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Abstract 
A five-degrees-of-freedom model of the hand-arm system comprising two driv­

ing-points formed by the fingers-handle and palm-handle interfaces is applied to 
predict biodynamic responses distributed in fingers, palm-hand-wrist, forearm and 
upper arm, and shoulder. A set of mechanical impedance data measured at the fin­
gers and the palm of the hand under four different hand actions (50 N grip-only, 15 
N grip and 35 N push, 30 N grip and 45 N push, and 50 N grip and 50 N push) was 
used to construct the model of hand-arm system. The proposed model permitted for 
analyses of biodynamic responses in terms of mechanical impedance and power ab­
sorption, distributed in different substructures of the hand-arm system as functions 
of the hand forces. The proposed methodology pennits for exploring the relation­
ships between the location-specific vibration-induced disorders and the substructure­
specific power absorption. 

1. Introduction 
The perception of hand-transmitted vibration can be attributed to physical re­

sponses of the tissues within the human hand-ann system, such as stresses and 
strains, and power absorption within the tissues. Such physical responses yield hu­
man hand-arm perception of vibration and stimulate physiological and pathological 
reactions. These can thus be associated with the sensation of discomfort and fatigue 
due to vibration exposure, and are among the major mechanical stimuli related to 
etiology of vibration-induced disorders [l]. The physical responses to vibration may 
also contribute to increased muscular activities [ 1]. Owing to complexities associ­
ated with quantifying the physical biodynamic responses, the overall biodynamic re­
sponses involving force-motion relationship at the interface between the hand and 
the vibrating surface have been mostly measured and studied. Considering that the 
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physical responses of the tissues are more directly related to localized biodynamic 
motions and forces, alternate methods that can predict distributed biodynamic be­
haviors would be ~esirable, which could serve as alternate measures for assessing 
vibration exposure, 'discomfort and/or risks of disorders within particular substruc­
tures of the hand-arm system. A recent study has proposed a methodology to derive 
distributed biodynamic responses of the hand-arm system on the basis of a lumped­
parameter model [3]. A biodynamic model reasonably simulating the anatomical 
structure of the system could permit for analyses of biodynamic responses in .terms 
of mechanical impedance/apparent mass, biodynamic force and power absorption, 
distributed in the fingers, palm-wrist, forearm, and upper arm-shoulder substruc­
tures. Owing to the strong effects of hand forces on the vibration-induced stresses 
within different substructures, it is essential to characterize the distributed behaviors 
as functions of the hand-handle coupling forces. In this study, the model structure 
and methodology proposed in [3] is further developed and used to predict the distri­
bution of a biodynamic response in terms of vibration power absorption as a func­
tion of the applied hand forces . The potential implications of the distribution charac­
teristics are also discussed in this paper. 

2. Methods 
2.1 Model of the hand-arm system 

Figure 1 shows the structure of the five-degrees-of-freedom (DOF) hand-arm 
system model proposed in [3]. 

Body 

Figure 1 - Representation of a hand gripping a cylindrical handle and struc­
ture of the 5-DOF hand-arm system model 

Unlike the reported mQ.dels that invariably consider hand-handle coupling rela­
tionship by a resultant force acting at a single driving-point [4], this model ponders 
the coupling through two driving-points and resultant forces acting on the finger-
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and palm-sides of the hand. The hand gripping a vibrating handle is represented by a 
clamp-like structure, as shown. The model comprises two sub-systems located on ei­
ther side of longitudinal centerline of a cylindrical handle. The upper sub-system 
constitutes fingers positioned on one side of the handle, and represented by two 
masses (M4 and M2) coupled through linear stiffness (~) and viscous damping (c4) 

due to finger tissues . Mass M4 represents effective mass of fingers ' skin contacting 
the handle. Mass M2 is effective mass due to finger tissues and bones. 

The lower sub-system comprises the palm-wrist-forearm substructures, which is 
represented by two lumped masses (M3 and M 1) coupled through visco-elastic ele­
ments (k3 and c3). The mass M3 could be considered to represent the effective mass 
of palm skin in contact with the handle and M I is effective mass due to palm-wrist­
forearm substructure. The two sub-systems of the hand and arm model are also cou-

. pied through linear spring-damping elements (k2 and c2) coupling the masses M2 and 
M 1, as shown in figure 1. The energy storing (k2) and dissipative elements ( c2) could 
be considered to represent visco-elastic properties of carpels, metacarpels and meta­
carpo-phalangeal joints. The palm-wrist-foreann mass M1 is coupled to the effective 
mass of the upper arm-shoulder substructure through another combination of spring­
damping elements (k1 and c1) . The mass M0 may also include portion of the upper 
whole body terminated as a fixed support through visco-elastic properties k0 and c0. 

The model structure with representative element properties can be effectively 
applied to obtain estimates of power absorbed within individual substructures that 
may be considered as an indirect measure of strains induced in tissues within indi­
vidual substructures. The energy absorbed within the substructures can be directly 
estimated from viscous properties of the tissues . For example, the power absorbed 
within fingers tissues (P 4) can be derived from the energy dissipated by viscous ele­
ment c4, which is directly related to relative movement between masses M2 and M4 • 

In a similar manner, the energy dissipated by c3 directly relates to power absorbed in 
the palm-wrist-forearm substructure (P3). The energy dissipated by c2, derived from 
relative motion between the two subsystem masses (M 2 and M 1) and mostly attrib­
uted to rotational motions of the metacarpo-phalangeal joints. This represents the 
absorbed power distributed in back of the hand, and the metacarpo-phalangeal joints 
and surrounding tissues {P2) . The energy dissipated by c1 and c0 relate to power ab­
sorbed in tissues in the forearm and upper arm structure (P 1) and that in the shoulder 
and the upper body (P0), respectively. 

A few studies have suggested that biodynamic response of the human hand-ann 
system to hand-transmitted vibration (HTV) is a nonlinear function of hand forces, 
posture and vibration magnitude [5, 6). The hand forces (grip and push) particularly 
influence the impedance and vibration power absorption (VPA) in a nonlinear man­
ner. The nonlinearity of the biodynamic responses may be characterized through 
identification oflinear model parameters that are considered valid in the vicinity of a 
particular hand force. The variations in parameters of the biological system could 
thus be established from measured data acquired under various combinations of 
hand forces. 
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The equations of motion of the model can be solved to derive biodynamic forces 
acting at the driving-points formed by the fingers-handle and palm-handle inter­
faces. The driving-point. mechanical impedances distributed at the fingers (ZF) and 
the palm (Zp) can thus be derived from: 

Z (jm'= FAJm) = (k4 + jo:c4XY-X2) + .oM 
F 

I V(jm) jmY 1 4 (I) 

z (j·m'= Fp(jm) = (k3 + Jo:cJr-xi) + .oM 
p J V(jm) jmY J 3 (2) 

where Y is magnitude of handle displacement, X1 and X2 are displacement magni­
tudes of masses M 1 and M2, respectively, and w is the excitation frequency. 

2.2 Determination of model parameters 
A total of fifteen parameters need to be identified to fully define the model cor­

responding to a given combination of hand forces (grip and push forces). The model 
parameters in this study were identified on the basis of mechanical impedance data 
measured under different combinations of hand forces and reported in [7 ,8). Briefly, 
the experiments were conducted using a split instrumented handle and ten adult male 
subjects. The experiments were performed to measure the biodynamic responses dis­
tributed at both the fingers and the palm of the hand in terms of respective driving­
point mechanical impt::dances. , The measurements were perfonned under a broad 
band random vibration excitation along the zh-axis with constant acceleration power 
spectral density (PSD) in the 10 to 1000 Hz frequency range. The measured biody­
namic force and acceleration data were analyzed to derive finger and palm-side me­
chanical impedances, expressed in the one-third octave band frequencies from 10 Hz 
to 1,000 Hz. Four test treatments involving different -grip (Fg) and push (F;,) forces 
were considered in measurements of finger- as well as palm-side responses: Fg=50 
N; Fg =15 N and Fµ =35 N; Fg =30 N and Fµ =45 N; and Fg =50 N and Fµ =50 N. 
The biodynamic response of the entire hand-arm system ZH was derived from sum­
mation ofresponses at the fingers and the palm [3], such that: 

Z11 (jm) = Z F (jm)+ Zr (jm) (3) 

The model parameters were identified using the measured data through solution 
of a constrained error minimization problem, where the error function was formu­
lated as the deviation between the measured and model impedance responses at the 
fingers and the palm. The anthropometric data [9, 10] for the human hand-arm sys­
tem were used to define lim/t constraints for the model masses, while the total model 
mass was limited to a maximum of 10 kg, and the stiffuess and damping coefficients 
were constrained to positive values, such that: 
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4 

0 < LM; $ lOkg; k; > O.; and C; > 0 (4) 
i=O 

The fingers- and palm-side driving-point mechanical impedances were com­
puted using equations 1 to 2 and an initial model parameters vector. The rms devia­
tion (t:.Z1) between the measured and model impedance values of the fingers and 
palm-side were then computed from. 

where z Mi and Z E; are computed and experimental impedance values measured at 

the fingers or the palm at center frequency of the ;th frequency band, respectively, 
and N is number of one-third octave frequency bands considered in the analysis. An 
error function E(x), comprising the sum of deviations in t:i.Z F and t,.Z P, is formulated 

as: 

(6) 

where 'Re' and 'Im' designate the real and imaginary components of the ims devia­
tions in impedance, respectively, and xis vector of model parameters, given by: 

(7) 

For model parameters identification, each model parameter is varied sequen­
tially until the resulting error function in equation 6 attains a minimum value. The 
process is repeated until the solutions corresponding to two consecutive iterations 
converge to similar error values. The process was considered to yield model parame­
ters when difference between error values corresponding to two ·consecutive itera­
tions approached a value less than 0.01 Ns/m. The validity of the solutions was veri­
fied using the perturbation method. Each parameter was perturbed about its identi­
fied value in both increasing and decreasing directions and the corresponding 
changes in the error values were evaluated. The results revealed relatively higher er­
ror values under each perturbation, which confinned the validity of the solution. 

2.3 Calculation of Distributed vibration power absorption (VP A) 
The absorbed power can be derived from the mechanical impedance measured 

at each of the hand driving points [ 11]. The vibration measured on a tool is usually 
expressed by rms acceleration (A r001) in the one-third octave frequency bands. 
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Therefore, the power absorption within the fingers (PF) and the palm (Pp) tissues can 
be derived from [6, 7]: 

The total ·power absorbed in the entire hand-arm system (Prow,) in a band cen­
tered at frequency w can be computed from the sum of powers distributed in the fin­
gers and the palm [ 11 ], such that: 

(9) 

The total power absorbed is dissipated through viscous properties of various 
substructures of the hand-arm system model. The total power absorbed can also be 
estimated from energy dissipated by the viscous damping elements of the model: 

(10) 

where Pk is the power dissipated by kth damping element, given by: 

( 11) 

where tlVk is rms relative velocity across ck, evaluated from solution of the model 
equations. As mentioned above, the energy dissipated within individual dissipative 
elements can describe the distribution of VP A within various substructures of the 
hand-arm system. 

3. Results 
3.1 Model parameters 

Although the limit constraints defined in equation 4 represent a wide range, the 
solutions obtained using different sets of initial parameter values converged to very 
similar parameter values for each of the four sets of experimental data corresponding 
to different hand forces . The model parameters identified for four different hand 
forces are summarized in table 1. 1t is interesting to note that the effective masses 
(M3 and M4) of skin in contact with vibrating handle and the finger mass (M2) vary 
only slightly over the ranges of hand forces considered. As expected, the fingers ' 
contact stiffness and damping values (k4, c4) increase with increase in the fingers­
applied force (grip force). The palm contact stiffness and damping values (k3, c3) 
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also increase with increase in the palm-applied force ( combined grip and push 
force) . 

Table 1 - Model parameters identified under four different hand actions 

Hand Action 
Parameter Fg 50N 15N 30N 50N 

F 35N 45N 50N 
M0 (kg) 5.854 6.099 6.505 5.863 
M1 1.324 0.850 0.977 1.248 
M2 0.083 0.084 0.080 0.083 
M3 0.025 0.029 0.031 0.029 
M4 0.013 0.011 0.012 0.013 
k0 (kN/m) 13.74 17.27 18.83 16.90 
k1 2.46 2.42 1.02 1.70 
K2 6.79 3.45 4.03 4.04 
k3 26.19 38.68 48.93 52.49 
k4 1"57.12 56.15 96.31 143 .92 
c0 (Nslm) 107.07 152.87 163.76 169.7 
C1 97.80 159.20 158.94 140.53 
C2 39.03 25.26 28.97 35.47 
C3 81.79 86:53 101.31 114.83 
C4 127.98 74.73 99.87 124.59 

3.2 Distributed vibration power absorption (VPA) 
Figure 2 shows the spectra of distributed vibration power absorption of the 

hand-arm system subjected to a constant acceleration (] 0 m/s2 rms) at each one-third 
octave band center frequency and different hand forces. On the basis of the proposed 
model structure, the energy dissipated in viscous element c0 may be used to repre­
sent the power absorption P0 within the shoulder and the upper body beyond the 
shoulder. ln a similar manner, the energies dissipated in c1, c3 and c4 could represent 
the powers absorbed within the substructures comprising upper ann and a portion of 
the forearm (P1) , palm-wrist and a portion of the foreann (P3), and the finger tissues 
(P4) contacting the handle, respectively. The energy dissipated in c2 could character­
ize the power absorption P2 in the remaining tissues coupling the fingers with the 
hand structure. The figures also show total power absorbed estimated from equation 
10. 

As shown in figure 2, the hand forces could affect the specific values but they 
do not influence the basic trends in power distribution in the hand-arm system. At 
frequencies below 16 Hz, the power is mostly absorbed in the arms, shoulder and the 
upper body structures beyond the shoulder (Po and P1) . The power absorption in the 
palm, hand back, and wrist substructures (i .e., the sum of powers P2 and P3 ) suggests 
that vibration in the 16 to 50 Hz range would mostly affect the tissues in these sub­
structures. This frequency range also includes the resonance of the entire hand-arm 
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system. The power absorbed in fingers (P4) generally reveals two peak-like values: 
one within the hand-arm resonant frequency range and the other in the finger reso­
nant frequency range. Tpe finger power absorption between the two resonant fre­
quencies also remairis at a fairly high level. 
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Figure 2 - Distribution of vibration power absorption into the hand-am1 sys­
tem subjected to a constant acceleration input (10 m/s2 nns) 

4. Discussion and ConcJusions 
The results of this study showed that the hand-ann system model with an ade­

quate anatomical representation could be effectively applied for prediction of local­
ized energy absorption within different substructures. The results suggest that when 
the hand and fingers primarily function as vibration energy conductor when sub­
jected to low frequency vibration (<16 Hz). Although the dynamic force at low fre­
quencies could be the highest [ 12], the relative displacement between the fingers and 
contact surface of the tool is very small due to relatively high finger contact stiffness 
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(Table 1). Very little energy is thus consumed within the finger at low frequencies. 
The vibration energy in this frequency range is mostly absorbed in the arm, shoul­
der, and upper body. The transmission of energy into the upper limb may be respon­
sible for the discomfort in the arms, shoulders, neck and head reported by operators 
of low frequency tools, such as sand rammers. However, the transmitted energy may 
not be closely associated with the development of vibration-induced white finger 
(VWF). This may explain why symptoms ofVWF could be hardly found among the 
operators of rammers [ 13]. 

The concentration of VPA within the fingers and hand was evident under vibra­
tion at higher frequencies, which can be associated with potential disorders of the 
fingers caused by operation of hi-gh frequency tools, such as grinders. The major 
resonances of the hand-arm system are reflected in the VP A distributed in the fin-

. gers. The finger VP A also suggests that exposure to vibration in the mid- frequency 
range ( 16 to 500 Hz) would potentially impose a greater risk of developing fingers 
disorders than that in the other frequency ranges. 

In conclusion, the proposed localized energy absorption method can be used as 
an alternative measure to quantify substructure-specific vibration exposure. It may 
also be used to help understand and assess health risks of the exposure. Further ef­
forts are desirable for enhancing the hand-arm vibration model in order to account 
for important influencing factors . 
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