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Abstract 
The rat tail model has been used to examine the mechanisms of vibration­

induced finger disorders: To help clarify whether the tail model can provide a .good 
simulation of finger vibration exposure, this study investigated the biodynamic 
foundation of the rat tail model using a mechanical-equivalent model established 
based on the vibration transmissibility measured on the rat tail. The mechanical 
model was used to estimate the natural frequency, damping, dynamic defonnation 
and vibration power absorption intensity of the rat tail, which is directly associated 
with the dynamic stresses/strains inside the rat tail. The rat tail vibration power ab­
sorption intensity was compared with those of the fingers that were estimated from a 
reported hand-arm system mechanical model. This study found that the basic trend 
of the rat tail biodynamic response in the frequency domain different from that of 
the human fingers. This suggests that the frequency dependencies of their biological 
effects may not be directly comparable. However, knowledge of the rat tail biody­
namic responses may be used to examine the relationship between biodynamics and 
health effects. 

l. Introduction 
Laboratory studies in humans have demonstrated that the transmission of vibra­

tion from a hand tool to the body is frequency dependent, and that the dependencies 
are different in the arms, hands and fingers [1-4]. The first dominant resonance of 
the overall hand-arm system is in the range of 25 to 50 Hz. The vibration transmissi­
bility at the fingers can remain at a high level up to 500 Hz, with a resonant fre­
quency in the range of 80 to 300 Hz [3, 4] mainly depending on the applied finger 
force and vibration direction [ 1]. Epidemiological studies have also found that the 
prevalence of hand-arm vibration syndrome (HA VS) is highest in workers exposed 
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to hand tools that produce dominant vibrations in the mid-range frequencies (i .e., 25 
to 500 Hz) [5-7]. These laboratory and epidemiological findings have lead to the 
formulation of the hypothesis that vibration exposures that result in greater biody­
namic response increase the risk of developing a disorder. However, it is very diffi­
cult to conduct biological studies to directly test this hypothesis in humans. 

Animal models have been developed and utilized to describe the soft tissue 
damage that can be induced by exposure to vibration. Models exposing rat hind 
limbs or tails to chronic vibration (200-800 hrs) have demonstrated that repeated ex­
posures to vibration result in damage to vascular, neural and muscle tissues [8-12], 
and that the damage is similar to that seen in biopsy tissues collected from workers 
diagnosed with HAVS [13, 14]. However, the majority of these animal studies ex­
clusively used lower frequency vibration exposures ( e.g. ~ 60 Hz) [8-12]. The ef-
fects of repeated exposures to vibration in the higher mid-range frequencies (I 00-
300 Hz) have been far from sufficiently examined in animal models . Studies of the 
effects on rat models from single bouts of vibration have also ·suggested that the re­
sponses of neural and vascular tissues are frequency dependent [ 15, 16]. 

It remains unclear whether the rat tail model can provide a reasonable simula­
tion of the finger vibration exposure. It is also unclear whether the frequency­
dependencies and dose-response relationships that can be identified from this animal 
model can be directly applied to predict the finger disorders . To help clarify these is­
sues, it is very important to compare the essential mechanical stimuli (stres­
ses/strains) that are directly acting on the cells and tissues of the finger and rat-tail 
[ 17]. This study investigated the biodynamic foundation of the rat tail model using a 
mechanical-equivalent model established based on the vibration transmissibility 
measured on the rat tail. The mechanical model was used to estimate the dynamic 
deformation of the rat tail, which is directly associated with the dynamic stres­
ses/strains inside the rat tail. The rat tail dynamic deformation was used to calculate 
the vibration power absorption intensity which was compared with those of the fin­
gers that were estimated from a reported hand-arm system mechanical model. 

2. Methods 
2.1 Mechanical Equivalent Models 

Figure 1 a illustrates a model of human hand-arm system with hand gripping on 
a cylindrical handle, which was recently developed by Dong et al. [18]. The fingers 
are simulated using two degrees of freedom (D0Fs): M2 is the finger effective mass 
and M4 is the contact skin effective mass. Such a model provided a reasonable simu­
lation of the biodynamic responses of the fingers in terms of both mechanical im­
pedance and vibration transmissibility [ I 8]. Therefore, this model was used in this 
study for evaluating the rat tail model. Similar to the finger model, the rat-tail was 
also modelled using two DOFs, as shown in figure 1 b. These models make it possi­
ble to estimate the natural frequency, damping ratio, effective vibration deformation, 
and vibration power absorption intensity (VPAI) of the fingers and the rat tail. 
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2.2 Transmissibility Measurement 
Whereas the parameters of the hand-arm system model are available [18] and 

they were directly used .in this study, the parameters of the rat tail model were de­
termined using th~· vibration transmissibility of the rat tail. The transmissibility val­
ues on the tails of four male Sprague Dawley rats (6 weeks of age; Hilltop Lab Ani­
mals, Inc, Scottsdale, PA) were measured. The tails were -gently elastically strapped 
to an elliptically shaped plate attached to an electromagnetic shaker {Ling Dynamics 
V408) as shown in figure 2. A scanning laser vibrometer (Polytec, PSV-300-H) was 
used to measure the vibration at each of 13 points along the tail as compared to that 
at the plate. Three accelerations (lg, 5.g, and JOg) at six different frequencies (32, 
63, 125, 160, 250, 500 Hz) were used in the vibration exposure. A three-factor­
repeated-measures analysis of variance was used to conduct the general statistical 
analysis using index point location, vibration frequency, and vibration magnitude as 
the factors with animal as a fixed effect. 

Fingers 
C4 

VibratingM4 

handle 
C3 

Palm-wrist- ........ ~-~...., 
forearm 

Upper arm 
and shoulder '-,-.--~--' 

(a) Human hand-arm model 

Tail effectiv~M 
mass R 

CR kR 
Contact skin 
Vibrating plate 

(b) Rat-tail model 

Figure 1 - Mechanical equivalent models of the human hand-arm system and 
the rat tail 

Figure 2 - Map of index points 

2.3 Calculation of VPA Intensity 
In the fingers~hand-ann system model shown in figure 1 a, the fingers are repre­

sented using two masses (MFingcrs and Mskin) coupled through linear stiffness (kFingcrs) 
and viscous damping (cFingcrs) due to finger tissues. Mass Mskin represents effective 
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mass of the finger skin contacting the handle. Mass MFingcrs is effective mass due to 
finger tissues and bones. The relative displacement (,1lJFingers) between masses 
MFingcrs and Mskin was used to represent the overall deformation of the fingers. The 
energy dissipated by viscous element Cfingcrs, which is directly related to the relative 
displacement, is used to represent the power (PFingers) absorbed within fingers tis­
sues. Specifically, it is _calculated from: 

PFingers (m) = CFingers [m • /j,J)Fingers (m)]
2 

(I) 

In the rat tail model shown in figure I b, the moving effective mass (MTa;1) in the 
· mechanical model was assumed to be the tail mass per unit length. To determine this 
effective mass at each measuring location, the mass and length of each tested tail, as 
well as the cross-sectional areas of the tail at three locations (C, G, and K) were 
measured, and a conical shape of the tail was assumed. The other mass, skin mass, 
considered in the model has little effect on the detenninations of resonant frequency, 
damping ratio and dynamic deformation required in this study. Therefore, it is not 
determined in this study. As the first degree of approximation, a linear effective con­
tact stiffness (kTail) and viscous damping (per unit length) (cTa;1) were assumed. The 
shear stiffness or the interaction along the length of the tail was ignored. Therefore, 
the mechanical rat tail model is effectively a one-DOF model. The measured vibra­
tion transmissibility was used to determine the stiffness and damping of the rat tail 
model using a least root-mean-square (rms) method: minimizing the rms difference 
between the modelling prediction and the measured transmissibility data. Once the 
model parameters for the tail model at each location are determined, the relative dis­
placement (,1lJTail) between tail equivalent mass and the vibrating plate was calcu­
lated and used to repres.ent the overall deformation of the tail. With the deformation, 
the power absorbed by the tail at that location (PTa;t) can be calculated from: 

{2) 

PTait and P Finger.< are not directly comparable because PT ail represents the VP A 
per unit tail length but PFinger., is the total VPA of the fingers . To compare their fre­
quency dependencies, their VP A values at a specific frequency are not critical but 
the shapes of their VPA functions in the frequency domain are of concern. For this 
reason, each VP A function is normalized by dividing its corresponding critical 
damping value and taking a square root of the resulting function . The normalized 
function is called VPA intensity (VPAI) function in this study. It is a linear function 
of the input vibration ( displacement, velocity, or acceleration) and expressed as fol­
lows: 

(3) 
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In such a way, the two energy measures are dir-ectly comparable. 

3. Results and Discus·sion 

(4) 

The transmissibility was significantly influenced by the location x frequency x 
magnitude interaction (p<.0001). Points C, D, E, F, G, and Kall showed significant 
responses by frequency (p<.001), while C, D, E, G, and K showed a significant fre­
quency x magnitude interaction (p<.05). Therefore only those 6 points were mod­
elled and presented in figure 3. Points D, E, G, and K were not constrained by the 
straps and responded with Jess damping than C and F. The resonant frequency range 
was between 160 and 370 Hz, decreasing by location along the length of the tail and 
with increasing vibration input magnitude. Table 1 summarizes the system parame­
ters determined through the models. 

As an example, figure 4 shows the comparison of the finger and rat-tail vibra­
tion power absorption intensities. The acceleration in the example is 5g-rms at each 
measurement point for the rat tail, while the influence of coupling at multiple input 
magnitudes was modelled for the human fingers in figure 4b. The first resonant peak 
(at about 40 Hz) of the fingers is due to the resonance of the entire hand-arm system 
that is mainly determined from the palm contact stiffness and the effective mass of 
the entire hand-arm system (18). The rat tail has no such resonance. The second re­
sonance of the finger response is at about 260 Hz, which is independent of the re­
maining hand-arm system (18). The rat tail resonant frequency is comparable with 
this finger resonant frequency. Because the rat tail generally has a lower damping ra­
tio than the fingers , the tail has higher VPA intensity in this resonant frequency 
range. Therefore, the overall shapes of their VP A intensities expressed in the fre­
quency domain are inconsistent. 

Table 1 - Summary of natural frequencies and damping ratios of the rat tail at 
six typical locations 

Measuring C 0 E 
location 

Vibration 5 10 5g 10g 1g 5g 10g 
input (g) 
Natural 

frequency 368 278 193 319 235 212 324 241 221 
(Hz) 

Damping 0.366 0.692 0.721 0.094 0.202 0,219 0.147 0.236 0.253 ratio 

Measuring F G K 
location 

Vibration 5 10 5g 10g 1g 5g 10g 
input (g) 
Natural 

frequency 245 224 '· 172 223 198 161 233 208 201 
(Hz) 

Damping 0.523 0.580 0.872 0.174 0.202 0.394 0.170 0.224 0.365 ratio 
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Figure 3 - Modelled and measured transmissibility for each input magnitude 
at each point with a significant frequency response 

These obsen1ations suggest that although the natural frequency of the rat tail is 
similar to that of human fingers, the damping and the vibration power absorption in­
tensity of the rat tail are different from those of the fingers . The higher resonant 
intensity of the rat tail suggests that the rat tail model may be an accelerated model 
for studying the vibration-induced disorders of human fingers . Furthennore, the rat 
tail model may also be used to examine the relationship between the biodynamic re­
sponse and the health effects. 
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Figure 4 - Vibration power absorption intensity calculated (a) for the rat tail 
at an excitation of 5g for each of the significant measurement 
points, and (b) for the human fingers using the models reported in 
Dong et al. [18] 

4. Conclusions 

1000 

This study found that the basic trend of the rat tail biodynamic response in the 
frequency domain different from that of the human fingers. This suggests that the 
frequency dependencies of their biological effects may not be directly comparable. 
However, knowledge of the rat tail biodynamic responses may be used to examine 
the relationship between biodynamics and health effects. 
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