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Nonlinear Resonance 

Behavior in the Human 
Exposed to Whole-Body 
Vibration 

The driving-point impedance technique was applied to identify nonlinear resonance 
behavior in the human exposed to sinusoidal vibration between 3 and 20 Hz at three 
acceleration levels. Up to four regions of resonance were observed. A significant 
decline in the first and fourth resonance frequency and the disappearance of the 
second resonance peak occurred with a fivefold increase in the acceleration level. A 
proposed, base-excited five degree-of-freedom model, representing major dynamic 
structures in the human, proved highly successful in simulating the typical impedance 
responses. The model was used to quantify the variations in the mass, stiffness, and 
damping characteristics associated with changes in the acceleration level. © 1994 
John Wiley & Sons, Inc. 

INTRODUCTION 

Studies have been conducted to evaluate the ef
fects of whole-body vibration on human perfor
mance, tolerance, and health. These effects are 
of particular interest to the military because the 
wide variety of environments and tasks encoun
tered by operations personnel include exposures 
to relatively long periods of vibration. The Inter
national Standards Organization (ISO) has for
mulated a guideline that provides numerical lim
its on acceleration levels and exposure duration 
at different frequencies for preserving comfort, 
working efficiency, and health (ISO 2631, 1985). 
The ISO Standard 2631 (1985) is widely used to 
assess a variety of vibration environments. The 
Military Standard 1472C (U.S. Dept. of Defense, 
1981) references the ISO 2631 for designing mili
tary vehicles that are safe to operate. These ex
posures limits are primarily based on human tol-
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erance data and field experience. The ISO has 
also published two standards that present avail
able information on the application of the driv
ing-point impedance (ISO 5982, 1981) and trans
missibility (ISO 7962, 1987) techniques for 
evaluating human dynamic response. These two 
techniques can be used to collect information for 
developing analytical models of the human as a 
mechanical structure, and to design isolation sys
tems including vehicle suspensions and seats. 
While indicating that the human body vibrated in 
the z axis does exhibit nonlinear characteristics, 
these two standards assume that under normal 
gravity and acceleration amplitudes the human 
behaves as a linear system. In general, the 
impedance technique and a related quantity, the 
apparent or effective mass (ratio of transmitted 
force to input acceleration), assume that the re
spective vibrating structure exhibits linear dy
namic response behavior under steady-state 
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loading conditions. However, a limited number 
of studies have used these two ratios to describe 
changes in the frequency response characteris
tics relative to the loading magnitude. Two re
cent studies applied the apparent or effective 
mass technique to evaluate the effects of the ac
celeration level on human whole-body response. 
Hinz and Seidel (1987) exposed male subjects to 
sinusoidal frequencies between 2 and 12 Hz and 
found that the location of the primary resonance 
frequency shifted from 4.5 to 4.0 Hz with in
creases in the acceleration level from 1.5 to 3.0 
ms-2 rms. Using quasirandom vibration with fre
quency components ranging from 0.25 to 25 Hz, 
Fairley and Griffin (1989) observed a decrease in 
the mean resonance frequency from 6 to 4 Hz 
with increases in acceleration from 0.25 to 2.0 
ms-2 rms. The subject pool included both males 
and females. The investigators concluded that 
the decrease in resonance frequency at higher 
acceleration levels is due to reduced stiffness re
sulting from greater movement in the muscu
loskeletal system. Studies have been conducted 
at the Armstrong Laboratory to investigate the 
effects of acceleration magnitude on the re
sponse of the small male primate Rhesus mon
key. Although Sionim (1981) did not report any 
significant effect due to variations in the acceler
ation magnitude, Smith and Kazarian (1994) 
identified a significant decline in the primary res
onance frequency from a mean of 16.8 to 12.2 Hz 
with acceleration increases from 0.694 to 3.47 
ms-2 rms (0.1-0.5 gpeak). They also observed a 
second resonance peak at about 5 Hz that had 
not been previously reported. Using a three
mass, two degree-of-freedom (2DOF) model, the 
investigators associated the decrease in the reso
nance frequency at the higher acceleration level 
with a decrease in the stiffness of the upper 
torso. 

Previous studies have been conducted under a 
variety of test conditions and assumptions. In 
particular, emphasis has been placed on studying 
the nonlinear behavior associated with the pri
mary resonance peak and not necessarily in iden
tifying and modeling the behavior of any addi
tional resonances that mayor may not be 
affected by the acceleration magnitude. This ar
ticle describes the application of the driving
point impedance technique to identify regions of 
resonance and their variations as a function of 
acceleration level in the human. A mathematical 
model is proposed for quantifying the depen
dence of the mass, stiffness, and damping char
acteristics on the acceleration level. 

METHODS AND MATERIALS 

Vibration Tests, Data Collection, 
and Reduction 

An Unholtz-Dickie electrodynamic vertical mo
tion simulator was used to produce the z-axis 
vibration. A specially designed human test seat 
was constructed that would respond as a pure 
mass over the frequency range of concern and 
included a horizontal seatpan, a seatback ori
ented at 90° from the seatpan, a lapbelt, and a 
double shoulder harness. Transmitted force was 
measured by three equally spaced load cells lo
cated between the seatpan and the vibrator plat
form. A piezoresistive accelerometer was at
tached beneath and in the center of the seatpan 
for measuring the input acceleration magnitude. 
A piezoelectric accelerometer, similarly attached 
to the seatpan,. was used to measure the input 
acceleration phase. A computer software pack
age was developed to provide the capability for 
the generation of sinusoidal frequencies at se
lected acceleration levels, the simultaneous col
lection of load cell and accelerometer data, and 
the calculation of magnitude and phase relations 
using a fast Fourier transform (FFT). The initial 
signal conditioning system provided amplifica
tion and filtering at 100 Hz of all transducer out
put. A second set of programmable modules was 
primarily used to sample and hold all analog 
data. The data was digitized at 1024 Hz. For each 
frequency, data were collected for 2 s. The seat 
input velocity was calculated from the seat input 
acceleration data. The driving-point impedance 
magnitude and phase at each load cell site and for 
each frequency was calculated as the ratio and 
phase between the transmitted force and input 
velocity, respectively. To obtain the subject's 
impedance, the complex impedance of the seat 
(measured previously) was subtracted from the 
complex impedance of the combined seat/subject 
at each site. The resultant impedances calculated 
at the three load cell sites were mathematically 
summed to obtain the total complex impedance 
of the subject. The subject impedance magnitude 
and phase were calculated as the absolute value 
of the complex ratio and the arc tangent between 
the imaginary and real components of the com
plex value, respectively. 

Impedance frequency response profiles were 
collected by exposing four male subjects to dis
crete sinusoidal frequencies between 3 and 20 Hz 
(3-10 Hz in I-Hz increments and at 12, 14, 15, 
16, 18, and 20 Hz) at the selected acceleration 



level. The subjects were tested four times each at 
0.347,0.694, and 1.734 ms-2 rms (0.05, 0.10, and 
0.25gs peak) for a total of 16 frequency response 
profiles at each of the three acceleration levels. 

During the vibration exposures, the subjects 
were loosely restrained by the lapbelt and shoul
der harness primarily for safety considerations. 
The subjects were instructed on the importance 
of maintaining a consistent and erect posture 
during data collection. Consistency in posture 
was optimized with the use of the restraint sys
tem and the presence of the seatback. The sub
jects thighs rested on the seatpan in a comfort
able and natural position with the hands placed in 
the subject's lap. The seatlrestraint configuration 
did not include a footrest. Visual observations of 
the subjects were made during the vibration ex
posures. Any notable increases or decreases in 
the motions of specific anatomical regions, in
cluding the chest, head, neck, and legs, were 
documented. Subjects were also asked to com
ment on any pronounced localized sensation of 
vibration. 

RESULTS 

Impedance Response and Resonance 
Behavior 

Figure 1 illustrates the impedance magnitude and 
phase response for one subject at the three accel
eration levels. The figure shows up to four rela
tively distinct peaks in the magnitude profiles be-
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tween 3 and 20 Hz with the most distinguishable 
peaks being observed for the lowest acceleration 
level (0.347 ms-2 rms). The peaks in the magni
tude data and the associated frequencies were 
used to define the impedance resonances. Based 
on similar observations of these peaks in all 48 
impedance magnitude profiles, four regions of 
resonance were defined as follows: region one 
ranged from 5 to 8 Hz; region two ranged from 7 
to 9 Hz; region three ranged from 12 to 14 Hz; 
and region four ranged from 15 to 18 Hz. The 
phase profiles showed a rapid decline through the 
first region of resonance. Above about 7 Hz, the 
phase either leveled off or showed abrupt fluctua
tions between 0 and 30° which coincided with the 
occurrence of the remaining resonance peaks ob
served in the magnitude data. Except for one test 
at the lowest acceleration level, the phase did not 
cross 0 between 3 and 20 Hz. Figure 1 illustrates 
that, for the lowest acceleration level, the pri
mary or highest resonance peak was not always 
identified as the first resonance peak associated 
with region one. For over 50% of the tests con
ducted at 0.347 ms-2 rms, the primary or highest 
resonance peak occurred in the second region of 
resonance between 7 and 9 Hz; the first peak was 
observed at a relatively lower magnitude be
tween 5 and 7 Hz. 

Figure 2 illustrates the mean and standard de
viation (SD) for the resonance frequencies ob
served in each region at each of the three acceler
ation levels. The SDs for the second and third 
regions at 0.694 ms-2 rms and the SD for the third 
region at 1.734 ms-2 rms were 0 as depicted in the 
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FIGURE 1 Typical impedance magnitude and phase responses at the three acceleration 
levels (one subject). 
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FIGURE 2 Mean resonance frequencies for the four 
peak regions. 

figure. The mean resonance frequency for the 
first resonance region shifted downward from 6.8 
Hz at 0.347 ms-2 rms to 5.9 Hz at 0.694 ms-2 rms 
and to 5.2 Hz at 1.734 ms-2 rms. Figure 2 shows 
that all three mean resonance frequencies for the 
second resonance peak (region two) fell within 
± 1 SD showing no significant effect of accelera
tion level. A comparison between the lowest and 
highest acceleration levels (0.347 and 1.734 ms-2 

rms) did show a significant decline in the reso
nance frequencies associated with the first and 
fourth regions of resonance with increasing ac
celeration. Analysis of variance corroborated 
these findings at the 5% confidence level. The 
mean value for the third resonance frequency 
also tended to be higher and more variable at the 
lowest acceleration level (0.347 ms-2 rms). In ad
dition to these observations, the occurrence of 
the three resonance regions located beyond the 
first peak depended on the acceleration level. 
Figure 3 depicts the percentage occurrence of the 
four regions of resonance for each acceleration 
level. In summary, although the mean resonance 
frequency of the second peak (region two) did 
not appear to be affected by the acceleration 
level, the occurrence of this peak was greatly 
reduced at the higher acceleration levels. The 
lowest incidence of resonance behavior occurred 
in the impedance response profiles collected at 
the highest acceleration level (1.734 ms-2 rms). 
For the fourth resonance region, the occurrence 
of the peak was also greatly reduced at the high-
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FIGURE 3 Occurrence of resonance peaks by re-
gion. 

est acceleration level. The third resonance peak 
was most prevalent at 0.694 ms-2 rms. 

Preliminary Modeling of Impedance Data 

The observation of up to four regions of reso
nance in the human response data collected in 
this study required, at a minimum, a 4DOF 
model for simulating the response. Because the 
impedance calculations were associated with the 
response of a base-excited system, the model 
was defined as a base-excited 5DOF system for 
this study. Figure 4 illustrates the proposed 
model. The impedance measurements obtained 
in this study represent the combined effects of 

Spine 

Upper Torso 

Legs 

Pelvis 

FIGURE 4 Base-excited 5DOF model. 



the dynamic behavior of the body's major ana
tomical structures. The following presents the ra
tionale for the particular formulation presented 
in Fig. 4 based on the available literature, the 
visual observations of body segment motions, 
the verbal responses of the subjects, and the spe
cific characteristics of the resonance behavior 
observed in the impedance curves collected in 
this study. The impedance response results for 
the Rhesus monkey (Smith, 1992; Smith and Ka
zarian, 1994) indicated that modeling the pelvis 
as an inert mass component moving with the 
seat, as initially presented by Broderson and von 
Gierke (1971), results in relatively higher impe
dance magnitude values at higher frequencies 
and can prevent the impedance phase from 
crossing o. Their approach assumed that any 
stiffness and damping contributions from the soft 
tissues located between the seat and the ischial 
tuberosities were insignificant relative to the 
measurement of driving-point impedance and the 
reactive response of other body structures for the 
tested frequency range and acceleration levels. 
Based on the results for the human, the same 
assumptions were made in this study. Referring 
to the lumped-parameter model in Fig. 4, the 
rigid musculoskeletal components of the pelvis 
moving with the set are represented by element 
Ml (subsystem one). 

Peak transmissibility to the head has been ob
served by many investigators to occur between 4 
and 8 Hz (Coermann, 1961; Mertens, 1978; 
Wilder et aI., 1982; Hagena et aI., 1986; ISO 
7962, 1987). A few researchers, however, have 
reported that the actual resonance of the head 
relative to the trunk occurs between 17 and 25 Hz 
(Guignard, 1972; Hagena et aI., 1986), although 
the transmissibility amplitude was quite low and 
usually measured as unity or less. At the higher 
frequencies beyond 12 Hz the subjects in this 
study indicated that there was a very strong sen
sation of vibration in the face. This was also quite 
evident from visual observation. Several subjects 
also reported that they were having difficulty fo
cusing. The head constitutes a relatively small 
mass as compared to other dynamic structures in 
the body and is located some distance from the 
point of load application and the collection of 
impedance data. For this study, it was assumed 
that any resonance behavior of the head would 
not significantly contribute to the measured re
sponse at the seat. Depending on the accelera
tion level, the majority of data collected in this 
study did show a distinct peak between 15 and 18 
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Hz. Hagena et ai. (1986) observed the highest 
transmissibility between the os sacrum and the 
sixth thoracic vertebra as well as the seventh cer
vical vertebra around 18 Hz. These results 
strongly suggested that the spinal column, partic
ularly the thoracic spine, may have been the pri
mary contributor to the impedance peak ob
served in the fourth region. For the preliminary 
modeling of the impedance response, the musco
loskeletal components associated with the spinal 
column were modeled as a single lumped subsys
tem (subsystem two) represented by elements 
M 2 , K 2 , and C2 and identified as the spine in 
Fig. 4. 

Guignard and Irving (1960), using transmissi
bility measurements and high-speed cinematog
raphy, concluded that the response around 5 Hz 
was primarily due to resonance of the upper 
torso and shoulder girdle. In this study, visual 
observations and verbal communications with 
the subjects further confirmed the occurrence of 
relatively higher motions in the chest and shoul
ders in the frequency range of the first region of 
resonance (5-7 Hz). Previous investigators have 
assumed that the thoracic and abdominal viscera 
represent a coupled system based on data col
lected in the supine position (Coermann et aI., 
1960). It is not clear to what extent the motions 
of the soft tissues and organs of the abdomen 
may be coupled with the response of the thoracic 
viscera in the seated upright posture during ver
tical vibration. Subsystem three, represented by 
elements M 3 , K 3 , and C3 , was coupled to the 
spinal subsystem and represents the combined 
response characteristics of the organs and soft 
tissues contained within the rib cage and the 
shoulders. Based on the available data and on 
anatomical considerations, the visceral compo
nents include the thoracic viscera as well as 
those abdominal organs and tissues that lie in 
close proximity or are attached to the diaphragm, 
including the liver and stomach, and which are 
contained within the lower boundaries of the rib 
cage. Subsystem three is identified as the upper 
torso in Fig. 4. 

Associating anatomical structures with the 
resonance behavior observed in regions two and 
three was more difficult and, as a first approxi
mation, primarily based on visual observations, 
the verbal comments ofthe subjects, and the par
ticular characteristics of the resonance peaks. 
Depending on the acceleration level, both peaks 
were relatively distinct in appearance indicating 
that the reactive forces associated with the mo-
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tions of the respective anatomical structure(s) 
were being transmitted back to the seat and not 
dampened out or masked by the reactions of the 
upper torso/spine system (subsystems two and 
three). In order to simulate the observed reso
nance behavior, both subsystems were repre
sented as anatomical structures or regions whose 
motions were uncoupled from the motions of the 
upper torso/ spine. In this study, it was observed 
that the largest relative motions of anatomical 
structures or regions shifted from the upper torso 
to the lower torso below the waist at higher fre
quencies beyond the first resonance peak. Sub
jects also noted a strong sensation of the vibra
tion in the lower torso in the frequency range 
associated with the third resonance peak. The 
soft tissues and muscles located in the pelvic 
area, including those of the hips, buttocks, and 
upper thighs, as well as the pelvic viscera, could 
comprise a significant reactive mass located at 
the seat or point of load application. Coermann 
(1961) observed a small peak at about 10 Hz in 
his impedance measurements using eight sub
jects. The results of his study suggested that this 
peak may be associated with motions in the pel
vis. Again, the distinct peak observed in region 
three in many of the profiles strongly supports, 
as a first approximation, the addition of a second 
uncoupled subsystem. Subsystem four (M4' K 4, 
and C4 ) represents the lower torso in Fig. 4 and 
includes the viscera, soft tissues, and muscles 
located in the pelvic area, and the lower abdomi
nal viscera, including the intestines. The subsys
tem was attached to the rigid components of the 
pelvis (M) with the motion of the subsystem be
ing solely dependent on the motion of the seat 
and uncoupled from the motions of the upper 
torso and spine. This assumed, as a first approxi
mation, that any stiffness and damping behavior 
occurring between the upper torso/spine and 
lower torso had a negligible effect on the motions 
of the two anatomical regions. Until further data 
is collected, associating any specific anatomical 
structures with the response observed in region 
four is speculative. 

The legs comprise another major anatomical 
structure located at the seat and capable of dy
namic motion during seated whole-body vibra
tion. Because the entire weight of the thighs 
rested directly on the seatpan with the lower legs 
hanging freely, it was speculated that their con
tribution to the impedance measurement could 
be significant. Fairley and Griffin (1989), who 
evaluated the use of a footrest, did not observe 

any resonance peaks in the apparent mass be
tween 7 and 9 Hz without the footrest at 1.0 ms-2 

rms, which is consistent with the results of this 
study at a comparable acceleration level. How
ever, they did observe that the primary or first 
resonance peak was higher in magnitude for the 
unsupported feet and that there was a slight in
crease in the apparent mass at frequencies above 
10 Hz with increased thigh/seat contact (i.e., 
lowering of the footrest). Mertens (1978), al
though not specifically addressing the effects of 
the legs on the impedance response, also mod
eled the thighs as a reactive mass subsystem lo
cated at the seat and uncoupled from the motions 
of the other anatomical structures. Using the 
model parameters presented by Mertens (1978), 
the undamped natural frequency was calculated 
to be 9 Hz at 3.924 ms-2 rms. Motions in the legs 
were observed to be quite pronounced below 10 
Hz, providing some physical evidence for their 
influence in the generation of the second peak 
between 7 and 9 Hz. In the proposed model, the 
legs were modeled as subsystem five in Fig. 4 and 
represented by elements M 5, K5, and C5. Their 
motion was assumed to be independent of the 
motions of the other subsystems represented in 
Fig. 4 for the acceleration levels and frequencies 
used in this study. 

The general approach for deriving the com
plex impedance equation is outlined in Neubert 
(1987). For the model, the differential equations 
of motion are: 

MIX) + K2(xl - X2) + C2(x) - X2) 
+ K4(x) - X4) + C4(x) - X4) + K5(xl - X5) 

+ C5(XI - X5) = FT (1) 

M 2X2 + K2(X2 - XI) + C2(X2 - x) 
+ K 3(X2 - X3) + C3(X2 - X3) = 0 (2) 

M3 X3 + K 3(X3 - X2) + C3(X3 - X2) = 0 (3) 

M 4X4 + K4(X4 - XI) + C4(X4 - XI) = 0 (4) 

M5 X5 + K 5(X5 - XI) + C5(X5 - XI) = O. (5) 

By defining 

V·e iwt 
x·=_J-

J iw 

Xj = Vje iwt 

Xj = iwVje iwt , 

(6) 

(7) 

(8) 

(9) 



where FTeiwt is the transmitted force at the plat
form and V;·e iwt is the velocity of mass Mj, and 
substituting Eqs. (6), (7), (8), and (9) into Eqs. 

The impedance magnitude is the absolute value 
of Eq. (10) and the phase angle between F T and 
VI is given by the arc tangent of the ratio of imag
inary to real components in Eq. (10). 

The undamped natural frequencies can be cal
culated for the fixed-base five-mass, 4DOF sys
tem. From Eqs. (4) and (5), the undamped natu
ral frequencies for subsystems four (lower torso) 
and five (legs), f04 and fos, are easily calculated as 

[K2 K3 K3 ] -+-+- + 
f52 = 

M2 M3 M2 

[K2 + K3 + K3J _ 

f53 = 
M2 M3 M2 

where f02 represents the undamped natural fre
quency of the spinal column subsystem (spine) 
and f03 represents the undamped natural fre
quency of the chest/shoulders subsystem (upper 
torso). 

The preliminary approach used to determine 
the effectiveness of this model in simulating both 
the magnitude and phase data included making 
an initial estimate of the masses for the anatomi
cal structures represented in the model. In addi
tion, initial values for the stiffness coefficients 
were determined based, in part, on estimating the 
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(1)-(5), the complex driving-point impedance 
can be expressed by solving for ZT = FT/V I : 

f04= ~ 
rK; 

!os = -V Ms' 

(10) 

(11) 

(12) 

For the coupled subsystems representing the up
per torso and spine, the undamped natural fre
quencies can be calculated from Eqs. (2) and (3) 
and are given by 

I[ K2 + K3 + K3 r 4K2K3 ---
"\ M2 M3 M2 M2 M3 

87T 2 (13) 

~[K2 K3 K3r 4K2K3 ----+-+-
M2 M3 M2 M3 M2 

87T 2 (14) 

undamped natural frequency of those subsys
tems whose motions were independent of the 
motions of other represented structures (subsys
tems four and five in Fig. 4). It was assumed that 
the undamped natural frequencies of the subsys
tems would approximate the resonance frequen
cies. The damping coefficients were adjusted to 
best approximate the magnitude of the resonance 
peaks. This procedure was applied to the results 
illustrated in Fig. 2 for all three acceleration lev
els. These results were considered as representa
tive of the variability in the impedance data and 
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could demonstrate the capability of the model for 
simulating the response behaviors observed in 
this study. 

Preliminary Modeling Results 

Figure 5 shows the modeling results for the three 
acceleration levels. The base-excited 5DOF 
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model proved highly effective in simulating the 
impedance magnitude and phase at all three ac
celeration levels. Although some discrepancy 
was observed between the actual and simulated 
phase between 10 and 15 Hz, the shapes of the 
curves were quite similar. Figure 6 identifies the 
model parameters associated with each accelera
tion level. Except for the legs (subsystem five), 
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the difference between the responses at 0.347 
and 0.694 ms-2 rms was the result of changes in 
the damping characteristics associated with the 
respective anatomical structure. For the coupled 
upper torso and spine, the dynamic properties of 
the chest and shoulder region did not change, 
and damping in the spinal column was decreased, 
the effect being to increase the magnitude of the 
fourth peak at 0.694 ms-2 rms. The figure also 
shows that the elimination of the second reso
nance peak at the higher acceleration levels 
(0.694 and 1.734 ms-2 rms) coincided with an in
crease in the damping behavior of the legs (sub
system five). The significant decline in the loca
tion of the first and fourth resonance peaks at the 
highest acceleration level (1.734 ms-2 rms) was 
primarily influenced by an increase in the mass 
associated with the chest structures (subsystem 
three) and a substantial decline in the stiffness 

and damping properties of the lumped spinal 
components (subsystem two). In summary, the 
results of modeling showed that the reduced 
magnitude and lack of observable resonance be
havior in the second and third frequency regions 
at the highest acceleration level (1.734 ms-2 rms) 
were primarily produced by a combination of de
creased stiffness and increased damping in the 
associated anatomical structures. 

Undamped Natural Frequencies and 
Resonance Behavior 

The resonance frequency is defined as the fre
quency at which the response of a system is max
imum for forced vibration. The undamped natu
ral frequency is the frequency of free vibration 
resulting from the elastic and inertial forces of a 
system. The differences between these frequen-
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cies are dependent on the coupling and damping 
in the system. Table 1 lists the undamped natural 
frequencies calculated for the fixed-based system 
using Eqs. (11)-(14) and the model parameters 
depicted in Fig. 6. The location of the resonance 
peaks associated with all subsystems (upper 
torso/spine) coincided closely with the un
damped natural frequencies. For the first and 
fourth resonance region associated with the cou
pled subsystems (upper torso/spine), the un
damped natural frequency showed a I-Hz de
crease at the highest acceleration level, similar to 
the decrease observed in Fig. 1 for the location of 
the resonance peaks. The figure also shows that 
the undamped natural frequency, calculated 
from the model parameters associated with the 
legs subsystem, decreased with increasing accel
eration level and appeared to be primarily due to 
a decrease in the stiffness of the legs. Although 
the increase in damping may have influenced the 
magnitude of the leg response, the lowering of 
the undamped natural frequency suggests that 
any resonance behavior associated with the legs 
occurred as part of the response observed in re
gion one between 5 and 7 Hz. 

DISCUSSION 

The results of this study agree with the results of 
Hinz and Seidel (1987) and Fairley and Griffin 
(1989) for the human, and Smith and Kazarian 
(1994) for the Rhesus monkey, in which the pri
mary or first resonance frequency declined with 
increasing acceleration level. In addition, reso
nance behavior was also observed in up to three 
other frequency regions and clearly appeared to 
be dependent on the acceleration level. Although 
other investigators have observed resonance be
havior in the frequency regions beyond the first 
resonance peak (5-7 Hz) (Coermann, 1961; ISO 
5982, 1981; Wilder et aI., 1982; Hagena et al., 

Table 1. Undamped Natural Frequencies Calculated 
from Modeling Parameters 

Acceleration Level (ms-2 rms) 

Subsystem 0.347 0.694 1.734 

2 (spine) 17.3 Hz 17.3 Hz 16.2 Hz 
3 (upper torso) 6.3 Hz 6.3 Hz 5.3 Hz 
4 (lower torso) 11.5 Hz 11.5 Hz 10.5 Hz 
5 (legs) 8.5 Hz 7.8 Hz 7.0 Hz 

1986; Fairley and Griffin, 1989), their observa
tions have not been as consistent or as pro
nounced as the results of this study. Fairley and 
Griffin (1989) observed a peak in the apparent 
mass response in the vicinity of 10 Hz in most of 
their subjects but the behavior was not distinct. 
The frequency associated with this magnitude 
peak, when observed, decreased with increasing 
acceleration level. Coermann (1961) observed 
small impedance peaks at about 10 and 15 Hz in 
one subject seated erect but the mean impedance 
calculated for eight subjects only showed the 
small peak at about 10-11 Hz. Again, these 
peaks were relatively small compared to the be
havior observed in this study. The clear observa
tion of a peak between 7 and 9 Hz at 0.347 ms-2 

rms in this study has not been reported elsewhere 
for the human although others have considered 
the legs as having an influence on the dynamic 
response characteristics (Mertens, 1978; Fairley 
and Griffin, 1989). It appeared that Coermann 
(1961) and Wilder et al. (1982) also allowed the 
legs to hang freely in their studies; however, the 
acceleration levels used were not clearly defined. 
It is assumed that the levels were greater than 
0.347 ms-2 rms because the characteristic peak 
observed in region two of this study was not ob
served in their results. In this study it was specu
lated that the inclusion of a footrest would have 
reduced the dynamic loading of the legs against 
the seatpan and eliminated the second resonance 
peak at 0.347 ms-2 rms. 

The base-excited 5DOF model proposed in 
this study was highly effective in simulating the 
representative impedance responses at three ac
celeration levels with some discrepancies ob
served for the phase. However, even though the 
parameter selections were primarily based on the 
characteristics of the magnitude response (i.e., 
resonance peaks), the phase results were quite 
reasonable. The model was used to quantify 
changes in the mass, stiffness, and damping char
acteristics of the lumped anatomical structures 
as a function of the input acceleration level. The 
mass and stiffness parameters generated by the 
model were used to calculate the four undamped 
natural frequencies associated with the lumped 
anatomical structures represented by the reac
tive subsystems illustrated in Fig. 4. The results 
showed that there was at least a I-Hz decrease in 
all of the undamped natural frequencies with a 
fivefold increase in the acceleration level that co
incided with the observed reductions in the reso
nance frequencies associated with the upper 
torso/spine (subsystems two and three). In the 



model, the motions of the coupled subsystems 
were dependent on each other as well as on the 
motion of the seat. For the coupled subsystems it 
was found that changes in the mechanical param
eters of one subsystem could dramatically affect 
the resonance behavior associated with the other 
coupled subsystem. Approximately 44% of the 
profiles at the highest acceleration level did ex
hibit resonance behavior in the fourth region and 
a reduction in the first and fourth resonance fre
quency. In order to lower the first resonance fre
quency at the higher acceleration level, the initial 
and most obvious approach was to lower the 
stiffness of the chest subsystem, however, reduc
tions in the chest stiffness to the extent of lower
ing the resonance frequency to 5 Hz produced a 
higher magnitude for the fourth peak that did not 
necessarily occur at 15 Hz. Attempts to change 
the stiffness and damping characteristics of the 
spine resulted in the elimination of the fourth 
peak. By increasing the relative mass contribu
tion of the chest structures at the higher accelera
tion level (i.e., changing the mass ratio between 
the coupled subsystems), the first resonance fre
quency was easily reduced without eliminating 
. the fourth peak. Subsequently, the stiffness asso
ciated with the spinal column structure was re
duced, further supporting the conclusions of 
Fairley and Griffin (1989) that "the greater move
ment that occurs with high magnitudes of vibra
tion reduces the stiffness of the musculoskeletal 
structure." The results of modeling the response 
of one subject suggest that certain anatomical 
structures (such as the arms and shoulders) be
come more reactive in the first resonance region 
at the higher acceleration level. It is not known 
whether this assumption can be applied to the 
responses of the remaining subjects. The redis
tribution of the upper torso/spine masses could 
be a consequence of describing a relatively com
plex biological structure as a lumped-mass sys
tem. For example, the spinal column was 
modeled as a single lumped subsystem in the pre
liminary model. Researchers, including Panjabi 
et al. (1986) and Hagena et al. (1986), have ob
served transmissibility peaks in the lumbar spine 
between 4 and 8 Hz. Hagena et al. (1986), al
though observing relatively high transmissibility 
peaks in the thoracic spine at about 18 Hz, con
cluded that the independent resonance of the 
spine occurred between 7 and 10 Hz. These find
ings do suggest that the spine should be modeled 
with additional coupled subsystems but that 
additional data on spinal column motion are 
needed. 
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The elimination of the second magnitude peak 
between 7 and 9 Hz in the majority of the imped
ance profiles collected at 0.694 and 1.734 ms-2 

rms implied that there was increased damping in 
the legs at these higher acceleration levels. The 
modeling results also showed that the undamped 
natural frequency of the legs decreased with in
creasing acceleration and fell within the fre
quency range of region one as depicted in Table 
1, particularly at the highest acceleration level. 
Again, Fairley and Griffin (1989) did show that 
the legs could affect the magnitude of the first 
resonance peak in the apparent mass response. 
From the results of this study, it was difficult to 
determine to what extent the changes in the stiff
ness and damping characteristics of the legs af
fected the observed response in the first region. 
The preliminary modeling effort assumed that 
the motions of subsystem three, the major con
tributor to the first region of resonance, was cou
pled to the motions of the spine. The mass, stiff
ness, and damping characteristics of both 
subsystems two and three changed with the ac
celeration level, which would influence the char
acteristics of the first peak. Using the base-ex
cited, 5DOF model, it can be shown, however, 
that lowering the undamped natural frequency of 
the legs to coincide more closely with that of the 
chest/shoulders subsystem will increase the mag
nitude of the first peak. Increasing the damping 
of the legs will affect the extent of this increase. 
In addition, changing the stiffness and damping 
characteristics of the legs will also influence the 
magnitude of the remaining resonance peaks, 
which further complicates the evaluation of reso
nance behavior using the impedance technique. 

The data collected in this study further sup
ports the occurrence of nonlinear behavior in the 
response of the human to whole-body vibration 
and suggests that, for relatively large differences 
in the acceleration level, changes in the mass, 
stiffness, and damping characteristics of the hu
man body may be statistically significant. The 
preliminary assessment of the nonlinear impe
dance response of the human also suggests that 
the load transmission/attenuation characteristics 
associated with changes in the loading environ
ment may be quantitated with the use of an ap
propriate model. To determine the significance of 
these changes, the model should be applied to 
generate the mass, stiffness, and damping char
acteristics for all 48 impedance profiles collected 
in this study, and the results statistically com
pared between subjects and between accelera
tion levels. This will require an improved 
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scheme, similar to that used by Smith and Kaza
rian (1994) for identifying the unknown model 
parameters. In addition, although the results of 
others do support some of the assumptions made 
for the preliminary modeling of impedance, fur
ther information is needed to validate these as
sumptions or provide information that would im
prove the model, particularly in trying to derive 
an anatomically correct dynamic model. Trans
missibility data has recently been collected in 
this laboratory and should provide valuable in
formation about the biodynamic behavior of the 
legs and the spine, particularly under the testing 
conditions used in this laboratory. The model 
should ultimately be capable of simulating both 
the impedance and transmissibility responses of 
the whole body and the major anatomical struc
tures contributing to the measured results. Es
tablishing the mass, stiffness, and damping char
acteristics of specific anatomical regions or 
structures sensitive to the vibration loading envi
ronment will contribute to optimizing design cri
teria for vibration isolation systems including ve
hicle suspensions and seats. 

The author acknowledges the assistance of the Uni
versity of Dayton Research Institute, particularly Mr. 
Fred Davis, for facility operation support. The author 
would also like to extend her appreciation to Dr. 
Vernon H. Neubert, Professor Emeritus, The Penn
sylvania State University, Department of Engineering 
Science and Mechanics; and to Dr. Ints Kaleps, Chief, 
Vulnerability Assessment Branch, Armstrong Labora
tory, Wright-Patterson AFB, OH for their valuable 
comments and suggestions. 

REFERENCES 

Broderson, A. B., and von Gierke, H. E., 1971, "Me
chanical Impedance and Its Variation in the Re
strained Primate During Prolonged Vibration," 
ASME 71-WaIBHF-8, pp. 1-9. 

Coermann, R. R., Ziegenruecker, G. H., Wittwer, 
A. L., and von Gierke, H. E., 1960, "The Passive 
Dynamic Mechanical Properties of the Human Tho
rax-Abdomen System and of the Whole Body Sys
tern," Aerospace Medicine, Vol. 31, pp. 443-455. 

Coermann, R. R., 1961, "The Mechanical Impedance 
of the Human Body in Sitting and Standing Position 
at Low Frequencies," ASD Technical Report 61-
492, Wright Patterson AFB, OH, pp. 1-40. 

Fairley, T. E., and Griffin, M. J., 1989, "The Appar
ent Mass of the Seated Human Body: Vertical Vi
bration," Journal of Biomechanics, Vol. 22, pp. 81-
94. 

Guignard, J. C., 1972, "Biodynamics," in J. C. 
Guignard, and P. F. King, Aeromedical Aspects of 
Vibration and Noise (AGARD-AG-15l), Technical 
Editing and Reproduction Ltd, Harford House, 
London, Chap. 4, pp. 29-35. 

Guignard, J. C., and Irving, A., 1960, "Effects of Low 
Frequency Vibration on Man," Engineering, Vol. 
190, pp. 364-367. 

Hagena, F. W., Werth, C. J., Piehler, J., Piitz, W., 
Hofmann, G. 0., and Zwingers, Th., 1986, "In
Vivo Experiments on the Response of the Human 
Spine to Sinusoidal Gz- Vibration," Backache and 
Back Discomfort, AGARD Conference Proceedings 
(AGARD-CP-378) , pp. 16-1-16-12. 

Hinz, B., and Seidel, H., 1987, "The Nonlinearity of 
the Human Body's Dynamic Response During 
Whole Body Vibration," Industrial Health, Vol. 25, 
pp. 169-181. 

International Organization for Standardization, 1985, 
"Guide for the Evaluation of Human Exposure to 
Whole-Body Vibration-Part I: General Require
ments," ISO 2631-1985. 

International Organization for Standardization, 1981, 
"Vibration and Shock-Mechanical Driving-Point 
Impedance of the Human Body," ISO 5982-1981. 

International Organization for Standardization, 1987, 
"Vibration and Shock-Mechanical Transmissibil
ity of the Human Body in the Z-Direction," ISO 
7962-1987. 

Mertens, H., 1978, "Nonlinear Behavior of Sitting 
Humans Under Increasing Gravity, " Aviation, 
Space and Environmental Medicine, Vol. 49, pp. 
287-298. 

Neubert, V. H., 1987, MechanicalImpedance: Model
ling/Analysis of Structures, Jostens Printing and 
Publishing Company, State College, PA. 

Panjabi, M. M., Andersson, G. B., Jorneus, L., Hult, 
E., and Mattsson, L., 1986, "In Vivo Measure
ments of Spinal Column Vibrations," Journal of 
Bone and Joint Surgery, Vol. 68-A, pp. 695-702. 

Slonim, A. R., 1981, "Some Vibration Data on Pri
mates Implanted with Accelerometers on The Up
per and Lower Spine: Methodology and Results in 
Rhesus Monkeys," AFAMRL-TR-81-153, pp. 1-81. 

Smith, S. D., 1992, "Impedance Response Character
istics of the Primate Mucaca mulatta Exposed to 
Seated Whole-Body gz Vibration," Journal of Bio
mechanics, Vol. 25, pp. 839-847. 

Smith, S. D., and Kazarian, L. E., 1994, "The Effects 
of Acceleration on the Mechanical Impedance Re
sponse of a Primate Model Exposed to Sinusoidal 
Vibration," Annals of Biomedical Engineering, 
Vol. 22, No.1, pp. 78-87. 

U.S. Department of Defense, 1981, "Human Engi
neering Design Criteria for Military Systems, Equip
ment and Facilities," Military Standard 1472C, 
Government Printing Office, Washington, D.C. 

Wilder, D. G., Woodworth, B. B., Frymoyer, J. W., 
and Pope, M. H., 1982, "Vibration and the Human 
Spine," Spine, Vol. 7, pp. 243-254. 



International Journal of

Aerospace
Engineering
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2010

Robotics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Active and Passive  
Electronic Components

Control Science
and Engineering

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 International Journal of

 Rotating
Machinery

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 Journal ofEngineering
Volume 2014

Submit your manuscripts at
http://www.hindawi.com

VLSI Design

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Shock and Vibration

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi Publishing Corporation 
http://www.hindawi.com

Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Sensors
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Modelling & 
Simulation 
in Engineering
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Navigation and 
 Observation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Distributed
Sensor Networks

International Journal of


