally applied. This is because
the resonance frequencies depend on many factors such as handle geometry, hand–tool coupling conditions, vibration
direction, and applied hand forces. For example, the first resonance frequency in a power grip on a cylindrical handle along
the forearm direction is usually in the range from 20 to 60 Hz [21], which is different from that observed in the current
study with an open hand pushing on a flat plate. The resonance frequencies could also be individual-specific. However, the
proposed modeling approach can be used to determine more generally applicable VPAD-based frequency weighting when
more data of experimental measurements of the finger vibration transmissibility and/or finger driving-point biodynamic
response become available.
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