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Abstract 
The biodynamics of the hand-arm system is an important part of the foundation 

for understanding hand-transmitted vibration exposure and its health effects. The ob­
jective of this study is to determine how the biodynamic response (BR) can be accu­
rately measured. A modelling analysis of typical BR measurement systems coupled 
with a hand-arm system was performed. A new model of the hand-arm system was 
used. The flexibility of the handle and its fixture mounting were taken into account. 
This study found that the locations of the force sensors and accelerometer in the in­
strumented handle are critical to assuring the accuracy of the measurement. To in­
crease the accuracy of the measurement at high frequencies, it is essential to maxi­
mize the stiffness of the instrumented handle. 

l. Introduction 
The biodynamics of the hand-arm system are an important part of the founda­

tion for understanding hand-transmitted vibration exposure and its health effects [I, 
2]. Reliable and accurate biodynamic data are required for understanding the biody­
namics and conducting further analyses and applications. Dong et al. [3, 4] exam­
ined many sets of the reported driving-point biodynamic data and found that some of 
them are questionable or unrealistic. For example, some of the reported data imply 
that human hands or fingers subjected to high frequency vibration (> I 00 Hz) could 
behave like rigid bodies, that the hand-arm system may not exhibit resonance at fre­
quencies up to or even beyond I 00 Hz, or that the imaginary part of the apparent 
mass measured on a single hand could be close to or more than the entire body mass 
of the subject participating in the measurement. These physically unlikely implica­
tions suggest that there may be lack of a comprehensive understanding of biody­
namic measurement processes. 
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As also indicated by Dong et al. [3, 4], some ofth~ errant data and the computer 
models constructed using such data are included in ISO 10068 (1998) [5]. Other ma­
jor problems with this s~ndard include (i) none of the models included in this stan­
dard provide a reasbnable simulation of the structure of the hand-arm system {6], 
and (ii) some of the models do not fit the experimental data [6]; this casts doubt on 
the optimization method used to determine the model parameters. These observa­
tions suggest that this standard needs some major revisions. To facilitate the revi­
sions, it will be require that more reliable experimental data are -generated. To .gen­
erate such data, it is necessary to have a comprehensive understanding of the biody­
namic measurement processes. 

Dong et al. [3] have also conducted an experimental study to identify the major 
sources of the measurement errors. They found that at low frequencies (<25 Hz), 
significant measurement errors could stem from the phase difference between the 
accelerometer signal and the force sensor signal. Dynamic forces resulting from 
non-vibration-induced motions of the hand and arm could also cause large meas­
urement errors in the low frequency range. This is because the input vibration mag­
nitude could be very low at frequencies less than IO Hz, and the vibration-induced 
dynamic force could be lower than the noise level [7]. At hi,gh frequencies (> I 00 
Hz), major errors result from inappropriate or inaccurate cancellation of the handle · 
mass [3]. At any frequency, significant rotation motions of the handle or non­
uniform distribution of vibration may also result in lar-ge measurement errors. In 
such cases, the response at one part of the hand could cancel the response from an­
other part of the hand; the summed response may not provide an accurate represen­
tation of the true response. 

Whereas several practical methods have been proposed to identify and resolve 
these potential problems, some phenomena observed in the reported studies are not 
sufficiently understood [3]. For example, it was noticed that the accelerometer posi­
tion could significantly affect the results. The accelerometer has been installed at 
different positions in many reported studies. It is very important to find which posi­
tions can provide the best measurements. It was also reported that a calibration mass 
attached to the handle can be reliably detected at frequencies close to the handle 
resonance point. If this can be verified, the currently established limitations of the 
measurement frequency range may be relaxed. It has also been reported that the 
hand coupling could significantly reduce the handle natural frequency and resonant 
magnitude. It remains an issue whether such influences could affect measurement 
accuracy. It is necessary to measure and control the -grip force during BR measure­
ment. A split instrumented handle is usually used for such a purpose. No modelling 
analysis has been reported as to how the dynamic response of the split handle could 
affect BR measurement accuracy. Furthermore, the handle could exhibit a signifi­
cant bending motion at high frequencies. It is also unclear how such bending mo­
tions could affect the measurement. 

Therefore, the objectives of this study are to conduct a modelling analysis of a 
typical measurement system, to discuss the above-mentioned issues or questions, 
and to determine how the biodynamic response can be accurately measured. 
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2. Methods 
Figure 1 shows a typical 1-D system used for measuring the driving-point bio­

dynamic response of the hand-arm system exposed to vibration in one direction. As 
shown in figure 1 b, the instrumented handle is composed of a measuring cap, a han­
dle base, two force sensors sandwiched between the measuring cap and the base, and 
an accelerometer fixed on the measuring cap. The handle is fixed on the handle fix­
ture that is connected to a shaker. 

Figure 2 shows various sensor positions that have been used in the reported 
studies [e.g., 3,8,9]. Figure 3 shows the model of the device used in the analysis. The 
handle base, measuring cap, and fixture are assumed to be rigid. The flexibility and 
damping of the system are lumped to the connection points of the force sensors, and 
they are represented using linear spring and viscous damping elements. 

(a) A pictorial view of the device 

Shaker 

~ 

Meuartnc 
cap 

(b) Configurations of instrumented handle 

Figure 1 - A device used to measure the biodynamic response of hand-arm 
system (Notes: the handle can be installed in the fixture at any de­
sired angular position. The measuring cap in (a) is used to measure 
the response at the fingers. At the position shown in (b), the re­
sponse at the palm is measured. The total response of the hand-arm 
system is the summation of these responses [3 , 10, 11]). 
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Ill Force sensor I Accelerometer 

Figure 2 - Possible positions of the force and motion sensors for the meas-
urement .· 

Base mass: M6 

C5, ks 

Cap 
mass: M5 

Figure 3 - A lumped parameter model of the measurement device 
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M3: Palm skin tightly 
in contact with the handle 

M.: Finger skin tightly 
in contact with the handle 

M2 

M. 

C2 

M3 

Palm-hand back 
-wrist-ann M1 

Figure 4 -A 4-DOF model of the band-arm system [I I] 

k2 

Figure 4 shows a 4-DOF model developed by Dong et al. [I I]. The model pa­
rameters determined from the experimental data measured under a combined action 
of 50 N grip and 50 N push are used in this study [I I]. Assembling this model with 
the device model shown in figure 3, we obtain the combined system model shown in 
figure 5. 

II 

Figure 5 - A model of the measurement device coupled with a band-arm system 
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The equations of~otion of the model subjected fo shaker excitation y(t) are ex­
pressed in the matrix form as: 

. [M Xii}+ [ C Kci }+ [K Kq} = {F} (1) 

where [.MJ is the mass matrix, [CJ is the damping matrix, [K] is the stiffness matrix, 
{ F} is the force vector and { q} represents the vector response coordinates. Th~ pa­
rameters of the model are listed in table 1. 

Table 1 - Model parameters 

Parameter Value (kg) Parameter Value (N/m) Parameter Value (N·s/m) 

Ml 1.414 kl 4,206 cl 86 

M2 0.082 k2 6,523 c2 38 

M3 0.027 k3 58,555 c3 118 

M4 0.014 k4 207,964 c4 121 

MS 0.105 k5 8,739,413 c5 19 

M6 0.240 k6 34,957,652 c6 19 

M7 1.200 K7 100,000,000 c7 100 

The equations of motion are solved to derive biodynamic forces acting at the 
connection points and the accelerations of mass elements of the model. Then, the 
mechanical impedance (Zik) is calculated using the force at ,-1h point (F;) and the ac­
celeration of the /(h part (Ak) is calculated from: 

Zu (jm) = F,(j{J))fv. (jm) = F,(jm) · jml A. (jm) (2) 

where j = H, and w is the excitation frequency. The impedan·ce values were cal­

culated using the forces and accelerations measured at different locations. The mass 
cancellation process [3] was also included in the simulation. 

3. Results and Interpretations 
3.1 Simulation of measuring cap method 

In the studies reported by Dong et al. {e.g., 3, 10], the biodynamic response was 
measured using the measuring cap method shown in figure 1. This method was 
simulated in this study. For comparison, the 'accurate' solution is shown in figure 6, 
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which is the mechanical impedance of the entire hand-arm system directly calcu­
lated from the model shown in figure 4 [1 O]. When the dynamic force (F5) on cs and 
ks and the acceleration (A 5) of M5 are used, the simulated response is almost identi­
cal to the accurate solution shown in figure 6. The theoretical basis is explained as 
follows. 

For the model shown in figure 5 (with fingers positioned on the measuring cap 
and the palm on the handle base), the accurate response (ZHand) can be calculated 
from: 

where F4 is the dynamic force on c4 and ~' F3 is the dynamic force on c3 and k3, and 
A6 is the acceleration of M6• 

Alternatively, the accurate response at the fingers can be calculated from 

where M5.uncoupled is measured in an uncoupled handle test (with no band coupled to 
the handle). 

In the method proposed by Dong et al. [3, 10), F5 is directly measured using a 
force sensor sandwiched between the measuring cap and the handle base, and A5 is 
measured using the accelerometer fixed on the measuring cap, as shown in figure 1. 
Although the acceleration and force acting on M5 may vary with and without hand 
coupling, the cap mass value can be considered constant if it is sufficiently rigid in 
the frequency range of concern. Therefore, the measuring cap method can be con­
sidered accurate, as demonstrated in equation 4. 

Similarly, when the palm is positioned on the measuring cap, the accurate re­
sponse at the palm can be calculated from 

(5) 

The only difference between the calculation of ZPaim in equation 3 and that in 
equation 5 is that while A6 is used in equation 3, A5 is used in equation 5. The differ­
ence between A5 and A6 depends on the handle system parameters. With the parame­
ters listed in table 1, their difference is less than 5% at frequencies below 100 Hz. At 
higher frequencies, the response at the fingers is practically independent to that of 
the palm [10] and FiA 6 can be considered to be equal to F/A 5• This is because the 
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variation of F3 can be c~nsidered to be proportional to' A6 in the linear band-arm sys­
tem model if the response at the fingers is independent of that at the palm. There­
fore, the summation of the response at the fingers expressed in equation 5 and the 
response at the palm expressed in equation 6 is equivalent to that expressed in equa­
tion 3. This is the theoretical foundation of the method proposed by Dong et al [3, 
10]. 

-Accurate solution 
100000 1 • Wrth handle base acceleration 

10000 j • 
QI .. Wrth handle cap acceleration "C • :::, • = C: 

1000 l O> • I'll - • ~ .E 
QI Ill .. oz • .. fij- 1 • * "C ,.._.., l I ...... QI .. .. C. 

.5 ] .. .. 

0 400 800 1200 1600 2000 

Frequency (Hz) 

Figure 6 - Comparisons of the band impedance functions that could be ob­
tained with three different measurement methods 

3.2 Simulations of the total response measurement methods 
In the majority of the reported studies [ e.g., 8, 9], the response of the entire 

h~d-arm system was directly measured using the force measured at the location of 
c6 and ~. and the motion at M6 or M5• As shown in figure 6, when the handle base 
acceleration (A 6) and the dynamic force (F6) are used to evaluate the response, the 
impedance magnitude is generally greater than that of the accurate solution. When 
F6 and A5 are used, the measured response is generally less than that of the accurate 
solution. In both cases, the errors are Jess than 5% at frequencies below 250 Hz. 
However, at higher frequencies, the errors become unacceptable. 

4. Discussion and ConcJusions 
The modelling results indicate that as long as the measured vibration is truly 

representative of the vibration input to the hand-arm system, and the measured dy­
namic force directly tracks the measured vibration, the measured BR will be theo­
retically accurate. Hence, these conditions can be used as criteria to evaluate any 
driving-point biodynamic riieasurement system. 
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In many reported studies, the accelerometer was installed on the handle base or 
one part of the split handle. In principle, the data measured with such a method al­
ways exhibit some errors because the vibration at one part of the handle could be 
greatly different from that at the other part when the frequency increases to a certain 
point. These errors may be negligible up to a certain frequency, which depends on 
the stiffness of the handle cap-base connection. The BR evaluation method devel­
oped by Dong et al [3,10] avoids this issue by directly using the cap acceleration 
and the dynamic force measured at the cap-base connection point ( c5 and k5) that 
tracks the measured cap vibration. The results of this study suggest that this is a 
theoretically valid method. The results also suggest that such a method is applicable 
even at the fundamental resonant frequency of the handle; this is consistent with the 
previously reported experimental results [3]. This method is limited by potential 
bending of the measuring cap. The model used in the present study is based on the 
assumption that the vibration is sufficiently uniformly distributed on the cap. This 
assumption may not hold true at very high frequencies (e.g., >1,500 Hz) {3]. There­
fore, increasing the bending stiffness of the handle can further increase the applica­
ble frequency range. For a general application, it is suggested to examine the vibra­
tion distribution on the cap and base before applying this method for measuring the 
BR at very high frequencies. 
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Disclaimer 
The findings and conclusions in this paper have not been formally disseminated 

by the National Institute for Occupational Safety and Health and should not be con- · 
strued to represent any a.gency determination or policy. 
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