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human finger vibration health effects
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Abstract
It has been hypothesized that the biodynamic responses of the human finger tissues to vibration are among the major sti-
muli that cause vibration health effects. Furthermore, the finger contact pressure can alter these effects. It is difficult to
test these hypotheses using human subjects or existing animal models. The objective of this study was to develop a new
rat-tail vibration model to investigate the combined effects of vibration and contact pressure and to identify their rela-
tionships with the biodynamic responses. Physically, the new exposure system was developed by adding a loading device
to an existing rat-tail model. An analytical model of the rat-tail exposure system was proposed and used to formulate
the methods for quantifying the biodynamic responses. A series of tests with six tails dissected from rat cadavers were
conducted to test and evaluate the new model. The experimental and modeling results demonstrate that the new model
behaves as predicted. Unlike the previous model, the vibration strain and stress of the rat tail does not depend primarily
on the vibration response of the tail itself but on that of the loading device. This makes it possible to quantify and control
the biodynamic responses conveniently and reliably by measuring the loading device response. This study also identified
the basic characteristics of the tail biodynamic responses in the exposure system, which can be used to help design the
experiments for studying vibration biological effects.
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Introduction

The operation of powered hand tools and the machin-
ing of handheld workpieces can generate significant
vibrations. Prolonged and intensive exposure to such
vibrations may cause a series of vascular, neurological,
and musculoskeletal disorders in the hand-arm system,
which are collectively termed hand-arm vibration syn-
drome (HAVS).1,2 Vibration-induced white finger
(VWF), or cold-induced finger blanching, is the hall-
mark symptom of HAVS. Previous studies have formed
a great body of knowledge in this research area and
helped develop several standards and guidelines for
helping assess the risk of vibration exposure and con-
trol health effects.1–4 However, as stated in a standard,4

‘‘the vibration exposures required to cause these disor-
ders are not known precisely, neither with respect to
vibration magnitude and frequency spectrum nor with
respect to daily and cumulative exposure duration.’’
The hand forces may significantly affect the vibration
transmission and health effects,5–8 but they have not

been considered in the current standard for assessing
the risk of vibration exposure, because quantitative
relationships between hand forces and health effects
have not been established.

According to structure failure theories,9,10 biome-
chanics,11 and conceptual models of the human vibra-
tion exposure and health effects,1,12 the biodynamic
responses such as the vibration stresses, strains, and
power absorption density (VPAD) of the tissues in the
hand-arm system should be associated with the psycho-
physical, physiological, and pathological responses of
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the system to vibration. The specific roles of the biody-
namic responses in the development can be examined
by testing the following hypothesis: (i) the biodynamic
responses of finger tissues are among the major factors
that cause psychophysical, physiological, and patholo-
gical effects of the finger vibration exposure; and (ii)
the finger grip force or contact pressure can directly or
indirectly modulate these effects because the stress and
strain resulting from the finger contact pressure can
change the finger vibration transmissibility, tissue bio-
dynamic properties, blood circulation, and nerve func-
tion. Although similar concepts or hypotheses have
been proposed over the years13,14 and a few analytical
studies have been performed,15–17 our literature search
did not identify studies that experimentally examined
the quantitative relationships among the biodynamic
responses, fingers-applied force, and biological effects.
The exact relationship between these exposure factors
has been far from clearly identified and understood.
Systematic investigations of this fundamental scientific
gap may lead to some breakthroughs in this research
area and effectively address the above-described issues.

For ethical and technical reasons, it is difficult to
study the biological effects of vibration exposure using
human subjects, especially when looking at factors that
contribute to the development of pathology. Instead,
biological or animal models have been used to examine
the relationship between vibration exposure factors and
their physiological and pathological effects and these
studies contributed to our understanding of the
mechanisms leading to dysfunction and injury.12,18–22

The rat-tail model has been frequently used in these
studies, probably because it is the most practical model
and the tail has some biodynamic and biological simila-
rities to the human finger.23 Published studies have
found that the biological effects of vibration on rat tails
were frequency-dependent, characterized by an increase
in markers of injury and dysfunction in the fundamen-
tal resonant frequency range.19,20 This may be primar-
ily because the vibration stresses and strains in the
resonant frequency range are higher than those in the
non-resonant frequency range. However, the quantita-
tive relationship between vibration stresses/strains and
biological effects has not been examined, because it is
difficult to quantify the tissue stresses and strains of the
tail in these rat-tail models.

The previous rat-tail models have partially simulated
the finger contact pressure, as the tail is kept in contact
with the platform at least at the strapped locations. It
has been reported that increasing the number of straps
from 4 to 7 in the rat-tail model increased the biological
effects under a 5 g sinusoidal excitation.24 This suggests
that it is important to include the static force in such a
vibration study. However, a systematic investigation of
its influences on biological effects has not been con-
ducted. It is difficult to use the strap method to apply
and control the contact pressure consistently and accu-
rately on the tail.

Overall, it is difficult to use previous animal models,
including the previous rat-tail models, to examine the
quantitative relationships between biodynamic
responses and biological effects. As the first step to sys-
tematically address the fundamental scientific gap in
this research area, the objective of this study is to
develop a new rat-tail model for further studying finger
vibration health effects and their relationships with the
finger biodynamic responses. While the preliminary
results of the study have been reported in a conference
abstract,25 the updated development and experimental
results are presented in this paper.

Design, construction, and analysis of the
new rat-tail model

The new rat tail model includes two parts: (i) a new
rat-tail vibration exposure system; and (ii) a set of
methods for quantifying the rat-tail pressure and vibra-
tion exposures.

Design and construction of the new rat-tail vibration
exposure system

The new rat-tail exposure system was developed by
adding a loading device to the existing NIOSH rat-tail
vibration exposure system,23 as illustrated in Figure 1.
The loading plate is placed on the middle portion (typi-
cally from the C12-18 vertebrate) of the rat tail which
is secured on the vibration platform using elastic straps.
The loading plate can apply both static and dynamic/
vibration forces on this portion of the tail so that much
more vibration-induced stress and strain can be gener-
ated in the tissues in this tail portion than in the other
portions of the tail under the same excitation.

As illustrated in Figure 2, the loading device is com-
posed of a loading plate, four uniform loading springs,
and four poles for installing the device on the vibration
platform. Each of the poles is locked on the platform
with a nut. The other nuts on each pole are used to
adjust the compressed length of the spring to control
the static force applied on the tail through the loading
plate. Two sets of springs were used to achieve different
ranges of the applied force: Set 1 from 0.25 to 2.5N;
Set 2 from 1 to 8N. The loading plate has a groove
with a cone-like shape, which can conform better to the
reduced diameter along the tail and secure the tail to
the vibration platform. The groove on the plate was
covered with a thin layer of rubber (about 0.5mm) to
adapt to the tail and reduce the potential of undesired
traumatic injury. The vibration force on the tail
depends primarily on the mass and acceleration of the
loading plate. The plate mass can be changed by adjust-
ing the plate height.

The loading plate was fabricated using a 3D printer
with polylactic acid filament. The printed guide holes
were rough, which could increase the friction force of
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the loading device. This issue was resolved by making
the diameter of each hole slightly smaller than its
designed dimension for 3D printing and expanding it
using a drill and further smoothing it using fine sanding
paper. Some mineral oil was applied to the holes to fur-
ther minimize the friction force. The vibration platform
can be fixed on a shaker or a vibrating tool through an

adapter. In the current study, the vibration platform
with the loading device was installed on a single-axis
shaker (B&K, 4808) for all the vibration tests per-
formed in this study. As shown in Figure 1(b),
Accelerometer 1 (PCB, 356A12) is fixed on the vibra-
tion platform using cyanoacrylate glue, and
Accelerometer 2 (PCB, 356B11) is on the loading plate.

Figure 2. Technical design of the loading device.

Figure 1. A proposed new rat tail vibration exposure system for studying finger vibration health effects: (a) general system design
and (b) a pictorial view of the exposure system.
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Methods for quantifying the rat tail pressure and
vibration exposures

The rat-tail exposure system was simulated using a
lumped-parameter model with a single degree of free-
dom (1-D), which is illustrated in Figure 3(a). The four
identical loading springs were represented by KS (=
4kSpring). Half of their mass (0.5MSprings) was lumped
into the loading plate. The damping value of the load-
ing device was represented by CS, which could primar-
ily result from the friction between the loading plate
and its guides on the poles. The tail was represented by
a spring-damper element in the model, as the mass of
the loaded tail portion (MR \ 3 g) is much less than
that of the loading plate and it can be ignored or par-
tially lumped into the loading plate. The stiffness (KR)
and damping value (CR) of the tail generally vary with
the force (FPS) applied on the tail. If the force remains
unchanged, these tail properties can be locally linear-
ized. Hence, the model shown in Figure 3(a) can be
simplified into a linear 1-D model shown in Figure
3(b), which was mostly used in this study.

Quantifications of static and vibration pressures/stresses and
strains of the tails. So far, it has been unknown which
biomechanical measure is more closely associated with
vibration health effects. As static and dynamic stresses
and strains have been commonly used in the designs
and analyses of engineering structures,9,10 they should
be among the potential measures for studying the
human vibration exposures.

The pressure or stress is defined as the force per
unity area on or in a structure.9 The average static con-
tact pressure (sAve2S) was estimated using the static
force (FPS) and the tail contact area that was estimated
from the average tail contact width (bt) and length (Lt):

sAve�S’
FPS

bt � Lt
ð1Þ

Similarly, the average magnitude of the contact vibra-
tion stress (sAve2D) was estimated using the vibration
force (FPR) acting on the tail and the tail contact area:

sAve�D’
FPRj j
bt � Lt

ð2Þ

For the linear model shown in Figure 3(b), the vibra-
tion force on the tail was estimated from:

FPR ¼MPEAP� KS DP �DVð Þ+CS VP�VVð Þ½ �, ð3Þ

where DP and DV are the complex displacements of the
plate and platform, respectively; VP and VV are their
corresponding velocities; and AP and AV are their cor-
responding accelerations. Substituting equation (3) into
equation (2) and considering the relationships among
the displacement, velocity, and acceleration (D=A/
[jv]2, V=A/[jv], j=

ffiffiffiffiffiffiffi
�1
p

), the average dynamic
contact stress can be estimated from

sAve�D’jMPEAV � TP �
KS

2pfð Þ2
+

jCS

2pf

" #

AVð1� TPÞj=ðbt � LtÞ,
ð4Þ

where TP (=AP/AV) is the transfer function of the load-
ing plate. Because the phase angle of the reference or
platform acceleration can be assumed zero, AV=AV.

The strain is a measure of the material deformation
per unit length or angle in a structure.9 In this study,
the cross-section of a tail in its loaded portion was
assumed an approximate circle with an average dia-
meter of dt. When the maximum deformation of the tail
(d or Ddt) in its loaded portion is measured or estimated,
the maximum static strain (eMax2S) can be estimated from

eMax�S’
Ddt
dt

ð5Þ

Figure 3. Analytical models of the new rat-tail vibration exposure system: (a) nonlinear model and (b) linear model.
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Similarly, the average vibration strain (eAve2D) in the
vibration direction can be estimated from

eAve�D’
ðDP �DVÞj j

ht
¼

AV�AP

v2

�� ��
ht

¼ 1� TPð ÞAVj j
ð2pfÞ2ht

ð6Þ

where ht is the height of the deformed tail in the vibra-
tion direction.

Quantifications of the rat-tail vibration exposure. As the tail
biodynamic properties under a static force can be
locally linearized, the tail structure can be considered
approximately a linear system in the vibration expo-
sure. Hence, the vibration stress (s) in the loaded tail por-
tion can be assumed approximately proportional to the
vibration contact pressure expressed in equation (2)9:

s’O � sAve�D, ð7Þ

where O is the stress proportional factor.
The development of musculoskeletal disorders

resulting from mechanical hazards exposures can be
conceptually consider a long-term fatigue process.12,26

Hence, like the method widely used in the fatigue anal-
ysis of engineering structures,10 the proposed stress
method assumes the vibration health effects are associ-
ated with the stress magnitude and the number of the
stress cycle over the exposure duration (T). Hence, its
related vibration exposure dose (Gs) at each frequency
(f) can be written as follows:

Gs ¼ s � f l � T ¼ O � Is � T, ð8Þ

where l is termed as stress frequency weighting (41.0),
and Is is termed as vibration stress dose index expressed
as follows:

Is ¼ sAve�D � f l ð9Þ

Like the stress method, the proposed strain method also
assumes that the vibration strain (e) inside the tail for a
given static force is approximately proportional to the
average vibration strain expressed in equation (6):

e’Q � eAve�D, ð10Þ

where Q is the strain proportional factor. Like the stress
method, the strain method also assumes the vibration
health effects are associated with the strain magnitude
and the number of the strain cycle. Hence, its related
vibration exposure dose (Ge) can be written as follows:

Ge ¼ e � fY � T’Q � Ie � T ð11Þ

where g is termed as strain frequency weighting (41.0),
and Ie is termed as vibration strain dose index expressed
as follows:

Ie ¼ eAve�D � fY ð12Þ

It has been proposed to use the vibration power absorp-
tion (VPA) as an alternative measure to quantify the
hand-arm vibration exposure.13 While it has been
demonstrated that the total VPA is like the standard
frequency-weighted acceleration method and may not
be suitable for studying the finger vibration effects,27

the vibration power absorption per unit volume of tis-
sue or VPA density (VPAD) has been proposed to
study the effects.28 Like the vibration stress and strain,
the VPAD method assumes the distributed VPAD in
the tail is approximately proportional to the average
VPAD of the entire loaded tail portion for a given
static force. With the model shown in Figure 3(b), the
total vibration power absorption of the loaded tail
portion can be estimated from the dynamic force
(FRC=CR�DV) and the velocity difference (DV=
VP2VV). Then, the average VPAD=FRC�DV/v=CR�
(VP2VV)

2/v, where v is the volume of the loaded tail
(v’ 0.25pdt

2�Lt). The general VPAD at any point in
the tail can be expressed as follows:

VPAD’P � CR � VP � VVj j2

n
, ð13Þ

where P is a proportional factor of the VPAD. The
VPAD method assumes that the biological effects are
associated with the vibration energy absorbed by the
tail tissues for a given period (T). Hence, the vibration
exposure dose for the energy method (GVPAD) can be
written as follows:

GVPAD ¼ VPAD � T’P � CR � VP � VVj j2

n
�

T ¼ P � IVPAD � T,
ð14Þ

where IVPAD is termed as VPAD dose index, which can
be expressed as follows:

IVPAD ¼
CR � j TP�1ð ÞAVj

2pf

h i2
v

ð15Þ

Testing and evaluation of the new rat tail
exposure system

The major criteria for assessing the success of the new
exposure system are as follows: (i) the vibration
response of the loading device or the transfer function
of the loading plate can be reliably measured and
closely simulated using the 1-D model shown in Figure
3(b); and (ii) the parameters of the exposure system can
be reliably measured or estimated using practical and
convenient methods. While the mass parameters (MP,
MSprings, MR) and spring stiffness (KS) of the analytical
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model were separately measured, a series of tests and
modeling analyses were conducted to determine the
damping value of the loading device (CS). Another
series of tests and modeling analyses were conducted to
measure the transfer function of the loading plate in a
rat tail vibration exposure and to determine the tail
stiffness (KR) and damping value (CR). The contact
width of each tail was measured and used to estimate
the static deformation, stress, and strain of the tail.

Damping tests and modeling analyses of the loading
device

In the damping test, the rat tail shown in Figure 1(b)
was replaced with a set of eight springs with a length of
about 6mm. They were placed in parallel between the
loading plate and the vibration platform. Their com-
pressed length was like the compressed height of the rat
tail in the exposure system. Two series of damping tests
were conducted. The first one used the loading device
equipped with the first set of springs and the initial
loading plate. The applied static force in this series of
tests was 2.23N. The testing variables included three
sinusoidal excitations (2.73, 4.88, and 6.84m/s2) at each
of the one-third octave bands from 20 to 500Hz. The
second series of tests used the second set of springs and
the updated loading plate. The testing variables
included three forces (1.41, 3.54, 6.09N) and three lev-
els of sinusoidal excitations (3.48, 5.21, 8.0m/s2). Each
excitation was controlled using a closed-loop control
program (MB Dynamics, WIN2k5-5GB). Two trials
were performed for each test treatment. The transfer
function of the loading plate at each frequency was
measured using a data acquisition system (B&K 3050/
3053) and the data averaged for 6 s were recorded.

Figure 4 shows examples of the transfer functions
measured in the damping tests, together with their cor-
responding modeling results. The analytical model
shown in Figure 3(b) was used in the modeling analysis.
The tail stiffness and damping value were replaced with
the short spring stiffness (KSS=KR) and damping
value (CSS=CR). Because the damping value of the
springs should be very small, it was ignored or CSS’ 0;
hence, C=CS + CSS’CS. Then, the CS and KSS val-
ues were estimated by fitting the modeling transfer
function to the experimental data using a model calibra-
tion method.29 The modeling transfer function was cal-
culated using the formula for a 1-D model described in
a handbook,30 and the modeling was performed in MS
Excel. As shown in Figure 4, the modeling results gen-
erally agree very well with the experimental data. The
estimated damping values are listed in Table 1, together
with their corresponding damping ratios (z =CSS/
[2MPE�2pfn], where fn=0.5[K/MPE]

1/2/p). The damp-
ing values varied randomly in a large range (from 0.95
to 5.07N s/m) with a mean of 3.55 for the first series of
tests and 2.50N s/m for the second series of tests. This
suggests that the device’s damping value has some

uncertainties. However, the damping ratios were gener-
ally small, especially for the updated loading device,
which is also reflected from the features of the spectra
presented in Figure 4.

Rat tail tests and modeling analyses

The basic testing setup and instrumentation used in the
rat tail tests were the same as those used in the damping
tests, except that six real tails were used in the tests.
These tails were dissected from rat cadavers from the
studies that examined the effects of inhaling particulate
matter. These rats had served as air controls in these
studies and the procedures used to expose them were
performed as described in a protocol approved by the
institutions Animal Care and Use Committee. The dia-
meters and mass values of the tails in their loaded por-
tions are listed in Table 2. The updated design of
loading plate shown in Figure 2 was used in the tests.
Two variables were considered in the tests, which
include two applied forces (2.21 and 4.59N), three lev-
els of sinusoidal excitation (3.48, 5.21, 8.00m/s2) at
each of the frequencies from 20 to 1000Hz in the one-
third octave bands. While the first set of loading springs
was used for the test at the 2.21N static force, the sec-
ond set of springs was used for the test at the 4.59N
static force. The vibration transfer function of the load-
ing plate for 5 s at each frequency was measured. Two
trials were performed for each treatment. The sequence
of the test treatments was randomized among the six
tails.

The measured transfer functions, together with their
corresponding modeling responses, are presented in
Figure 5. Similar to determine the damping value of the
loading device, the tail stiffness and damping value
were estimated using a model calibration method with
the model shown in Figure 3(b).29 The parameters
required in the modeling and the estimated KR and CR

values are listed in Table 3 for each tail and their corre-
sponding natural frequencies and damping ratios are
listed in Table 3. The results indicate that increasing the
static force significantly increased the tail stiffness and
damping value, as well as the system natural frequency,
but reduced the system damping ratio (p \ 0.001).
Increasing the excitation marginally reduced the tail
stiffness (416%; p=0.006) and the system natural fre-
quency (48.4%; p=0.002), but it did not significantly
affect the damping value of the rat rail and the system
damping ratio (p ø 0.38). There was no significant
interaction between the static force and excitation for
any of the dependent variables.

Measurement of tail contact width and estimations
of tail static strain and stress

The loaded portion of each tail was dissected and used
to measure its mass and contact width with the flat
vibration platform. The pictorial views of the width
measurement setup and contact marker are shown in
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Figure 6(a) and (b). The tail was laid in the groove of
the loading plate. A piece of flat plastic glass (11.2 g)
was positioned on the tail. A light level was glued on
the glass to maintain a stable contact with the tail. Two
calibrated weights (each with 200 g) were used as the
loads; hence, three static forces (0.11, 2.07, and 4.03N)
were applied in the measurement. The measured con-
tact widths (bt) are listed in Table 4. A trendline
(bt=4.0723FPS

0.2033) fits these data very well (R2

=0.9999). The trendline was used to estimate the con-
tact widths for the two static forces (2.21 and 4.59N)
used in the rat tail vibration tests, which are also listed
in Table 4.

The maximum tail deformation (d) should be at the
flat contact interface. It was estimated from the tail
contact width using a crude model illustrated in Figure
6(c). The estimation was based on the following
assumptions: (a) the deformations of the platform and
loading plate can be ignored because they are much

Figure 4. The vibration transfer functions of the loading plate measured in the damping test with an excitation (AV = 5.21 m/s2)
under three static forces (1.41, 3.54, and 6.09 N): (a) FPS = 1.41 N, (b) FPS = 3.54 N, and (c) FPS = 6.09 N.

Table 1. The damping values and ratios of the loading device
for different testing treatments identified from the modeling of
the transfer functions measured in the damping tests.

First series
of tests

Applied
force (N)

Excitation (m/s2)

2.73 4.88 6.84

Damping value,
CS (N s/m)

2.23 2.88 3.47 4.30

Damping ratio, z 2.23 0.09 0.10 0.13

Second series
of tests

Applied
force (N)

Excitation (m/s2)

3.48 5.21 8.0

Damping value,
CS (N s/m)

1.41 1.80 2.33 4.71
3.54 5.01 3.02 1.77
6.09 1.02 0.95 1.79

Damping ratio, z 1.41 0.04 0.06 0.12
3.54 0.09 0.06 0.03
6.09 0.02 0.02 0.03
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stiffer than the rat tail; (b) the cross-section of the
loaded tail portion has a circular profile with a dia-
meter before (dt) and after the deformation (Dt); (c)
because the tail tissues are incompressible, the
deformed area of the tail is equal to the original area of
the tail or 0:5pðDt

2 Þ
2 � u Dt

2

� �2
+0:5btht�P ¼ 0:5pðdt2Þ

2,
in which sin uð Þ ¼ bt

Dt
and ht�P ¼ DtcosðuÞ. After Dt and

ht2P are resolved for a given bt with these equations,
the maximum deformation can be estimated from
d ¼ dt

2 � ht�P. The estimated contact parameters are
listed in Table 4, together with the estimated average
static contact pressure/stress (sAver-static=FSP/[btLt])
and maximum static strain of the tail (eMax2static= d/
ht2P).

Characteristics of the rat tail biodynamic
responses and exposure dose indexes

Figure 7 illustrates the rat tail vibration contact stress
and strain calculated using equations (4) and (6), with
the transfer functions shown in Figure 5 and the related
parameters listed in Tables 3 and 4. The shape of each
stress spectrum was like that of the vibration transmissi-
bility (the magnitude of transfer function). As expected,
the dynamic contact stress generally increased with the
increase in the excitation. It reached the maximum
value at the resonant frequency of the loading system.
Increasing the static load shifted the resonance to a
higher frequency; The basic trends of the strain spectra
were like those of the stress spectra. However, increas-
ing the static force substantially reduced the resonant
strain.

The exposure dose indexes for the three methods
were calculated using equations (9), (12), and (15),
respectively. As dictated by equations (5) and (9), the
vibration stress or strain dose index is simply the multi-
plication of the stress or strain by a weighted fre-
quency. While the frequency weightings could not be
determined in this study, they were assumed unity or
l=g =1.0 in the index calculations for exploring the
basic characteristics of the dose index spectra. The cal-
culated index spectra are plotted in Figure 8(a) and (b).
Because increasing the frequency increases the number
of vibration cycles, the relative weighting or importance

of the stress or strain dose index at a higher frequency
was more than that evaluated based on the vibration
stress or strain. The VPAD index is more sensitive to
the excitation than the stress and strain indexes.

To further identify the major differences among the
three methods, the index spectrum for each testing
treatment was normalized with respect to its resonant
peak. The results are plotted in Figure 9. The peak fre-
quencies of the three methods were similar. The stress
and strain methods were similar to each other below
the resonant frequency, but the stress method took a
higher weighting beyond the resonant frequency. The
VPAD method had a much higher weighting in the
resonant frequency range that the other two methods.

Discussions

General assessment of the new rat-tail vibration
model

The results of this study demonstrate that the new rat-
tail model can provide a reasonable simulation of the
combined static and dynamic environments of the fin-
ger vibration exposure in a tool operation. The natural
frequencies listed in Table 3 represent the resonant fre-
quencies of the vibration force acting on the rat tails
under different testing treatments. They are in the range
of the finger natural frequencies.8,31–33 If necessary, the
fundamental natural frequency of the fingers under a
given contact force can be closely simulated in the rat-
tail model by adjusting the mass of the loading plate.
The static force effects on the system responses shown
in Figure 5 are similar to those of the grip force on the
finger vibration response.8,32 The tail vibration stress
was generally several times less than that of its static
stress, as shown in Figure 7 and Table 4; this is compa-
rable with the relationship between the finger dynamic
force and the grip force.34 Also shown in these figure
and table, the tail dynamic strain was less than 0.0027,
which was much less than that of its static strain (0.21–
0.28); this feature is also likely to be similar to that of
the finger tissue strains. The results of this study also
demonstrated that the biodynamic responses of the tail
can be quantified and controlled conveniently and reli-
ably by measuring and controlling the vibration

Table 2. The diameters and mass values of the rat tails underneath the loading plate.

Animal ID Proximal
diameter (mm)

Distal diameter
(mm)

Mean diameter
(dt) (mm)

Tail mass of loaded portion
(Lt = 53 mm), MR (g)

1 8.5 6.5 7.50 2.27
2 8.5 6.0 7.50 2.34
3 8.0 6.5 7.25 2.34
4 7.5 6.5 7.00 2.26
5 8.0 6.5 7.25 2.25
6 8.0 5.5 6.75 2.47
Mean 8.1 6.3 7.21 2.32
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transfer function of loading plate. Hence, the new rat-
tail model is acceptable for investigating the quantita-
tive relationships between biodynamic responses and
biological effects under combined pressure and vibra-
tion exposures.

A major concern was that the contact pressure
applied to the tail with the loading plate could block
blood circulation. This concern did not become an
issue in the initial application of the new model to
investigate the biological effects of the applied pres-
sure.35 Similar to the static forces used in the current
study, 2N static force was applied in the animal study.
This force increased the blood flow and did not cause
traumatic injury to the tails.35 This suggests the loading
device and its designed force range are acceptable for
biological experiments.

The characteristics of the biodynamic responses
shown in Figures 7 and 8 can be used to help design the
experiments for studying vibration biological effects.
The dose index formulas (equations (9) and (12)) for
stress and strain methods suggest that the vibration

frequency may affect the biological effects in two differ-
ent ways: (a) the frequency determines the vibration
stress and strain magnitudes; they reach their maximum
values at the fundamental resonant frequency, as shown
in Figure 7; and (b) the frequency determines the num-
ber of cyclic force or deformation actions per second,
which affect the exposure dose indexes, as shown in
Figure 8. These two different roles may result in different
frequency dependencies of the biological effects. The first
role can be identified by examining the relationship
between the vibration stress/strain and the biological
effects when the different platform accelerations at the
same frequency are used in a biological experiment. The
second role can be identified by examining the
biodynamic-biological relationship when the vibration
stress or strain is controlled at the same level at different
frequencies. This testing condition can be achieved by
controlling the acceleration on the loading plate at the
same level at different frequencies. Such experimental
studies can be used to determine the stress and strain fre-
quency weightings (l and g) in equations (9) and (12).

Figure 5. The comparisons of the mean transfer functions of the six rat tails simulated (Model) and measured (Exp) under the two
static forces (F1 = 2.21 N; and F2 = 4.59 N) and three excitations (AV = 3.48, 5.21, and 8.0 m/s2).
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Limitations and potential improvements of the rat-tail
exposure system

The current version of the rat-tail vibration exposure
system has some limitations and can be improved. The
loading device is applicable primarily for the vibration
exposure in the vertical vibration direction. The device
at a low static force (\ 0.5N) may not work very well
at more than 160Hz, as found from the initial experi-
ment with the original loading device.25 This may be

primarily because the tail stiffness and damping values
are small at the low force level and the high frequency
vibration may not be effectively transmitted to the
plate. As shown in Table 3, the damping value of the
loading device may vary randomly in a certain range.
The rat-tail damping value at the low force level fall
into this range, which may reduce the reliability of the
estimated model parameters and the biodynamic
responses. Hence, it is recommended to use 1N or
higher static force in the applications of the new rat-tail

Table 4. The tail contact width (bt) and contact parameters estimated form mean width value: contact area (= bt � Lt), average
contact pressure/stress (sAve2D = FPS/[bt � Lt]), maximum deformation (d), deformed half tail height (ht2P), and maximum strain
(eMax2S = d/ht2P).

FPS (N) Tail ID and measured contact width, bt (mm) bt � Lt (mm2) sAve2D (kPa) d (mm) ht2P (mm) eMax2S

1 2 3 4 5 6 Mean

0.11 3.44 1.86 3.17 1.92 2.60 138 0.80 0.22 3.38 0.06
2.07 5.21 4.79 5.91 4.11 3.93 4.49 4.74 251 8.25 0.73 2.87 0.20
4.03 5.99 5.46 6.28 5.07 4.49 5.09 5.39 286 14.10 0.95 2.65 0.26
2.21* 4.78** 254 8.72 0.75 2.86 0.21
4.59* 5.55** 294 15.60 1.01 2.59 0.28

*Static force used in the tail tests. **Estimated from the trendline: bt = 4.0723(FPS).
0.2033

Figure 6. The method for measuring tail contact width and the method for crudely estimating the contact deformation from the measured
contact width: (a) measurement of tail contact width, (b) a sample of contact marker, and (c) estimation of tail contact deformation.
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model. At such force levels, the damping value of the
rat tails is likely to be much larger than that of the
loading device, as shown in Tables 1 and 3. The ran-
dom damping factor is unlikely to substantially affect
the estimated responses of the rat tails, as demonstrated
in the preliminary study.25 Maintaining the guides with
mineral oil can keep the damping value of the loading
device at a low level.

The loading springs used in this study have a reso-
nant frequency at about 100Hz, which resulted in a
small but undesired resonant peak in the biodynamic
responses in some cases, as shown in Figure 7. If this
frequency is required in a biological investigation, an
alternative set of springs that have no resonance at this
frequency should be considered.

Limitations and potential improvements of the
methods for quantifying tail vibration exposure

The proportional factor (O, Q, or P) for quantifying
the biodynamic responses and exposure doses could
not be determined in this study, as it is difficult to
experimentally determine them. A comprehensive finite
element (FE) model of the rat tail is required to esti-
mate the distributed biodynamic responses and these
factors. The determinations of these proportional fac-
tors may not be essential if only the overall biodynamic
responses of the tail are of concern, especially in the

initial investigation on the quantitative relationship
between the biodynamic responses and biological
effects. In such cases, the dose index can be used to
approximately represent the tail vibration exposure for
a given exposure duration; it can be directly used to
examine the relationship between the biodynamic
responses and the biological effects. In other words, if
any of the biodynamic measures is associated with the
biological effects, the association should be at least par-
tially reflected in their correlation.

The method shown in Figure 6(a) for measuring the
tail contact area may not be accurate. The method
shown in Figure 6(c) for estimating the tail deforma-
tion may be less accurate. While these inaccuracies are
unlikely to change the basic characteristics of the tail
biodynamic responses, they can be improved in further
studies. The force-deformation relationship may be
measured using the method similar to that used in the
soft tissue experiment.36 Such information is also
required for the development of the FE model.

Like any engineering structure,9,10 the static and
dynamic responses of the rat tail tissues during the pres-
sure and vibration exposures are generally in all

(a)

(b)

Figure 7. Comparisons of the rat tail contact vibration stresses
and strains under two static forces (F1 = 2.21 N; and F2 = 4.59 N)
and three excitations (AV = 3.48, 5.21, and 8.0 m/s2): (a) rat tail
contact vibration stress and (b) rat tail vibration strain.

(a)

(b)

(c)

Figure 8. Comparison of the rat tail vibration exposure dose
indexes of three methods under two quasi-static forces (2.21
and 4.59 N) and three excitations (3.48, 5.21, and 8.0 m/s2): (a)
stress method, (b) strain method, and (c) VPAD method.
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directions with both normal and shear components.
This study used only the normal component in the exci-
tation direction as a base for quantifying the responses.
This is an efficient approach, but the quantified responses
may not be fully representative of the biomechanical envi-
ronment of the tail tissues. The inaccuracy or possible
errors, however, should not affect the general validity of
this approach, because the major static and dynamic
responses are in the excitation direction and the responses
in the other directions are likely to be correlated with the
normal component in the excitation direction. Hence, the
estimated responses and their related exposure dose
indexes can be used to explore and establish preliminary
relationships between the responses and biological effects.
The relationships can be verified and/or improved when
more accurate responses are quantified.

Conclusions

This study developed a novel rat-tail model for investi-
gating how vibration and applied force may affect the
risk of developing vibration-induced health effects in
human fingers. A loading device was developed to
apply static and vibration forces on the middle portion
of a rat tail constrained on a vibration platform. A set
of formulas were developed to quantify the tail vibra-
tion exposure based on the vibration stress, strain, and
power absorption density of the tail tissues. The results
of this study demonstrate that the new rat-tail vibration
exposure system can provide a reasonable simulation
of the human finger vibration exposure. This study also
demonstrated that the biodynamic responses of the rat
tail can be controlled and quantified by measuring the

Figure 9. Comparison of the exposure dose indexes normalized with respect to the resonant peak for each of the three methods
(stress, strain, and VPAD methods): (a) FPS = 2.21 N, Av = 3.48 m/s2, (b) FPS = 4.59 N, Av = 3.48 m/s2, (c) FPS = 2.21 N, Av = 5.21 m/s2, (d)
FPS = 4.59 N, Av = 5.21 m/s2, (e) FPS = 2.21 N, Av = 8.0 m/s2, and (f) FPS = 4.59 N, Av = 8.0 m/s2.
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vibration response on the loading device. The identified
characteristics of the biodynamic responses provide
useful information for the design of the rat-tail experi-
ments for studying the finger vibration health effects.
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