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It is known that the vibration characteristics of the fingers and hand and the level of grip action inter-
acts when operating a power tool. In the current study, we developed a hybrid finger model to simulate
the vibrations of the hand-finger system when gripping a vibrating handle covered with soft materi-
als. The hybrid finger model combines the characteristics of conventional finite element (FE) models,
multi-body musculoskeletal models, and lumped mass models. The distal, middle, and proximal finger
segments were constructed using FE models, the finger segments were connected via three flexible joint
linkages (i.e., distal interphalangeal joint (DIP), proximal interphalangeal joint (PIP), and metacarpopha-
langeal (MCP) joint), and the MCP joint was connected to the ground and handle via lumped parameter
elements. The effects of the active muscle forces were accounted for via the joint moments. The bone,
nail, and hard connective tissues were assumed to be linearly elastic whereas the soft tissues, which in-
clude the skin and subcutaneous tissues, were considered as hyperelastic and viscoelastic. The general
trends of the model predictions agree well with the previous experimental measurements in that the
resonant frequency increased from proximal to the middle and to the distal finger segments for the same
grip force, that the resonant frequency tends to increase with increasing grip force for the same finger
segment, especially for the distal segment, and that the magnitude of vibration transmissibility tends to
increase with increasing grip force, especially for the proximal segment. The advantage of the proposed
model over the traditional vibration models is that it can predict the local vibration behavior of the finger
to a tissue level, while taking into account the effects of the active musculoskeletal force, the effects of
the contact conditions on vibrations, the global vibration characteristics.

Published by Elsevier Ltd on behalf of IPEM.

1. Introduction

and the passive, vibration-induced tissue deformations when oper-
ating power tools is believed to contribute to the development of

Extended exposure of the hand to vibratory or repetitive load-
ing has been associated with vascular, sensorineural, and mus-
culoskeletal disorders, such as hand-arm vibration syndrome [1],
carpal tunnel syndrome [2], and flexor tenosynovitis [3]. Strong ev-
idence indicates that the initiation and development of the mus-
culoskeletal disorders of the hand are related to the mechanical
stress and strain in the soft tissues. The occurrence of vibration
white finger (VWF) among exposed workers has been related to
impaired blood circulation in the fingers resulting in degeneration
of the vascular system [4], which is associated with high contact
pressures at the tips of index and middle fingers under tool vi-
brations [5-7]. Overexposure to vibration or repetitive loading was
observed to cause shifts in vibrotactile perception thresholds of the
fingers [8,9]. The coupling of the active musculoskeletal loading
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the carpal tunnel syndrome and flexor tenosynovitis [1,4,10]. How-
ever, the vibration induced dynamic stress and strain in the soft
tissues, which are proposed to be the essential factors modulating
the growth and morphogenesis of the biological system, can nei-
ther be quantified using existing experimental techniques nor be
directly analyzed using traditional lumped mass models.
Principally, there are three types of models that can be used to
analyze biodynamics of the hand and fingers, to quantify stress and
strain in the soft tissues of the hand and fingers, and to estimate
the musculoskeletal loading of the hand during power tool opera-
tions. The first types of models are lumped parametric or multi-
body vibration models, which are developed to characterize the
responses of the human hand and arm to vibration based on the
driving-point response functions [11-13]. These models are com-
prised of lumped mass, stiffness, and damping elements, where the
lumped parameters are calibrated upon fitting curves to the data
measured within a specified range of test conditions. Although
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these models have served as important tools to study effects of
direction and magnitude of vibration on hand-transmitted vibra-
tion (HTV) [14,15], they cannot be applied to predict stress and
strain in the tissues, which are important to study the pathological
changes in the biological tissues caused by HTV. The second types
of the models are finite element (FE) models [16,17]. The FE models
are structural models that can include anatomical structures of the
biological system and can be used to analyze the stress/strain in
the tissues as well as the dynamic responses in both the time and
frequency domains. Most existing FE models include only the fin-
gertip, and do not consider the joints and their interactions with
the vibrations. Although FE models can include complex nonlin-
ear and viscous properties of the soft tissues, they do not con-
sider active muscular forces and it is technically difficult to include
anatomical details of articular joints. The third types of the mod-
els are the multi-body musculoskeletal models, which have been
applied widely for simulating different ergonomic problems in the
time domain. For example, Sancho-Bru et al. [18,19] developed a
four-finger hand model to evaluate the muscle loading for static
gripping; Freund et al. [20] proposed a hand model to analyze the
dependence of the finger contact force on the grip efforts, handle
dimension, and hand size. The multi-body musculoskeletal mod-
els are used to analyze the active muscle forces, but they do not
consider passive soft tissues (such as cartilage, connective tissues,
skin, and subcutaneous tissues) and cannot be applied for the anal-
ysis of the vibration characteristics of the hand-arm system. It is
clear that none of these existing models can capture all features of
the hand-arm vibrations and the system’s structural functions. Pat-
tnaik and Kim [21] proposed to solve the complex problem using
a two-step approach: a multi-body model simulating active, static
forces in the musculoskeletal system and a FE model simulating
the vibrations of the soft tissues. However, the coupling between
the active forces in the musculoskeletal system and the vibrations
of the passive soft tissues has not been addressed.

It is known that the vibration characteristics of the fingers and
hand are coupled with the grip force when operating a power tool.
For example, Welcome et al.’s [22] experimental results showed
that vibration transmissibility magnitude and resonant frequencies
of the finger segments increase with grip force. From a biomechan-
ical point of view, the human hand-finger system is a complex
mechanism. The hand is a multi-body dynamic system; each fin-
ger segment has its own vibration characteristics and, at the same
time, their motions are coupled due to the linkage system and
connective tissues. The hand system is highly nonlinear, because
the soft tissues are nonlinear and viscous and because of the con-
tact mechanics of the fingers and the tool handle. The vibration of
the hand system is coupled with the active muscle force. The grip
force affects not only the contact stiffness, but also the viscoelas-
tic properties of the soft tissues, thereby modulating the vibration
characteristics of the system. A theoretical model that can effec-
tively simulate the coupling between the musculoskeletal loading
and the vibration characteristics of the hand-arm system does not
exist.

The current study is aimed at developing a hybrid finger model
to simulate the vibrations of the hand-finger system when grip-
ping a vibratory handle covered with soft materials. The hybrid fin-
ger model will include the characteristics of conventional FE mod-
els, multi-body musculoskeletal models, and lumped mass models.
The proposed model includes three finger segments (distal, middle,
and proximal phalanges), three articular joints (the distal interpha-
langeal (DIP), proximal interphalangeal (PIP), and metacarpopha-
langeal (MCP) joint), and includes the major anatomical substruc-
tures of the finger (i.e., soft tissues, connective tissues, nail, and
bone). The static grip is driven by the moments at the joints, which
are the net effects of passive and active forces acting about the
joints. The coupling effects of the palm and arm are represented
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Fig. 1. Finite element model of the finger gripping a cylindrical handle. (A) Cross-
sectional view. (B) Prospective view.

using a lumped mass element combined with 3D spring-damping
units. In the current study, the proposed model is used to simu-
late the interaction effects between grip efforts and the vibration
transmissibility of the finger segments. Our hypothesis is that an
increase in grip force will result in an increase of the resonant fre-
quency and vibration magnitude of each of the finger segments.

2. Methods
2.1. Hybrid finite element model

The proposed hybrid 3D FE model of the grip contains a finger
and a cylindrical handle, as shown in Fig. 1. The FE model is geo-
metrically nonlinear to cope with the large deformation of the soft
tissues during the static grip. The FE model was constructed using
a commercially available software package ABAQUS (version 6.9).

The FE model was developed to mimic a representative index
or middle finger, which consists of a distal, a middle, and a prox-
imal phalanx (Fig. 1(A)). Each finger segment model included soft
tissues (i.e., skin and subcutaneous tissues), bone, hard connective
tissues (i.e., articular cartilage and ligament), and nail (for the dis-
tal segment). All three finger segments were rotationally symmet-
rical in external shape. The middle and proximal phalanges were
constructed using conical frustums; the distal phalange was con-
structed using a conical frustum that was connected with hemi-
spherical fingertip. The finger segment dimensions were scaled to
the average of all subjects [27]. The bony cross-section dimen-
sions were adopted from the published experimental measure-
ments [23].

The distal, middle, and proximal segments were linked by three
joints: distal interphalangeal joint (DIP), proximal interphalangeal
joint (PIP), and metacarpophalangeal joint (MCP). The DIP and PIP
joints were modeled as hinges with one degree of freedom (DOF)
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Fig. 2. Illustration of the connective elements of the proposed model. (A) Rotational, connective elements at the joints. (B) Translational, connective elements at the MCP

joint point.

in flexion/extension. The MCP joint was modeled as a univer-
sal joint with DOFs in flexion/extension and adduction/abduction
(Fig. 1(B)). For the grip posture of the current study, the motion in
adduction/abduction was constrained. The finger joints were built
on the apexes of the connective tissue/bony segments. Each apex
was constrained by the end surface of the corresponding connec-
tive tissue/bony segment.

At each of the active DOFs of the DIP, PIP, and MCP joints,
there is a spiral spring-damping pot unit (Fig. 2(A)), simulating the
joint stiffness [24]. The proximal phalanx is linked to a lumped
mass, M, which represents the palm and forearm, via the MCP
joint. The lumped mass M was linked to the ground in the x-, y-
, and z-directions via three independent spring-damping pot units
(Fig. 2(B)). In order to include the effects of the palm-cylinder con-
tact [28], the lumped mass M was linked to the axis of the cylinder
via two symmetric spring-damping pot units (D; and K;).

The soft tissues were modeled to be connected to the con-
nective tissue/bony segments. The joint constraint stiffness due to
the soft tissues around the joint creases were neglected, i.e., the
ends the finger segments at the joints could penetrate into each
other. The contact interactions between the external surface of
the cylinder covering and the external side surfaces of the finger
segments were constructed using contact pairs. A friction coeffi-
cient of 0.3 was considered in the skin/cylinder contact interface
[25,26].

The cylinder was of aluminum and was covered with a soft ma-
terial (thickness 1.5 mm) of synthetic viscoelastic urethane poly-
mers (Sorbothane, hardness 70 on an OO durometer scale). The
cylinder was 40 mm in external diameter. The material properties
of the Sorbothanes were evaluated in a previous study [27].

2.2. Material properties of the hard and soft tissues

The bone, nail, and hard connective tissues were considered to
be linearly elastic; the soft tissues, which include the skin and sub-
cutaneous tissues, were considered as hyperelastic and viscoelastic.
The hyperelastic properties of the soft tissues were modeled us-
ing a generalized Mooney-Rivlin equation, which is governed by a
strain energy potential:

U=Ciolh—3)+Cou(h—3)+Cn( —3)(1, - 3)
1 2 1 4
5 U=+ 5-0-D) (1

where I}, I, and J are the first and second deviatoric strain invari-
ants, and the volumetric ratio, respectively; Cig, Co1, C11, and Dq
are the material parameters.
The elastic stress in the tissues (Cauchy stress), 03, is related to
the strain energy density by:
o 2. 0U

—F

o5 =7 T i,j=1,2,3. (2)
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Table 1
Material parameters of the handle components, soft and hard biological tissues used in the proposed model.
Materials Specific  Elastic property Viscous property Rayleigh damping Ref.
density a(rad s71) B(s rad-1)
Bone 2.0 E=17.5GPa; v=0.3 a =200, B =106 [31]
Nail 2.0 E=20.0GPa; v=0.3 «a =200, B =106 [32]
Soft tissues 2.0 Cio = 1704, C;; = 8160 Pa g, =0.25,8,=0.13,g3 =0.20 a=0,=0012
distal D; =0.001, D, =0.001 Pa='  7; =0.01,7, =040, 73 = 2.0
Soft tissues 15 Cyo = 1278, Cy; = 6120 Pa g1 =0.25,g,=0.13,g3 =0.20 o =0, =0.00095
middle D; =0.001, D, = 0.001 Pa~! 71 =0.01,7, =040,73=2.0s [33-35]
Soft tissues 4.0 Cyo = 1278,Cyy = 6120 Pa g1 =0.25g,=0.13,83 =0.20 o =20, 8 =0.0006
proximal D; =0.001, D, = 0.001 Pa~! 71 =001,7,=040,713=2.0s
Hard connective 2.0 E =10.0 MPa, v = 0.45 o =200,8=10"°
tissue (DIP)
Hard connective 2.0 E=4.0 MPa, v = 0.45 a =200, B=10"C
tissue (PIP) [30]
Hard connective 2.0 =17.5 MPa, v = 0.30 « =200, 8=10"C
tissue (MCP)
Cylinder 2.8 E =70 MPa, v =0.30 « =200, B=10"C
Soft covering 15 Cyo = 448,407, Cp; = 563 Pa o =100, B =0.000025 [27]
material

where F; and G are the tensors of the deformation gradient and
the right Cauchy-Green deformation, respectively.

The viscoelastic properties of the soft tissues are governed by
using a Prony series. Neglecting the volumetric viscoelastic defor-
mation, the shear viscoelastic properties of the tissues were ex-
pressed in a three-term Prony series as:

g(t) =1 _igi(] —e”%>
i=1

where g; and 7; (i = 1, 2, 3) are shear and relaxation time parame-
ters, respectively.

The time-domain relaxation function (Eq. (3)) is expressed in
the frequency domain by using Fourier transformations:

&(w) = gs(w) + jg (@) (4)

where j2 = —1, w is the angular frequency, and gs(w) and gj(w) are
the storage and loss modulus, respectively, expressed as:

gs(w)—l—zg,+2

In addition to the soft tissue damping due to the viscoelastic
properties, there is proportional damping or Rayleigh damping for
the tissues. For elastic hard tissues (i.e., bone, nail, and hard con-
nective tissues), the Rayleigh damping is considered predominant
and their internal damping (viscosity) is negligible. Rayleigh damp-
ing is expressed as a linear combination of the mass and the stiff-
ness matrices:

C=aM+ BK (6)

where C, M, and K represent the matrices of damping, mass, and
stiffness; & and B represent the mass- and stiffness-proportional
damping coefficient, respectively.

The material parameters of the cylinder soft covering material,
bone, nail, soft tissues, and soft connective tissues are listed in
Table 1. The parameters of the connective elements are listed in
Table 2.

3)

g:,
1+7 1+ 20

8iTiw
1+ 17 w?

g(w) = (5)

i=1

2.3. Procedures of the numerical test

The simulations were performed in two stages. First, static pre-
loading was applied at the finger joints, simulating static gripping.
Secondly, the steady-state dynamic responses of the deformed fin-
ger were calculated. The cylinder was actuated in three dimen-
sional harmonic excitations with a velocity magnitude of 10 mmy/s

Table 2

Parameters of the connective elements used in the proposed model. k,; and
kox represent the rotational spring stiffness in flexion/extension and abduc-
tion/adduction, respectively. d,; and d,x represent the rotational damping co-
efficient in flexion/extension and abduction/adduction, respectively. Kx, Ky, and
K are the linear spring stiffness in the X, Y, and Z directions, respectively; Dy,
Dy, and D; are the linear damping coefficients in the X, Y, and Z directions,
respectively. K; and D; are the linear spring stiffness and damping coefficient,
respectively, along the connection points.

Linkage component Stiffness Damping coefficient ~ Ref.

(N m rad—") (kg m?s~'rad1)
DIP joint Kez = 0.01 dyz = 0.05
PIP joint Kez = 0.01 dwz = 0.05 [24]
MCP joint Kez = 0.01 dwz = 0.05

Kyy = 0.01 dyy =0.05

(Nm™1) (Nsmts)
MCP-space Kx = Ky = Kz=997 Dx = Dy = D;=807
connection

[28]

MCP-cylinder center 28,245

connection

K = D, =583

at a phase of 0 degree and for a frequency range from 10 to
5000 Hz.

During the static pre-loading, the joint moments were increased
proportionally as a function of time, as illustrated in Fig. 3, repro-
ducing the contact pressures observed in experiments [27]. The ra-
tio of the moment in the three joints was considered as constant
during loading. Three grip force levels (i.e.,, 15 N, 30 N, and 50
N) were considered in the simulations. The computations for the
static pre-loading were performed in the time domain.

During the steady-state dynamic analysis, the dynamic re-
sponses of the finger were analyzed in the frequency domain. The
vibration transmissibility of each finger segment was calculated,
and those transmissibility values are compared to the experimental
measurements [22]. The vibration transmissibility, T(w), is defined
as:

Aﬁnger ()
Apandie (@)

T(w) = (7)

where Afnger and Apgpgie are the vibration magnitude measured at
the finger segment and handle, respectively. The vibration magni-
tude is defined as the magnitude of the vectorial sum of the vibra-
tion displacement components in x-, ¥-, and z-directions.
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Fig. 3. The static pre-loading at the MCP, PIP, and DIP joints.

2.4. Model calibration and validation

The model parameters were calibrated for the grip force level of
30 N with the experimental data [22] in three steps. First, the mass
density and soft tissue stiffness of the distal, middle, and proximal
finger segments were adjusted for the resonant frequencies of the
finger segments to fit with the experimental data [22]. Secondly,
the damping properties of the tissues of each finger segment were
adjusted for the vibration transmissibility magnitudes of the fin-
ger segments to match the test data. Finally, the parameters of the
spring-dash pot units at the MCP joint (Kx, Ky, K7, K;, Dx, Dy, Dy,
and D;) were adjusted for the transmissibility of the finger at low
frequencies to fit the test data. The initial estimates of the parame-
ters of the spring-dash pot units at the MCP joint were taken from
the lumped parametric model by Dong et al. [28].

The initial values of the material parameters of the bone [31],
nail [32], soft tissues [33,34], soft connective tissues [30], and the
joint [24] and connective elements [28], as well as the tissues’
mass densities [31], were assumed based on the published data
in the literature. The model parameters were then adjusted for the
model predictions to fit the experimental data. The material prop-
erties of the soft covering material were based on the previous test
data [27] and were not adjusted. The model parameters listed in
Tables 1 and 2 are the final, refined values actually applied in the
current simulations; they are in a reasonably physiological range.

After the model was calibrated, the vibration transmissibility of
the finger segments was predicted for the lower and higher grip
force levels (i.e., 15 and 50 N) using the same procedures. The
trends of the dependence of the vibration transmissibility on the
grip force predicted using the current model were compared with
those observed in the experiments.

3. Results

The calculated contact pressures at the soft tissue surface, when
the finger is subjected to static grip forces of 15 N, 30 N, and 50 N,
are shown in Fig. 4(A), (B), and (C), respectively. The pressure dis-
tributions on the proximal, middle, and distal segments are shown
in the first, second, and third column, respectively. It is seen that
the contact pressure at each finger segment increases with increas-
ing grip force; however, the distribution of the contact pressure on
the finger segments varies with the grip force. At the low grip force
(Fig. 4(A), 15 N), the maximal contact pressure is observed at the

middle segment; at the middle grip force level (Fig. 4(B), 30 N),
there is little difference in the maximal contact pressures at the
three finger segments; and the maximal contact pressure is found
obviously at the proximal and distal segments for the high grip
force (Fig. 4(C), 50 N).

The calculated maximal compressive strain values in the soft
tissues at the cross sections for the static grip forces of 15 N, 30 N,
and 50 N are shown in Fig. 5(A), (B), and (C), respectively. The
maximal compressive strain increased from 0.91 to 1.00 and to 1.20
when the grip force increased from 15 N to 30 N and to 50 N. The
region of the high compressive strain (i.e., the area of light-blue in
the figures) in the tissues also increased with increasing grip force.
For each of the grip force levels, the maximal compressive strains
in the three finger segments are approximately identical.

The calculated vibration transmissibility values at the distal,
middle, and proximal segments are shown in Fig. 6(A), (B), and (C),
respectively, for different static grip force levels (i.e.,, 15 N, 30 N,
and 50 N). The motions of the finger during vibration were eval-
uated on the skin surface at the top of each finger segment, as
in the experimental measurements [22]|. When the grip force in-
creased from 15 N to 30 N and to 50 N, the resonant frequency of
the distal segment increased from 118 Hz to 134 Hz and 153 Hz,
whereas the magnitude of the vibration transmissibility varies lit-
tle (Fig. 6(A)). For the proximal segment (Fig. 6(C)), the magnitude
of the vibration transmissibility increased from 1.41 to 1.76 and
2.20, whereas the resonant frequency varies little. For the middle
segment (Fig. 6(B)), both magnitude of the vibration transmissi-
bility and resonant frequency vary little when the grip force in-
creased from 15 N to 50 N.

The calculated location-dependent distributions of the vibration
transmissibility are shown in Fig. 7. Our results show that the res-
onant frequency increases from the proximal to the middle and to
the distal segments for all grip force levels. The grip force level af-
fects the magnitudes of the vibration transmissibility of the prox-
imal segment, but has little effects on the general trends of the
distributions of the vibration transmissibility on the top surface of
other finger segments.

The vibration modes viewed at the back of the finger segments
at the resonant frequencies for grip force levels of 15 N, 30 N, and
50 N are shown in Fig. 8(A), (B), and (C), respectively. The pat-
tern of the vibration mode at the resonance is different for each of
the finger segments. The magnitude is distributed nearly symmet-
rically at the distal segment and peaks around the nail center. The
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Fig. 4. The distributions of the contact pressure on the finger segments for three different static grip forces. (A) 15 N. (B) 30 N. (C) 50 N. (Contact Pressure (CPRESS) in Pa).

vibration magnitude is unsymmetrically distributed at the middle
segment; its peak is found to be close to the tissues around the DIP
joint. The vibration magnitude distribution of the proximal end is
nearly symmetric; the peak magnitude is found to be close to the
PIP joint. Increasing the grip force is found to increase the magni-
tude of the vibration; but does not alter the characteristic pattern
of the vibration modal response.

4. Discussion and conclusion

The general trends of the model predictions agree well with the
experimental measurements [22] in that the resonant frequency
increased from the proximal to the middle and to the distal finger
segment for the same grip force, that the resonant frequency tends
to increase with increasing grip force for the same finger segment,

especially for the distal segment, and that the magnitude of vibra-
tion transmissibility tends to increase with increasing grip force,
especially for the proximal segment. The average resonant frequen-
cies calculated using our model are 87 Hz, 109 Hz, and 135 Hz, re-
spectively, for the proximal, middle, and distal segments, agreeing
qualitatively with the transmissibility values measured in the ex-
periments [22], in which the average resonant frequencies for the
proximal and distal/middle segments were found to be 77 Hz and
103 Hz, respectively. The mean magnitude of the transmissibility
of the finger segments calculated using our model is 1.78, which is
comparable to the corresponding experimental data mean (1.85);
however, the magnitudes of the transmissibility of the finger seg-
ments are predicted to vary in a greater range (i.e., 1.40-2.15) than
the experimental measurements (i.e., 1.75-1.95) depending on the
location and/or under the influence of the grip force.
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Fig. 5. The distributions of the maximal compressive (logarithmic strain, LE) strains
at the central cross-sections of the finger segments for three different static grip
forces. (A) 15 N. (B) 30 N. (C) 50 N. (For interpretation of the references to color
scale in this figure, the reader is referred to the web version of this article.)

The effect of grip force on the magnitude of the transmissibil-
ity at resonance is associated with the force effect on damping ra-
tio. In classical mechanics [36], the damping ratio () is defined
as ¢ =c/c. with ¢ and c. being the damping factor and critical
damping factor, respectively. The damping factor is considered a
material or structural constant, while the critical damping factor is
related to the mass (m) and stiffness (k) by: ¢, = 2+/mk. Assum-
ing that the damping characteristics of the finger follow classical
dynamics, increasing grip force causes increasing contact stiffness,
which decreases the damping ratio (¢), and, consequently, tends
to increase the vibration transmissibility at the resonance of the
finger. The vibrations at the distal and middle segments are more
heavily damped than that at the proximal segment of the finger.
That is why the increase of the resonant transmissibility with the
increasing in the grip force at the distal and middle segments is
not as pronounced as that at the proximal segment.

The plots shown in Figs. 6 and 7 are the magnitude of the
vibration transmissibility, which is a vector sum of the cor-
responding components in x-, y-, and z-directions. Since the
phase responses for the transmissibility components in x-, y-,
and z-direction are different, the phase for the magnitude is
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Fig. 6. The effects of the static grip force on vibration transmissibility for different
finger segments. (A) Distal finger segment. (B) Middle finger segment. (C) Proximal
finger segment.

undetermined. At low frequencies, the magnitudes of the calcu-
lated transmissibility of all three finger segments tend to approach
1.0 with increasing grip force (Fig. 6), trends consistent with the
experimental observations [22].

It is difficult to make a stricter quantitative comparison of the
model predictions with the experimental measurements [22], be-
cause the vibration transmissibility has not been measured pre-
cisely at the same locations of the finger segments as that in the
numerical simulations. Also, the proposed model includes only the
finger; the effects of the hand/arm are approximated by using an
equivalent mass-spring/damping unit.

In the inverse dynamic analysis of multi-body musculoskeletal
systems, the active muscle forces can be replaced by using me-
chanically equivalent torques applied on the articular joints [29].
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Fig. 7. The distributions of the vibration transmissibility on the finger segments for
three different static grip forces. (A) 15 N. (B) 30 N. (C) 50 N.

Although individual muscles are physically not included in the cur-
rent model, the combined net effects of the muscles on the system
are represented by using joint moments. Thus, the coupling be-
tween the static grip force and vibration of the hand is naturally
included in the proposed model.

In the current analysis, the static pre-loading status of the sys-
tem is modulated by the joint moments, which have to be de-
termined by a separate inverse analysis based on static grip tests.
There are two assumptions in such treatments: (a) the static load-
ing is considered to be constant throughout the vibration analysis,
and (b) the grip force during dynamic or vibratory loading is con-
sidered to be the same as that during the static grip. In practical
applications, however, the tool vibration may alter the grip efforts

and the operator may not be able to hold the tool constantly dur-
ing the operations.

The stiffness of the joints is modulated by the mechanical prop-
erties of the connective tissues around the joints in the proposed
model. The articular cartilage layer is estimated to have a thick-
ness of 0.2-0.5 mm and Young’s modulus of 1.0-4.0 MPa [30];
whereas the bone has a stiffness of four orders higher (Young’s
modulus 17 GPa considered in our model). Since the dimensions of
the hard connective tissues in the model were assumed to be 5-8
times the articular cartilage dimensions, the mechanical properties
of the hard connective tissues in the model were considered to be
between those of the cartilage and bone. In the parametric study,
we have changed the mechanical properties of the hard connective
tissues to observe the mechanical responses of the fingers (results
not shown). When the stiffness of the hard connective tissues was
chosen to be very low and close to that of the cartilage, the finger
demonstrated unphysiological, excessive deformation under static
grip force. When the stiffness of the hard connective tissues was
chosen to be very high and close to that of the bone, all three fin-
ger segments became rigidly connected and demonstrated almost
identical vibration characteristics. In our model, Young’s modulus
of the hard connective tissues is considered to be 10 MPa, which
is within the reported physiological range.

We have also performed parametric studies to investigate the
effects of the connective elements at the joints on the vibration
characteristics of the finger segments (results not shown). For the
vibration test while gripping, as simulated in the current study, the
joint stiffness and damping were found to have negligible effects
on the vibration characteristics of the finger segments. The vibra-
tion characteristics are influenced mainly by the mechanical prop-
erties of the soft tissues of the finger segments. However, in other
postures, for example if the finger is free and is not in contact with
any object, the connective elements at the joints may play an im-
portant role in the vibration behaviors.

The initial intention to include a softer covering material on the
cylinder surface was to study the vibration mitigation using the
proposed model in future work. We have performed some prelim-
inary parametric studies by varying the damping and stiffness pa-
rameters of the covering material in a physically reasonable range
and did not see any significant variation in the vibration transmis-
sibility of the fingers (results not shown). In the simulated cases as
shown, the stiffness of the covering material selected is virtually
rigid relative to the soft tissues. Also, the damping of the covering
material is negligible compared to that of the soft tissues. There-
fore, the simulated case is comparable to the bare hand grip, as in
the experiments [22].

One of the limitations of the current modeling is that all of
the soft tissues were treated as homogenous and isotropic, and
the material properties of the tissues were considered to be in-
dependent of the muscular activations. In physiological conditions,
muscles stiffening during activation will introduce inhomogeneous
stiffness and anisotropy in the soft tissues. The effects of the mus-
cle stiffening on the mechanical behaviors of the tissues have been
neglected in our study. Furthermore, the viscoelastic material pa-
rameters used in our model were obtained from relaxation tests in
literature [33-35]. Principally, a stress relaxation test allows char-
acterization of the viscous behavior of the material at low fre-
quency. A more precise description of the viscoelastic behavior of
the soft tissues for high frequencies would need test data obtained
in dynamic experiments with sinusoidal excitations [37]. Despite
this limitation, the general trends of the vibration characteristics
of the finger for a frequency range of 20-500 Hz were reasonably
simulated using the proposed model.

In summary, we proposed a novel model to simulate the vi-
bration characteristics of a finger when gripping a vibratory cylin-
drical handle. The advantage of the proposed model over the
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traditional vibration models is that it combined the features of
traditional FE models, multi-body musculoskeletal models, and
lumped parameter models, such that the proposed modeling ap-
proach can include the effects of the active musculoskeletal force,
can take into account the global vibration characteristics, and can
be used to predict the local vibration behavior of the finger to a
tissue level.
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