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1. INTRODUCTION

The biodynamic response of the seated human body subjected to whole-body
vibration can be characterized using three di!erent biodynamic response functions.
Two of these functions have often been used interchangeably to describe &&to the
body'' force}motion relationship as a function of frequency at the human}seat
interface, namely the driving-point mechanical impedance (DPMI) and the
apparent mass (APMS). The DPMI relates the driving force and the resulting
velocity response at the driving point, namely the seat-buttocks interface, and is
given by

Z( ju)"
F ( ju)
l ( ju )

, (1)

where Z ( ju) is the complex DPMI, and F( ju) and l( ju) are the driving force and
response velocity at the driving point, respectively, u is the angular frequency in
rad/s. The APMS relates the driving force and the resulting acceleration response,
and is related to the DPMI by

M( ju)"
F( ju)
a ( ju)

"

Z( ju)
ju

, (2)

where M( ju) is the apparent mass and a( ju) is the driving point acceleration
response. The magnitude of APMS has a simple physical interpretation that it is
equal to the static mass of the human body supported by the seat at very low
frequencies, when the human body e!ectively acts as a rigid mass. The acceleration
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596 X. WU E¹ A¸.
response and the driving force thus remain in phase at low frequencies. The
magnitude of DPMI can be obtained by multiplying the APMS by the angular
frequency. The DPMI thus tends to emphasize the response at higher excitation
frequencies, while the APMS yields more distinct peak response corresponding to
primary resonant frequency. From the de"nitions of DPMI and APMS, it is
apparent that DPMI leads the APMS by a constant 903 phase angle.

The third biodynamic response function constitutes a &&through the body''
biodynamic function, and is termed as a seat-to-head transmissibility (STHT), since
it describes the vibration transmission through the body in the manner

H( ju)"
a
H
( ju)

a ( ju)
, (3)

where H( ju) is the complex seat-to-head transmissibility function and a
H
( ju) is the

head acceleration response. At low frequencies, the motion at the human}seat
interface a( ju) is directly transmitted to the head due to the e!ectively rigid mass
behavior of the human body, leading to a nearly unity value of transmissibility
magnitude and relatively small phase di!erence.

The above three functions have been employed to characterize the human
biodynamic response to vibration by performing measurements under a variety of
test conditions, involving di!erences in subject masses, excitation levels, seated
postures, etc. Researchers have used either DPMI or APMS to characterize &&to the
body'' biodynamic response, depending upon their preferences or conveniences.
For example, standardization e!orts have concentrated on DPMI (ISO CD 5982
[1]), while Sandover [2] and Fairley and Gri$n [3}5] have extensively reported
the biodynamic response in terms of APMS functions. The bene"ts and limitations
of using either function in presenting &&to the body'' biodynamic data, however, have
not been addressed in the literature. It has generally been assumed that both
functions described the force}motion relationships equivalently at the driving
point. Some di!erences of signi"cant importance, however, have been observed in
the interpretation of the measured data, when presented in terms of the two
functions. The most signi"cant di!erence occurs in the estimation of the body's
primary resonant frequency, which for either function, has been invariably taken as
the frequency at which peak magnitude occurs [1}5]. As for the STHT which
represents a &&through the body'' transfer function, its relationship with APMS
appears to be more clear than that with the DPMI, although a theoretical link
between these functions has never been attempted. A study of relationships between
di!erent forms of &&to the body'' biodynamic response functions, and &&through the
body'' biodynamic functions may enhance the understanding of the biodynamic
response behavior of the human body, and for de"ning a suitable model to
represent the human body.

In this study, the relationships between the APMS, DPMI and STHT functions
are investigated based upon both experimental data extracted from published
studies and a theoretical analysis of four reported biodynamic models. On the basis
of the results, recommendations are made as to the identi"cation of the biodynamic
response functions, which should be used for modelling purposes.
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2. ANALYSES OF RELATIONSHIPS BETWEEN DPMI AND APMS FUNCTIONS

In an earlier study [6], an analysis of 14 published data sets, acquired under
a similar range of test conditions, revealed extensive variations in the DPMI and
APMS magnitudes, and the frequency at which peak magnitude is observed.
Considering that this frequency represents the primary resonant frequency of the
seated body, various APMS data sets revealed relatively less variations in the
estimation of the primary resonant frequency, as opposed to DPMI for which the
peak magnitude was found to vary between 4)0 to 7)0 Hz. The mean, standard
deviation and range of the primary resonant frequency of the human body,
estimated from these data sets are listed in Table 1, when the reported data are
examined in terms of both DPMI and APMS.

From the results, it is apparent that analysis of data sets in terms of DPMI yields
considerably larger variations in both standard deviation and range of estimated
primary resonant frequency of the human body, when compared with those derived
from the APMS function. The mean value of primary resonant frequency estimated
from the DPMI data sets is higher than that from the APMS data sets. The same
trend is also observed when the results obtained within a single study are
considered, where a better control of the test conditions may be anticipated. The
mean, standard deviation and range of the primary resonant frequency estimated
from measured DPMI and APMS data of a group of seven subjects are
summarized in Table 2. The data were measured under sinusoidal excitations swept
in the 0)5}10 Hz frequency range, with acceleration of 1 m/s~2 r.m.s. [7]. In this
study, the subjects maintained an identical posture of upright upper body without
back support with feet supported and vibrated. The results show trends similar to
those observed in Table 1, although the standard deviation and range of primary
TABLE 2

<ariations in estimated primary resonant frequency of human body using data sets
measured within a single study involving a group of seven subjects

Function Mean (Hz) Standard deviation (Hz) Range (Hz)

DPMI 4)84 0)22 4)5}5)4
APMS 4)75 0)17 4)5}5)0

TABLE 1

<ariations in the primary resonant frequency of human body derived from the reported
data sets in terms of DPMI and APMS

Function Mean (Hz) Standard deviation (Hz) Range (Hz)

DPMI 4)89 0)77 4)0}7)0
APMS 4)51 0)51 3)6}5)4
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resonant frequency of the subjects are seen to be considerably lower, which is most
likely due to the identical test conditions pertaining to this data set. The variations,
presented in Table 2, are therefore mainly attributed to the inter-subject variability.

The variations in the estimated whole-body resonant frequency from the DPMI
and APMS functions are further investigated through analysis of four biodynamic
models, reported in the literature and shown in Figure 1 [3, 8}10]. The equations of
motion for the models considered, ranging from single- to two-degrees of freedom
(d.o.f.), are solved to derive the expressions for modulus and phase of their
respective DPMI and APMS. The resulting expressions are presented in Table 3,
while parameters for the di!erent model are summarized in Table 4. These
expressions may be solved to determine the &&to-the-body'' biodynamic response in
terms of DPMI or APMS and the primary resonant frequency, considered to
correspond to the frequency at which the peak magnitudes occur.

The di!erences between the two functions may be related to their de"nition and
the variations in the parameters of the models. A parameter sensitivity analysis is
thus performed to study the variations in the primary resonant frequencies of the
models with variations in the parameters, such as mass, sti!ness and damping
coe$cients. The model parameters are varied by $20% around the reported
values, and the resulting APMS and DPMI magnitudes are analyzed to determine
the sensitivity of the estimated primary resonant frequency ( f

p
) to variations in the

model parameters. The primary resonant frequency corresponding to a speci"c
Figure 1. Selected biodynamic models: (a) Coermann [8], (b) Fairley and Gri$n [3], (c) Allen [9],
(d) Suggs et al. [10].
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Expressions derived for the magnitude and phase of DPMI and APMS response functions of the selected models
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TABLE 4

Parameters of the selected models

Name of Model Nominal model parameters

Coermann [8] f
n
"6)3 Hz, k"131181N/m, f"0)57, m"83)72 kg

Fairley and Gri$n
[3] m"45)6 kg, m

0
"6 kg, f"0)475, c"1360 Ns/m, f

n
"5 Hz

Allen [9] m
1
"5)0 kg, f

1
"0)05, f

n1
"17)0 Hz, m

2
"50)0 kg,

f
2
"0)3, f

n2
"5)0 Hz

Suggs et al. [10] m
0
"6 kg, m

1
"36)4 kg, m

2
"18)6 kg, k

1
"25968N/m,

k
2
"41549N/m, c

1
"485 Ns/m, c

2
"884Ns/m
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functions is derived with an increase or decrease of 20% in a single parameter, while
all the other parameters are held at their reported nominal values, as listed in Table 4.
In this table, f

n
describes the undamped natural frequency of single-d.o.f. models

proposed by Coermann [8], and Fairley and Gri$n [3]. f
n1

and f
n2

are the two
natural frequencies of the two-d.o.f. model proposed by Allen [9]. The mass,
sti!ness and damping parameters are represented by (m, m

1
, m

2
) (k, k

1
, k

2
), and

(c, c
1
, c

2
), respectively, as indicated in Figure 1. The damping ratio of the single-

d.o.f. models [3, 8] is represented by f, while f
1
"c

1
/(2m

1
u

n1
) and f

2
"

c
2
/(2m

2
u

n2
) describe the uncoupled damping ratios of the two-d.o.f. model,

proposed by Allen [9].
For models with more than one parameter of the same type, all the similar

parameters are varied by the same amount ($20%) for each computation. For
example, a #20% mass variation in the model proposed by Suggs et al. [10] is
represented by an increase of 20% in all the three masses, and the corresponding
primary resonant frequency is expressed as f

(m`20%)
. While the primary resonant

frequency of the nominal model is represented by f
p
, the sensitivity of the resonant

frequency to variations in the model parameters is derived upon considering
$20% variations in all the model parameters. The sensitivity of the primary
resonant frequency, *f

p
, is de"ned as the square root of the sum of squares of its

variations due to change in each parameter or type of parameter:

*f
p
"[( f

p
!f

m~20%)2#( f
p
!f

m`20%)2#( f
p
!f

k~20%)2#( f
p
!f

k`20%)2

#( f
p
!f

c~20%)2#( f
p
!f

c`20%)2]1@2 . (5)

The primary resonant frequency f
p
derived for each model with nominal parameters

together with its sensitivities to variations in di!erent parameters are presented in
Table 5. The results show that the primary resonant frequency f

p
computed from



TABLE 5

Sensitivity of the primary resonant frequencies, derived from DPMI and APMS
magnitudes, to variations in model parameters

Coermann [8] Fairley and Gri$n [3] Allen [9] Suggs et al. [10]
MODEL
Function DPMI APMS DPMI APMS DPMI APMS DPMI APMS

f
p

(Hz)
(nominal
parameters) 8)2 5)2 5)6 4)2 4)9 4)5 4)2 3)9
f
m~20% (Hz) 10)6 5)7 6)7 4)6 5)6 5)0 4)7 4)3
f
m`20% (Hz) 6)9 4)9 5)0 4)0 4)5 4)2 3)8 3)6
f
k~20% (Hz) 8)6 4)6 5)4 3)7 4)5 4)0 3)8 3)4
f
k`20% (Hz) 8)3 5)9 5)9 4)8 5)3 5)0 4)6 4)3
f
c~20% (Hz) 7)1 5)5 5)2 4)4 4)8 4)6 4)2 4)0
f
c`20% (Hz) 11)3 5)0 6)4 4)1 5)0 4)4 4)3 3)8
* f

p
(Hz) 4)4 1)1 1)6 0)9 1)0 0)9 0)9 0)8
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DPMI is consistently higher than that derived from APMS for all the four models.
The f

p
derived from both the DPMI and APMS functions tends to decrease with an

increase in mass parameters and increase with increase in the sti!ness parameters.
The variations in the damping coe$cient(s), however, yield somewhat opposite
trends in the primary resonant frequencies derived from DPMI and APMS
magnitudes. An increase in the damping coe$cient(s) yield higher primary resonant
frequency estimated from the DPMI, and lower when derived from the APMS
magnitude.

The results further show that the overall sensitivity of the primary resonant
frequency, *f

p
, derived from DPMI magnitude, is larger than that derived from the

APMS magnitude. The di!erence in the sensitivities derived on the basis of DPMI
and APMS is speci"cally signi"cant for single-d.o.f. models. The results further
support the previous observations made from the measured and reported data that
*f

p
and f

p
derived from the APMS function tend to be smaller than those derived

from the DPMI function. It can be thus concluded that the biodynamic measure of
DPMI would most likely exhibit wider variations in the primary resonant
frequency. Since the primary resonant frequency is of greatest interest in the study
of human biodynamic response to vibration, the analyses of measured data in terms
of APMS may lead to relatively smaller variations amongst the reported data sets.
The &&to the body'' biodynamic response function in terms of APMS may thus be
considered more appropriate for the purposes of synthesis of reported data and
model development.

Furthermore, the &&to the body'' biodynamic response in terms of APMS can be
derived from direct measurements of the driving-point force and the interface
acceleration, while the computation of DPMI function involves digital integration
of the measured acceleration signals. The derivation of APMS from the measured
data requires only minimal e!ort for mass cancellation, when compared to that
required for the DPMI.
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3. ANALYSES OF RELATIONSHIP BETWEEN APMS AND STHT FUNCTIONS

Although not related by de"nition, some similarities have been observed between
APMS and STHT response data [11 , 12]. The measured magnitudes of AMPS and
STHT tend to be constant at very low frequencies, and gradually approach their
peak values at a similar frequency, followed by a gradual decrease as the excitation
frequency increases. Although the four reported models were derived solely on the
basis of DPMI or APMS function, it may be of interest to apply these models to
explore analytically the possible relationship between STHT and APMS functions.
The equations of motion, formulated for the four models, shown in Figure 1, are
further analyzed to derived expressions for the normalized APMS and STHT
magnitude and phase functions. Table 6 summarizes the expressions derived for
normalized APMS and STHT functions for the four di!erent models considered in
the study. The normalization of APMS was realized upon dividing the APMS
magnitude by the total mass of the model. Although the models do not describe
a direct biomechanical representation of the head, the response of the mass at the
extremity is taken to describe the motion of the head (mass m in the single-d.o.f.
models, and mass m

1
in the two-d.o.f. models).

The frequency response characteristics of both the normalized APMS and STHT
for the selected models are illustrated in Figure 2. The magnitude and phase
characteristics of both the functions for the single-d.o.f. model, proposed by
Coremann [8], are identical, as expected from the expression appearing in Table 6.
The single-d.o.f. model proposed by Fairley and Gri$n [3] also yields almost
identical results in the normalized APMS and STHT magnitudes over the entire
frequency range, with identical phase response only up to 5 Hz. Since the
normalized APMS function tends to suppress the magnitude of APMS at higher
frequencies, the magnitude corresponding to the second resonance frequency of
higher order models, in general, tends to be considerably lower. The model
proposed by Allen [9] yields similar magnitudes of normalized APMS and STHT
only at frequencies below 6 Hz, while the STHT magnitude response exhibits
a signi"cant second resonance at 17)7 Hz. It should be noted that APMS relates to
the force}motion ratio divided by the square of the frequency. The APMS thus
diminishes at higher frequencies. At excitation frequencies below 12 Hz, the phase
response of the normalized APMS is almost identical to that of the STHT. The
results derived from the model, proposed by Suggs et al. [10] yield a relatively large
di!erence between the magnitudes of the normalized APMS and STHT in the
vicinity of the primary resonant frequency, while both functions exhibit identical
frequencies corresponding to peak magnitudes. At higher frequencies, however,
both functions approach similar values in magnitude. The corresponding phase
response of the two functions around the primary resonance is found to be quite
similar.

Although certain di!erences between the magnitude and phase characteristics of
the normalized APMS and STHT of the higher order models appear to exist, the
primary resonant frequencies derived from these two functions are in very good
agreement for all the models. The primary resonant frequencies derived from the
STHT, APMS and DPMI functions for all four models investigated are
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Figure 2. Magnitudes and phases of both normalized APMS and STHT for the four biodynamic
models: (a) Coermann [8], (b) Fairley and Gri$n [3], (c) Allen [9], (d) Suggs et al. [10]; ,
normalized APMS; , STHT.
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TABLE 7

Comparison of primary resonant frequencies of the selected models derived from
di+erent functions

Model Primary resonant frequency (Hz)

Coermann [8]
Fairley and
Gri$n [3] Allen [9]

Suggs et al.
[10]

Eigenvalue
analysis 5)2 4)4 4)6 4)1
STHT magnitude 5)2 4)3 4)5 4)0
APMS magnitude 5)2 4)2 4)5 3)9
UPMI magnitude 8)2 5)6 4)9 4)2
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summarized in Table 7 using the nominal model parameter values presented in
Table 4. An eigenvalue analysis of the selected models was further performed to
identify their primary damped resonant frequencies. For all the four models, the
STHT and APMS functions yield almost identical primary resonant frequencies,
which are considerably di!erent from those derived from the DPMI function,
except perhaps for the model developed by Suggs et al. [10]. The reported studies
have invariably identi"ed the primary resonant frequencies from the peak
magnitudes of the biodynamic response function considered. The results clearly
show that the resonant frequencies estimated from the di!erent functions may di!er
considerably. The results of an eigenvalue analysis, also listed in Table 7, show that
the primary resonant frequencies predicted from STHT and APMS functions are in
better agreement with those computed from an eigenvalue analysis. The APMS and
STHT functions are thus considered to represent the primary resonant frequency of
the body more accurately, which should not vary with the use of a di!erent
biodynamic function since it represents inherent body characteristics. In contrast,
the primary resonant frequencies, predicted from DPMI, tend to di!er considerably
from those derived from the eigenvalue analysis, depending upon the model
considered. These results suggest that if a model is to be based on both &&to the
body'' and &through the body'' functions, the APMS and STHT functions should be
selected. Attempts to use DPMI along with STHT would result in wide
discrepancies in the estimated response and the primary resonant frequency.
Furthermore, the results also suggest that it should be possible to develop a seated
body model with relatively fewer d.o.f., on the basis of analytical functions and
measured data.

4. CONCLUSIONS

The relationships between di!erent measures of &&to the body'' biodynamic
response functions, and between &&to'' and &&through'' the body biodynamic
functions are investigated based on both experimental data and analysis of some of
the reported seated body models. From the analysis of measured data, derived from
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either di!erent studies or from di!erent subjects considered in a single study, it is
concluded that the analysis based upon APMS magnitude yields considerably less
variations in the primary resonant frequency identi"ed from di!erent data sets. The
analyses of the measured data and four di!erent analytical models further revealed
relatively larger variations in the primary resonant frequency derived from the
DPMI magnitude, when compared to that attained from the APMS. A close
agreement between the normalized APMS and STHT functions is also established
in terms of the magnitudes and the primary resonant frequency of the seated body.
The primary resonant frequencies estimated from the normalized APMS and
STHT further showed excellent agreement with those derived from eigenvalue
analysis of the models. It is thus concluded that the APMS and STHT data are
more likely to reveal the inherent damped resonant frequency of the body than the
DPMI. APMS and STHT functions thus appear to represent the most appropriate
transfer functions for model development based on both &&to the body'' and and
&&through the body'' response characteristics.
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