An investigation on the biodynamic foundation
of a rat tail vibration model
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Abstract: The objectives of this study are to examine the fundamental characteristics of the
biodynamic responses of a rat tail to vibration and to compare them with those of human
fingers. Vibration transmission through tails exposed to three vibration magnitudes (1g, 5 g, and
10 g r.m.s.) at six frequencies (32 Hz, 63 Hz, 125Hz, 160 Hz, 250 Hz, and 500 Hz) was measured
using a laser vibrometer. A mechanical-equivalent model of the tail was established on the basis
of the transmissibility data, which was used to estimate the biodynamic deformation and
vibration power absorption at several representative locations on the tail. They were compared
with those derived from a mechanical-equivalent model of human fingers reported in the
literature. This study found that, similar to human fingers, the biodynamic responses of the rat
tail depends on the vibration magnitude, frequency, and measurement location. With the
restraint method used in this study, the natural frequency of the rat tail is in the range 161-
368 Hz, which is mostly within the general range of human finger resonant frequencies (100-
350 Hz). However, the damping ratios of the rat tail at the unconstrained locations are from
0.094 to 0.394, which are lower than those of human fingers (0.708-0.725). Whereas the
biodynamic responses of human fingers at frequencies lower than 100 Hz could be significantly
influenced by the biodynamics of the entire hand-arm system, the rat tail biodynamic
responses can be considered independent of the rat body in the frequency range used in this
study. Based on these findings it is concluded that, although there are some differences
between the frequency dependences of the biodynamic responses of the rat tail and human
fingers, the rat tail model can provide a practical and reasonable approach to examine the
relationships between the biodynamic and biological responses at midrange to high freq-
uencies, and to understand the mechanisms underlying vibration-induced finger disorders.

Keywords: hand-arm vibration, rat tail model, biodynamic response, hand, fingers

1 INTRODUCTION

Occupational exposure to hand-arm vibration
through the use of powered hand tools results in
dysfunction of the peripheral vascular and sensory
nervous systems in the hands and fingers that is
collectively referred to as hand-arm vibration syn-
drome (HAVS) [1-3]. HAVS is typically characterized
by a reduction in tactile sensation in the hands, a
loss of grip strength and manual dexterity, and cold-
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induced blanching of the fingers and hands, which is
referred to as vibration white finger (VWF) [4, 5].
Studies performed on finger biopsy tissues collected
from workers diagnosed with HAVS demonstrate
that vibration exposure results in severe damage to
the peripheral nerves, blood vessels, and skeletal
muscles [6-9]. Although many of the physiological,
biological, and structural changes correlated with
HAVS have been characterized, understanding of
how vibration induces these changes in soft tissues
is far from complete.

Vibration transmission from a tool to the hand-
arm system results in shear and compressive stresses
and strains on exposed soft tissues that may result in
structural damage to the exposed tissues and/or may
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activate cellular processes that induce physiolog-
ical dysfunction. A number of factors, such as the
vibration frequency, vibration magnitude, duration,
and grip force, can influence vibration transmission
and the physical (i.e. biodynamic) responses of the
exposed tissues to vibration [10]. Vibration frequen-
cies and magnitudes that result in the greatest
biodynamic response of the exposed tissue could
pose a greater risk for injury or dysfunction [10-12].
However, the precise dose-response relationships
between specific vibration-associated exposure fac-
tors and injury have not been determined. By
understanding these dose-response relationships,
more effective strategies for monitoring workers
and preventing vibration-induced injuries could be
developed.

Physiological and pathological mechanisms under-
lying vibration-induced injuries cannot be thoroughly
examined in humans. Therefore, animal models have
been developed to determine how vibration causes
injury and dysfunction of the peripheral vascular and
sensory systems. For example, exposing rats to hind
limb or tail vibration has demonstrated that repeated
exposures to vibration result in damage to vascular,
neural, and muscle tissues [13-17]. The tissue damage
seen in these rat models is similar to that seen in
biopsy tissues collected from workers diagnosed with
VWF [6, 7]. Vascular and sensory changes that are
induced by exposure to acute vibration are also similar
in rats and humans [16, 18, 19]. Because the biological
and physiological responses to acute and chronic
vibration exposure are similar in rats and humans, it is
likely that the aetiologies of these changes are similar
too. Thus, rat models have been used to study the
aetiology of vibration-induced injury. However, to
understand fully the relationship between vibration
exposure and injury, the biodynamic responses of
tissues under different exposure conditions need to be
characterized. To date, there has not been a systema-
tic study of the biodynamic effects of vibration on any
of the animal models that have been used.

The specific aims of this study were to understand
the fundamental characteristics of the biodynamic
responses of the rat tail in a typical experimental set-
up. As mentioned above, the rat tail model is well
established and has been used by a number of
investigators to understand the mechanisms under-
lying vibration-induced injuries. In addition, be-
cause the rat tail lies away from the rest of the body,
the biodynamic response of the tail can be easily
assessed without causing much stress to the rat.
These experiments specifically determined how
vibration frequency and magnitude act independ-

ently and together to affect the biodynamic respon-
ses of the tail to vibration. Because the tail varies in
thickness over its length, the vibration transmissi-
bility was also examined as a function of location
along the tail. A mechanical-equivalent model of a
rat tail also was established on the basis of the trans-
missibility data and used to estimate the natural
frequency and damping ratio of the tail, the dynamic
deformation, and the vibration power absorption
(VPA). Finally, as presented in section 4, these dyna-
mic behaviours and properties were compared with
the responses of a human finger reported in the
published studies [20-22] or calculated from the
recently reported model of the human fingers—hand-
arm system [23].

2 METHODS

2.1 Animals

Four male Sprague-Dawley rats (Hla:(SD)CVF; 6
weeks of age; Hilltop Lab Animals, Inc., Scottsdale,
Pennsylvania, USA) were used for the exposures. All
procedures were approved by the Animal Care and
Use Committee of the National Institute for Occupa-
tional Safety and Health and were in compliance
with Public Health Service guidelines for the care
and use of laboratory animals. The rats were placed
in Broome-style restrainers for 4 h a day for 5 days to
acclimatize them to restraint and to reduce the
physiological effects of restraint stress. All rats were 7
weeks of age at the time of testing. The rats were
allowed to walk into the restrainers, head first, and
the tail was gently threaded through a hole in the
removable hatch. The hole in the hatch had been
enlarged so that the rats’ tails were not held in an
awkward position in relationship to their bodies. The
rat’s tail was gently placed on top of the platform
and four elastic straps (6.35mm wide) were pulled
over the tail and fastened over screws secured into
the side of the platform, as shown in Fig. 1. Care was
taken to make sure that the tail was secured to the
platform without compressing the tissue. At the
beginning of the experiment, the rats had a mass of
273 + 4.3 g (mean + standard error of the mean). The
dimensions of the rats’ tails are listed in Table 1. All
measurements were collected during a single expo-
sure, and the rats were awake during the exposure.

2.2 Experimental Set-up

Because of the relative mass and size of the rat’s tail
compared with most commercially available accel-
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Reference Points

Fig. 1 Map of the index locations on the tail and vibrating plate. Measurements were made at 13
points along the length of the tail as well as three reference points on the plate and one on

the accelerometer

erometers, a non-contact method was used to assess
the tail’s transmissibility. Vibration-induced motion
at specific points along the length of the tail was
measured using a scanning laser vibrometer (Polytec
PSV-300-H). Figure 2 shows a schematic diagram of
the experimental test set-up. The vibrometer was
placed over the tail, which rested on a vertically
oscillating shaker platform centred directly behind
the restrained rat. The input vibration was generated
by a V408 electromagnetic shaker and PA100E power
amplifier combination (both from Ling Dynamic
Systems) driven by a Prema function generator and
the laser vibrometer’s control software (Polytec
version 8.2). The input acceleration of the platform
was monitored via an accelerometer (PCB 353B15)
fed into a data acquisition and analyser system (B&K
Type 3032A input-output module, pulse version 6.0).

The shaker platform was a flat aluminium ellipse,
50 mm x25 mm (major and minor radii respectively),
which was 12.7mm thick, tapered to 6.35mm at
the ends, and had 14mm wide extensions to
lengthen the entire platform from the middle ellipse
to 170mm. This shape was chosen to minimize
the mass and bending response of the platform,
thus maintaining a high resonant frequency while
accommodating the screw attachments to the sha-
ker, a variety of tail constraint methods, the length
and growth of the rat’s tail, and the accelerometer.

Table 1 Lengths and diameters of the rats’ tails

Diameter at a  Diameter at Diameter at a
Tail length quarter rostral mid length  quarter caudal

Rat (mm) (mm) (mm) (mm)
3 192.0 9.5 6.0 3.0
4 197.0 8.0 5.0 3.0
5 194.0 6.0 5.0 3.0
6 190.5 8.0 5.0 3.0

The platform showed a flat uniform response with
minimal bending to 800 Hz. The effects of frequency
were tested up to 500 Hz in the present study. The
maximum vibration difference across the platform
was less than 5 per cent, which is conventionally
accepted for many practical engineering applica-
tions. The top surface of the platform was covered
with a layer of duct tape to improve its reflectivity to
the laser and to decrease heat losses (from the tail)
for the rat.

2.3 Test conditions and study variables

Discrete sinusoidal vibrations at six different fre-
quencies (32Hz, 63 Hz, 125Hz, 160 Hz, 250 Hz, and
500 Hz) and each of three constant accelerations (1 g,
5g, and 10 g r.m.s.) were used for the exposures. The
frequencies are third-octave band frequencies in
ranges typical of the dominant frequencies for many
tools such as chipper and rivet hammers at the low-
end and high-cycle grinders and saws in the higher
end of the frequency range. Preliminary testing using
periodic chirp signals indicated peak amplification
between 160 and 200 Hz for the middle of the tail.
The velocity was measured for an array of 13 index
points on the tail and four reference points (three on
the plate and one on the accelerometer (Fig. 1)).
Index points A and B generally corresponded to
portions of the tail around the C3 and C4 vertebrae,
points C to E corresponded to the C7 to C9 vertebrae,
points F to H corresponded to the Cl2 to Cl15
vertebrae, points J to L corresponded to the C18 to
C21 vertebrae, and point M corresponded to verte-
brate C25 or C26. The accelerations at each point for
each test were calculated via the vibrometer software
(Polytec PSV 8.2). The transmissibility 7, was then

JEIM419 © IMechE 2008

Proc. IMechE Vol. 222 Part H: J. Engineering in Medicine



1130

D E Welcome, K Krajnak, M L Kashon, and R G Dong

Polytec Controller
Polyt ,
Pg\!:f'-ggﬂH Analysis and Control
Software 8.2
Laser
Vibrometer
Prema
Function Generator
| [ BaK Pulse
: | Vibration
o | Acquisition and
- . Analysis
“ ; : |
""'--..___ " -____._ |
) e Y=
Ling Dynamics Ling Dynamics
V408 PA100E
Electromagnetic Power Amplifier
Shaker

Fig. 2 Schematic diagram of the equipment set-up used for measuring the rat tail transmissibility

calculated for each tail point in each trial using

_ A

= 1
' |Aref | ( )

where A; represents the output acceleration at each
index i on the tail and A, is the average response of
the reference points. The coefficient of variation
among the reference points was generally below 1
per cent, although it ranged from 1 per cent to 3.5
per cent at 125 and 160 Hz, still indicating a uniform
input across the plate. The laser (sampling speed,
10m/s) had a sensitivity of 25mm/s and the
frequency analyser was set to analyse 1600 lines
sampled at 1600 Hz for the 500 Hz input and 800
lines at 800 Hz for the others.

2.4 Statistical analysis

Transmissibility data were analysed using SAS/STAT
software, Version 9.1, of the SAS System for Windows
(SAS Institute, Cary, North Carolina, USA). A mixed
model three-factor within-subject analysis of var-

iance (ANOVA) was used to conduct the initial
statistical analysis. The design factors included index
point location, vibration frequency, and vibration
magnitude. All treatment combinations were as-
sessed in each rat and the animal was included in
the statistical model as a random effect to model
appropriately the covariance structure reflecting the
repeated measures within an animal. As there was a
significant three-way interaction among the factors,
subsequent two-way mixed model ANOVAs were
generated at each index location to determine the
specific effects of the vibration frequency and vib-
ration magnitude in a stratified fashion. Post-hoc
comparisons were also carried out using Fisher’s
least-significant-difference method. All differences
and effects were considered significant at p < 0.05.

2.5 Mechanical-equivalent model of the rat tail

The biodynamic deformation of the rat tail referred
to in this study is defined as the displacement of the
tail relative to its contact surface in the vibration
direction. Similar to finger strain [24], the deforma-
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tion can be used as an approximate measure of the
average strain inside the tail. Another important
biodynamic measure is VPA, which is defined as the
dynamic force multiplied by the vibration velocity
[25]. Because the total VPA in a structure can be
integrated from the product of the biodynamic stress
and the strain rate distributed in the structure, the
VPA is a combined measure of both stress and strain
rate. Thus, it has been hypothesized that the VPA
distributed in a structure is related to the aetiology of
the vibration-induced physiological and pathological
effects in the local structures [23, 25]. As an essential
step to test this hypothesis using the rat tail model, it
is necessary to quantify the distributed VPA and
biodynamic strain in the tail. To date, no method for
the direct measurement of these variables is avail-
able, and a reliable finite element model for their
accurate prediction has not been developed. As the
first degree of approximation, both the deformation
and the VPA of the tail were estimated in this study
using a mechanical-equivalent model that was
established on the basis of the measured transmis-
sibility. Such a model was also required to estimate
the natural frequency and damping ratios of the rats’
tails.

The measured transmissibility data reveal that the
response of the tail at each measurement point
approximately follows the dynamic response pattern
of a one-degree-of-freedom (1DOF) mechanical struc-
ture, as presented in section 3. This observation
suggests that the rat tail is flexible and the tail’s
vibration motion is almost independent of the rat’s
body in the frequency range used in this study.
Therefore, to simplify the problem, the tail was
conceptually divided into several sections, with each
section centred at the point for the transmissibility
measurement. The mass, stiffness, and damping
were assumed to be uniformly distributed along the
length of the tail in each section. The unit length of
the tail in each section was simulated using a 1DOF
mechanical-equivalent model, as shown in Fig. 3.
The moving effective mass Mr,; in the mechanical
model was assumed to be the tail mass per unit
length. To determine the effective mass at each
measurement location, the mass, length, and cross-
sectional areas of each tail were measured at three
locations C, G, and K, and a conical shape of the tail
was assumed. The tail effective mass is connected to
the vibrating surface using a linear effective contact
stiffness kr,; and viscous damping (per unit length)
crai- The measured vibration transmissibility was
used to determine the stiffness and damping of
the rat tail model using a conventional least r.m.s.

Tail effective mass per unit
length, My

Unit length Unit length
damping, Crail stiffness, Kraj

/777777
Vibrating plate

Fig. 3 A mechanical-equivalent model of the rat tail

method, minimizing the r.m.s. difference between the
modelling prediction and the measured transmissi-
bility data. After the model parameters for the tail
model at each location were determined, the relative
displacement ADr,; between tail’s equivalent mass
and the vibrating plate for each of the three input
accelerations (1g, 5g, and 10 g r.m.s.) was calculated
using the model shown in Fig. 3 and utilized to
represent the overall deformation of the tail.

With the deformation, the power Pr,; absorbed in
each unit length of the tail was calculated from

Prait(®) = Crait[ ADrait (o)) (2)

where o is the vibration frequency in radians per
second and ADg,; is the r.m.s. value.

A method has been developed to estimate the total
human finger VPA [23]. However, a method for
estimating the power per unit length of each finger
has not been developed. The unit tail VPA is not
directly comparable with the total finger VPA. It is
also inappropriate to compare directly the total VPA
of the entire rat tail with the total VPA of an entire
finger because the total volumes of tissues involved
in the VPA are different. This is also unnecessary
if the major concern is to compare the frequency
dependences of the tail and finger VPAs. The best
approach for comparing their frequency depen-
dences is to derive their frequency weightings. A
general method for the derivation has been devel-
oped from a previous study [26]. Applying it to this
study, the tail VPA weighting Wr,; for each of the
three input accelerations (1g, 5g, and 10g r.m.s.)
was derived from the formula

P .
Wrail(w) = \/ﬁ
all_nhe:
_ @ ADrqji(w) [ Crail 3)
ORet ADrail_Ref (®Ret) \ CTail_Ref
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where Pr, rer i the reference VPA value that can
be selected on the basis of the convenience of the
comparison with the finger VPA weighting.

3 RESULTS

3.1 Inter-animal variability

The graphs in Fig. 4 depict the frequency-dependent
transmission of vibration along the length of each
rat’s tail at 5g. The location-dependent responses of
the tail at each vibration frequency and magnitude
were similar in all rats. Variance estimates from the
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ANOVA revealed that 9.8 per cent of the total
variance was due to differences between rats, and
thus approximately 90 per cent of the variance was
the result of the exposure. Responses and variability
at 1g and 10 g were similar to responses at 5g. All
results that follow are based on the mean response
of all four rats.

3.2 Vibration-frequency-dependent effects

Figure 5 shows the mean transmissibility at each
location for each vibration frequency and input

[—+—Rat3- & -Ratd4 —a—rats Rat 6§ ---g--- mean|

* 63 Hz
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A B c D E F [} H I o K L 5]
Location lndex
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Fig. 4 Transmissibility among the rats for a 5 g r.m.s. excitation for 32 Hz, 63 Hz, 125 Hz, 160 Hz,

250 Hz, and 500 Hz
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Fig. 5 Comparisons of the transmissibility at each
frequency by location for 1g, 5g, and 10g

magnitude. Analysis of these data resulted in a
significant three-way interaction (p < 0.0001). Exam-
ining the effects of frequency on transmissibility
demonstrated that transmissibility was near unity at
all locations along the length of the tail at 32 Hz and
63 Hz (Fig. 5). Vibration exposure from 125 to 250 Hz
resulted in an increase in transmissibility which was
greatest at the midpoints between the straps (e.g.
areas D, G, and K; p<0.01). Regions near the
restraint straps (e.g. C, E, and F) also displayed
significant increases in transmissibility at exposures

of 125-250Hz (p <0.05); however, these increases
were generally smaller than those seen at the mid-
points. At 500 Hz, transmissibility remained at unity
or was damped. Transmissibility generally remained
near unity in strapped regions and at the most
proximal portion of the tails (regions A and B) at all
exposure frequencies.

3.3 Vibration-magnitude effects

Figure 6 shows the frequency-dependent responses at
the three different vibration magnitudes at six points
on the tails (i.e. C, D, E, F, G, and K). In the unstrapped
regions of the tail and in the regions near the straps,
the analyses identified significant frequency by mag-
nitude interactions (p <0.01). In these regions of the
tail, transmissibility is generally significantly greater
at 1g than at 5g or 10g (p<0.05). In addition, the
resonant peaks tended to shift to lower frequencies
as the overall transmissibility lessened at the higher
vibration magnitude exposures.

3.4 Modelling results

Figure 6 also demonstrates that the proposed mech-
anical-equivalent model of the rat tail fits the
experimental data reasonably well. Thus, the me-
chanical-equivalent model was used to calculate
the resonant frequencies and damping ratios at the
six different locations shown in Fig. 6. These val-
ues are listed in Table 2. The results indicate that
the resonant frequency generally decreases with
increases in the vibration magnitude. However, the
damping ratio increases with increases in the vibra-
tion magnitude. In addition, the damping ratios at the
strapped locations (e.g. C and F) are greater than
those at points between the straps (e.g. D, G, and K).
Figure 7 shows the calculated dynamic deform-
ation of the rat tail at the six locations. The basic
shapes of the deformation are similar to those of
their corresponding transmissibility functions shown
in Fig. 6. Obviously, increasing the vibration mag-
nitude increases the deformation. The resonant
deformations at the strapped points (e.g. C and F)
are lower than those at the unconstrained points.
Figure 8 shows the rat tail VPA per unit tail
length (metre) at the same six locations calculated
from equation (2). Each tail VPA also generally
reaches its peak value at the resonant frequency
identified from the mechanical-equivalent model.
Because the damping ratios at the strapped points
are generally larger than those at the unconstrained
points (see Table 2), the relative positions of the VPA

JEIM419 © IMechE 2008

Proc. IMechE Vol. 222 Part H: J. Engineering in Medicine



1134 D E Welcome, K Krajnak, M L Kashon, and R G Dong

¢ 1g Experiment

------- 5 Model -

1 Point C

Transmissibility
P

0.5 4
0 T | Sl R E | T T T rrrrn
10 100 1000
Frequency (Hz)
31 PointE
2.5 4

Transmissibility
(¢,]

0.5 4
0 ——— ————
10 100 1000
Frequency (Hz)
34 Point G
2.5 4

Transmissibility
(4]
1

10 100 1000
Frequency (Hz)

1g Model A 59 Experiment

10g Experiment = —-—-- 10g Model

37 pointD
2.5
24

1.5 1

Transmissibility

10 100 1000
Frequency (Hz)

Point F

Transmissibility
P

0.5 4
0 ————— —
10 100 1000
Frequency (Hz)
37 PointK
2.5 -

Transmissibility
o

0 ——TT T —rTTrrm
10 100 1000

Frequency (Hz)

Fig. 6 Frequency responses at six locations (C, D, E, F, G, and K) and modelling results

values among the six locations are different from the
transmissibility curves and the deformation curves.
However, the peak values of the tail VPA at the
unconstrained points remain at the highest level.

4 DISCUSSION
This study used vibration transmissibility to char-

acterize the frequency-, magnitude-, and location-
dependent biodynamic responses of rats’ tails to

sinusoidal vibration. In general, it was demonstrated
that the biodynamic response of the tail was location
dependent and that the location-dependent pattern
of transmissibility was affected by the vibration
frequency. Changing the vibration magnitude also
affected transmissibility by shifting the resonant
frequencies and altering the amplitude of the
transmissibility. Based on these results, it was
concluded that the rat tail model can be used to
examine the frequency- and magnitude-dependent
responses of soft tissues to vibration exposure.
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Table 2 Natural frequencies and damping ratios
for six measurement locations (C, D, E, F,
G, and K) under three excitation magnitudes
(1g 5g and 10g), calculated from the rat
tail mechanical-equivalent model (Fig. 3).
The model parameters were determined
from the measured vibration transmissibi-
lity at each of the six locations

Measured Vibration input Natural Damping
location (units of g) frequency (Hz) ratio
C 1 368 0.366
5 278 0.692
10 193 0.721
D 1 319 0.094
5 235 0.202
10 212 0.219
E 1 324 0.147
5 241 0.236
10 221 0.253
F 1 245 0.523
5 224 0.58
10 172 0.872
G 1 223 0.174
5 198 0.202
10 161 0.394
K 1 233 0.17
5 208 0.224
10 201 0.365

4.1 Effects of vibration frequency and magnitude
on transmissibility

Transmissibility in rats’ tails gradually increased
with increases in frequency before reaching the
resonant peak but dramatically declined with in-
creases in frequency beyond peak resonance. The
resonant frequencies of rat tails using our restraint
and exposure system were in the range 161-368 Hz,
depending on the location of the measurement and
the magnitude of the input. The resonant frequency
decreased as the vibration magnitude increased. The
range of resonant frequencies displayed by the rat
tail is similar to the resonant frequencies measured
in human fingers. Figure 9 shows several typical sets
of transmissibility data in the human fingers col-
lected in experiments [21, 22], or by prediction using
the five-degrees-of-freedom (5DOF) model shown in
Fig. 10 [23]. The experimental data were measured
at the middle phalanx [21, 22], which may be
considered as the average transmissibility of the
fingers. The predicted data also represent the overall
response of the fingers [23]. In these studies, the
resonant frequencies were in the range 100-350 Hz.
The influence of vibration magnitude on finger
resonance has not been reported. However, increas-
ing the vibration magnitude reduces the resonant
frequency of the entire hand-arm system [21].
Therefore, it is likely that increases in magnitude
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Fig. 7 Rat tail dynamic deformation at six locations
(G, D,E F, G, and K)

reduce the natural frequency in fingers, as it does in
rats’ tails.

The major difference between the transmissibility
functions of the fingers (Fig. 9) and the rat tail
(Fig. 6) is that the rat tail generally has a sharper
resonant peak, especially in the unrestrained loca-
tions (e.g. points D, G, and K). This is because
damping is generally lower in the tail than in the
fingers. The damping ratios in the rats’ tails were
between 0.094 and 0.394 (Table 2), depending on the
location and magnitude of the exposure. In contrast,
damping ratios in the human fingers calculated
from the hand-arm system model are in the range
0.708-0.725 [23]. The damping ratios in the strap-
ped regions of the tail (e.g. points C and F) are
more comparable with the ratios calculated for the
fingers.
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Fig. 8 Rat tail vibration power absorption intensity at
six locations (C, D, E, F, G, and K)

4.2 Dynamic deformation comparison

In human fingers, dynamic deformation is affected
by the fingers-applied force. Figure 11 shows the
finger dynamic deformations calculated from the
model reported in reference [23], together with those
of the rat tail at six measurement locations. Re-
ducing the fingers-applied force generally increases
the finger dynamic deformation because the finger
contact stiffness decreases with the reduction in the
contact force. A similar relationship between contact
force and dynamic deformation is seen in rats’ tails.
Dynamic deformation of tails was calculated using
the transmissibility data and the tail model. At the
unrestrained locations (e.g. points D, G, and K),
where the tail contact forces were lower, deforma-
tion was high whereas, at the restrained locations
where contact forces were higher, deformation was
lower (e.g. points C and F). Thus, as contact force is

——Dong et al. (15G+30P) —=— Dong et al. (30G+45P)
Dong et al. (50G+50P) - -e .- Dong et al. (50G only)

Kihlberg - = = = Reynolds

Transmissibility

0 T \
10 100 1000

Frequency (Hz)

Fig. 9 Comparisons of the human finger’s vibration
transmissibility. Data from references [21] and
[22] and the modelling transmissibility values
were calculated using the models reported by
Dong et al. [23] collected with the grip (G) and
push (P) forces noted in the key

increased in either the finger or the tail, dynamic
deformation is reduced.

A number of other factors also influence dynamic
deformation. For example, increasing the source
vibration magnitude increases deformation in both
the fingers and the tail. However, at the same
vibration magnitude levels, finger dynamic deforma-
tion is higher than tail deformation at frequencies
less than 63Hz, and somewhat lower than the
unrestrained portions of the tail at frequencies
greater than 100 Hz. One factor accounting for the
differences in dynamic deformation between the tail
and fingers is that the rat’s tail is highly flexible and
the biodynamic response is almost independent of
the rat’s body. In contrast, the responses of the
fingers are generally affected by the response of
the whole hand-arm system, particularly at lower
frequencies. However, the finger responses become
more independent of the remaining hand-arm sys-
tem as the vibration frequency increases [23, 25].
Therefore, the finger deformation responses at
higher frequencies are more comparable with those
of the rat tail because more proximal body regions
are not mediating the local responses to vibration at
these frequencies. Studies using the rat model to
determine the biological effects of vibration on phy-
siology have used a range of vibration frequencies;
however, the majority of these studies have focused
on the effects of exposure frequencies around 60 Hz
(see, for example, reference [16]). Future studies
also should examine the biological responses at
higher frequencies where there is greater tissue
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Fig. 10 A 5DOF mechanical-equivalent model of the human fingers-hand-arm system [23]

deformation, and the biodynamic response is more
similar to the responses seen in human fingers.

Another factor influencing tissue deformation and
strain is the cross-sectional area of the exposed
region of the body. The maximum strain induced by
a given deformation theoretically increases with the
reduction in the cross-sectional effective radius of
the appendage that is in contact with the vibrating
plate or the tool handle. If maximum strain is the
dominant controlling factor in developing an injury,
the comparable strain frequency range may be
broader in humans and include frequencies at lower
ranges than the rat tail. This is because the radius of
the tail is usually less than that of a human finger
and the larger deformation found on a human finger
at low frequencies could be compensated by its
larger contact radius. Finite element models of the
tail and finger can be developed to determine the
detailed strain deformation distribution and the max-
imum strain, which may provide a better estimation
of strain—frequency ranges. However, the results of
this study suggest that the higher tail deformation in
the resonant frequency range and the smaller tail
radius are likely to result in a relatively higher max-
imum strain inside the tail.

The higher dynamic deformation of the rat tail
than the fingers in the resonant frequency range oc-
curs primarily because the tail has less damping than
the fingers, especially at the unrestrained locations
(e.g. D, G, and K). The results of this study suggest
that the restraint strap increases the damping effect

and reduces the resonance. A system could be
developed to restrain the whole tail. This system
would increase the damping ratio and result in a
vibration-induced deformation response that is more
comparable with that seen in humans. Increasing the
restrained area and the applied static force will also
reduce the resonant frequency of the tail. By com-
paring the results of the two different tail restraint
systems, injury induced by greater deformation can
be compared with injury induced by an increased
static load. Studies in humans have demonstrated
that solely increasing the static load can affect various
physiological processes such as blood flow [27, 28].
Determining how vibration and static load affect
these physiological parameters is critical because
both these factors may influence the risk of hand-arm
injury in workers.

4.3 Power absorption comparison

Figure 12 shows the finger VPA frequency weighting
functions for the four hand actions calculated using
the model shown in Fig. 10 [23], together with those
calculated from equation (3) for the tail at the
six identified locations. They are normalized to the
maximum finger power absorption and the max-
imum tail power absorption respectively. The finger
VPA remains fairly flat in a large frequency range but
the tail VPA weighting changes dramatically with the
variation in frequency. Therefore, their basic trends
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are very different. The highest tail VPA weighting
remains in the neighbourhood of the tail’s resonant
frequency. The other observations are similar to
those shown in the deformation comparison.

4.4 Major limitations

The effects of vibration magnitude on transmissi-
bility clearly indicate that the rat tail model is a
non-linear system. The significant interactions be-
tween the measurement location and the vibration
magnitude and frequency also suggest that the rat
tail is a continuous system in which the responses at
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Fig. 12 Vibration power absorption of human fingers
calculated using the models reported by Dong
et al. [23]

one point could affect those at other points. Besides
gravity, a large part of the restraint of the rat tail is
provided by the straps. The unstrapped locations are
indirectly affected by the straps through the tail’s
shear and tension stiffness, and damping. At high
vibration magnitudes (e.g. 10g), the unrestrained
portions of the tail may lose contact with the
vibration platform. This may reduce the effective
contact stiffness and it explains why the resonant
frequency decreases with the increase in the vibra-
tion magnitude. Therefore, the detailed biodynamic
responses of the rat tail could be very complex. It is
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impossible to use the 1DOF mechanical-equivalent
model to simulate accurately the responses and the
detailed interaction mechanisms. However, part of
the non-linear behaviours is actually taken into
account in the modelling by determining the specific
model parameters for each location under each
vibration magnitude. The major errors may also be
estimated from the differences between the model-
ling results and the experimental data shown in
Fig. 6. Because the trends or patterns of the model-
ling results are consistent with the transmissibility
experimental data, it is acceptable to use the model
to identify trends of the frequency dependences of
the rat tail biodynamic responses. To obtain a more
comprehensive understanding of the biodynamic
responses of the rat tail, future studies may quantify
the static and dynamic contact forces at various
locations of the tail, in addition to the measurement
of the vibration transmissibility using the laser
vibrometer. A non-linear finite element model of
the tail can also be developed to determine the
detailed biodynamic response inside the tail.

Although the general effects of frequency on
transmissibility and the ranges of resonant frequen-
cies are similar in rats’ tails and human fingers, the
rat tail model cannot be used to study all aspects of
frequency on transmissibility. For example, increas-
ing the applied finger force increases the resonant
frequency of the fingers [23]. Although the contact
force between the vibration plate and tail could be
artificially increased in the model, it would not be
the same as increasing the force in the human hand
system, where muscles are contracted and hand
posture may be altered to maintain changes in force.
Even with these limitations, the results from this
study demonstrate that the rat tail model can be
used to understand the effects of vibration frequency
and magnitude on soft tissues and to characterize
the relationship between the biodynamic responses
of exposed tissues and the risk of injury.

5 CONCLUSIONS

This study found that the vibration magnitude,
frequency, and location affect the biodynamic res-
ponses of the rat’s tail. With the restraint method
used in this study, the natural frequency of the rat
tail is in the range 161-368 Hz, which is mostly
within the general range of human finger resonant
frequencies (100-350 Hz). However, the damping
ratios of the rat tail at the unconstrained locations
are much lower than that of human fingers. Where-
as the biodynamic responses of human fingers at

frequencies lower than 100 Hz could be significantly
influenced by the biodynamics of the entire hand-
arm system [20], the biodynamic responses of the
rat tail at the excitation frequencies used in this
study can be considered independent of the rat’s
body because of the tail’s large flexibility. Because of
these differences, the biodynamic responses under
the same vibration magnitude in the tail exposed to
frequencies lower than a certain value (e.g. less than
63 Hz) could be less than those of the human fingers.
In the ranges of the tail's resonant frequency, the
tail’s responses are comparable with or somewhat
higher than those of the human fingers, and thus
injury development may be accelerated in the rat at
these frequencies. These observations suggest that
the basic trends of the biodynamic responses of the
rat tail and human fingers display some differences
in the major frequency range of concern in the hand-
transmitted vibration exposure. These differences
must be taken into account if data regarding the
frequency dependent effects of vibration on vascular
and neural physiology are to be used to determine
the risk of developing vibration-induced finger dis-
orders. The results of this study also suggest that
the rat tail model can be used to investigate the
relationships between the biodynamic and biological
responses, which are important for understanding
the mechanisms underlying the development of the
vibration-induced finger disorders.
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APPENDIX

Notation

A; tail acceleration at the ith index (A, B,
C,DEFGHILJ KL and M) (see
Fig. 1) (m/s?)

Arer acceleration at the reference point

(m/s?)
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CTail tail viscous damping per unit length T, transmissibility

((Ns/m)/m) Worail frequency weighting of the tail’s
DOF degree of freedom vibration power absorption
Ktail tail effective contact stiffness (N/m)
Mrai effective mass of tail in the

mechanical (kg) ADrai1 relative displacement between tail
p probability equivalent mass and the vibrating
P power absorbed in each unit length plate (mm)

of the tail (W) 0) vibration frequency (rad/s)
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