
Introduction

Occupational off road vehicle drivers are exposed to
considerable magnitudes of whole-body vibration (WBV),

which is known to cause discomfort, annoyance, and sev-
eral health and safety risks.  Many studies have suggest-
ed strong association between the exposure to WBV and
low back pain1, 2).  The vast majority of the studies on
human responses to vibration have emphasized the expo-
sure to vertical WBV, since heavy on-road and off-road
vehicles are believed to transmit relatively higher magni-
tudes of vertical vibration than those along the other axes.
Such vehicles, however, also transmit substantial magni-
tudes of horizontal vibration (HV) along the fore-aft and
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Abstract:  Absorbed power characteristics of seated human subjects under fore-aft (x-axis) and
lateral (y-axis) vibration are investigated through measurements of dynamic interactions at the
two driving-points formed by the body and the seat pan, and upper body and the backrest.  The
experiments involved: (i) three back support conditions (no back support, and back supported
against a vertical and an inclined backrest); (ii) three seat pan heights (425, 390 and 350 mm);
and three magnitudes (0.25, 0.5 and 1.0 m/s2 rms acceleration) of band limited random excita-
tions in 0.5–10 Hz frequency range, applied independently along the x- and y- axes.  The force
responses, measured at the seat pan and the backrest are applied to characterize total energy
transfer reflected on the seat pan and the backrest.  The mean responses suggest strong contri-
butions due to back support, and direction and magnitude of vibration.  In the absence of a back
support, the seat pan responses dominated in lower frequency bands centered at 0.63 and 1.25 Hz
under both directions of motion.  Most significant interactions of the upper body against the back
support was observed under fore-aft vibration.  The addition of back support caused the seat
pan response to converge to a single primary peak near a higher frequency of 4 Hz under x-
axis, with only little effect on the y-axis responses.  The back support serves as an additional
source of vibration to the occupant and an important constraint to limit the fore-aft movement
of the upper body and thus relatively higher energy transfer under.  The mean responses were
further explored to examine the Wd frequency-weighting used for assessing exposure to horizon-
tal vibration.  The results show that the current weighting is suited for assessing the vibration
exposure of human subjects seated only without a back support.

Key words: Absorbed power, Horizontal vibration, Back support condition, Seat height, Body-seat
interactions, Upper body-backrest interactions

*To whom correspondence should be addressed.  
Disclaimers: The content of this publication does not necessarily reflect
the views or policies of the National Institute for Occupational Safety
and Health (NIOSH), nor does mention of trade names, commercial
products, or organizations imply endorsement by the U.S. Government.



side-to-side axes3–7).  Table 1 lists examples of the fre-
quency-weighted rms accelerations (awx, awy and awz) due
to vibration transmitted along the fore-aft (x-), side-to-side
or lateral (y-) and vertical (z-) axes of various industrial
and heavy road vehicles, derived on the basis of Wd- and
Wk- weighting filters defined in ISO 2631-18).  These data
suggest that drivers of such vehicles are also exposed to
considerable magnitudes of weighted HV, which may
even approach or exceed the magnitudes of vertical vibra-
tion in some of the vehicles.

Despite the substantial magnitudes of HV, relatively
fewer studies have investigated the seated body response
to HV.  Furthermore, the majority of the reported studies
on HV have focused on the motion sickness (kinetosis)
response under extremely low frequency vibration (≤ 1 Hz).
The motion sickness caused by low frequency HV is
known to impede an operator’s ability to handle the vehi-
cle and perform desired tasks, while the symptoms have
been characterised as temporary minor annoyances in
most of the cases9).  Considerable efforts have been made
to characterise seated human biodynamical response to
vibration and contributing factors, in terms of force-
motion relationships, such as apparent mass (APMS) and
driving-point mechanical impedance (DPMI)10–12).  These
studies have provided the resonance frequencies and guid-
ance to the sensitivity of seated human body to WBV.
The vast majority of the reported studies have concen-
trated on vertical vibration; only a few have investigated
the biodynamic response to HV12–16).  

The acceleration due to source vibration measured at
either the seat or the floor, on the other hand, is consid-
ered to represent the vibration hazard8).  The vibration
hazard takes effect through the biodynamic response of
the human body17).  The vibration power absorbed (PAbs)
by the exposed body is a measure that combines both the
vibration hazard and the biodynamic response of the body.

Physically, the absorbed power relates to dissipation of
energy attributed to relative motions of the visco-elastic
tissues, muscles and skeletal system, which under pro-
longed exposures could lead to physical damages in the
musculoskeletal system18, 19).  Mathematically, the
absorbed power can be computed from the integration of
the power absorption density, which is equivalent of the
product of vibration-induced stress and the strain rate,
over the volume of tissues involved in the biodynamic
response, which includes the essential mechanical stimuli
that cause the biological responses and adaptation17).  It
is thus reasonable to hypothesize that the power absorp-
tion is associated with the vibration-induced discomfort
and some health effects.  However, their exact relation-
ship has not been sufficiently studied.  

The concept of energy absorbed by the seated human
body exposed to seat-transmitted vibration, first evolved
in the mid-60’s as a measure for evaluating the safety and
comfort of occupants of military vehicles18).  The
absorbed power responses of the seated human body
exposed to vertical WBV, have been investigated under
continuous sinusoidal and random vibration considering
both supported and unsupported back postures20–25).  The
PAbs has been related to APMS and DPMI26), and the
reported PAbs spectra generally exhibit peaks at frequen-
cies that are comparable to those corresponding to
APMS/DPMI magnitude peaks.  The PAbs response of the
body increases nearly quadratically with the acceleration
magnitude.  The studies have also shown important influ-
ences of variations in the sitting posture and seat geom-
etry factors (seat height, footrest position, hands position,
backrest and seat pan angle) on the PAbs response of
human occupants exposed to vertical WBV21, 22).
Relatively larger magnitudes of absorbed power have
been associated with mechanical shock stimuli compared
to the continuous vibration, suggesting greater sensitivity
of the human body response to shocks20).  

Unlike the vertical WBV, the PAbs responses of seated
subjects under HV have been reported only from one
study.  Lundstrom, et al.23) reported the PAbs characteris-
tics of seated male and female subjects, exposed to x- and
y- axis sinusoidal vibration at various discrete frequencies
in the 1.13 to 80 Hz range.  The experiments were per-
formed with subjects seated without a back support with
feet on a stationary support and exposed to different mag-
nitudes of vibration (rms acceleration ranging from 0.25
to 1.4 m/s2).  The measured data under x- and y- axes
vibration revealed dominant energy dissipation at fre-
quencies below 3 Hz, while considerably large inter-sub-
ject variability was observed at frequencies up to 10 Hz.
The study also reported that the Wd- frequency weight-
ing, defined in ISO 2631-18), underestimates the exposure
risk in the 1.5–3 Hz frequency range, and overestimates
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Table 1.   Magnitudes of frequency weighted rms accelerations due
to vibration measured along the x-, y- and z- axis on the seats of
the heavy vehicles3–7)

Vehicle awx (m/s2) awy (m/s2) awz (m/s2)

Tracked forestry vehicle ≈0.25 ≈0.12 ≈0.39

Cargo trucks (1–2 Tons) 0.36–0.70 0.39–0.75 0.65–1.29

Cargo trucks (> 10 Tons) 0.20–0.42 0.20–0.24 0.42–0.70

All terrain vehicles (cargo) 0.30–1.0 0.50–1.10 1.0–1.80

On-road passenger vehicle 
(rough surface)

0.17–0.23 0.38–0.54 0.59–0.62

Mini city bus 0.10–0.60 0.00–0.90 0.20–0.60

Fork lift (off-road) 0.10–0.90 0.10–2.50 0.50–1.60

Port crane 0.80–1.30 ≈0.10 ≈0.10

Dump truck 2 Ton 0.29–1.31 0.23–1.72 0.30–1.64

Garbage 4 Ton 0.50–0.94 0.56–1.98 0.37–2.45



the risk at frequencies above 5 Hz.  The study also sug-
gested need for differential guidelines assessing HV expo-
sures risks for females and males.

The biodynamic responses of the seated body exposed
to WBV are known to depend upon back support condi-
tion and posture in a highly complex manner.  Moreover,
the body-seat system represents multiple driving-points
formed by the lower body-seat pan, upper body-backrest,
hands-steering wheel and feet-footrest interfaces.  A sin-
gle driving-point formed by the lower body and seat pan,
however, has been mostly considered in the reported bio-
dynamic studies, irrespective of the axis of WBV.
Nawayseh and Griffin27) and Rakheja et al.28) performed
measurements of biodynamic responses of the seated body
at the seat pan and back support interfaces under vertical
vibration using a vertical and an inclined backrest, respec-
tively; which were reported in terms of forces at the back-
rest and cross-axes APMS.  These studies considered neg-
ligible contributions due to driving-points formed by the
feet and the hands.  These studies revealed significant
dynamic interactions of the upper body with the backrest;
the magnitude of the biodynamic force measured at the
inclined backrest along a direction normal to the back sup-
port was substantial even though the vibration was applied
along the vertical axis.  

The seated body is expected to exhibit greater interac-
tions with the backrest under fore-aft HV, which have not
been adequately quantified.  The characterisation of bio-
dynamic responses to HV thus necessitates consideration
of at least two important driving-points formed by the
lower body-pan and upper body-backrest interfaces.  The
biodynamic responses in terms of APMS/DPMI of the
seated body to HV have been mostly measured at the
body-seat pan interface with either no back sup-
port12, 14, 15, 29) or a vertical back support14, 15).  The
forces developed at a vertical back support and the APMS
under HV have been reported in a recent study by
Nawayseh and Griffin12).  Mandapuram et al.14) reported
the APMS responses for both vertical and an inclined
backrest under fore-aft and side-to-side vibration.  These
studies revealed significant magnitudes of APMS
response measured at the backrest, when compared to that
measured at the seat pan.

The influence of back support condition on the dissi-
pated energy under HV has not yet been reported.
Moreover, a study of seated body interactions with the
backrest, which also serves as a source of vibration exci-
tation under HV, has not been attempted.  In this study,
the absorbed power characteristics of seated human sub-
jects are investigated under fore-aft and side-to-side vibra-
tion at two driving-points formed by seated body-seat pan
and the upper body-seat backrest interfaces.  The exper-
iments involved three different back support conditions,

three different seat pan heights and three different mag-
nitudes of band limited random excitations in the 0.5–10
Hz frequency range, applied independently along the x-
and y- axes.  The biodynamic force responses, measured
at the seat pan and the backrest along the direction of
motion, are applied to characterize the total body PAbs

reflected on the seat pan, and that of the upper body
reflected on the backrest.

Methods

A rigid seat with adjustable backrest and height was
designed for the experiments.  The seat consisted of a
500 × 400 mm flat seat pan and a 470 mm high backrest
installed on a truss structure.  The seat was installed on
a HV simulator through two three-axis force plates
(Kistler 9257AB each 170 × 140 mm) capable of mea-
suring forces at the seat base along the three translation-
al axes.  A summing junction was used to sum the force
signals from the two force plates along the respective axes
to compute the resultant dynamic force due to the rigid
seat and the occupant at the seat pan interface, as illus-
trated in the x-z plane of the seat in Fig. 1, for the x- axis
motion.  An additional three-axis force plate (Kistler
9257A, 170 × 140 mm) was also installed between the
backrest support plate and the seat back truss structure to
capture the dynamic forces arising at the occupant’s upper
body and the backrest interface.  Under x-axis motion, the
force acting along an axis normal to the backrest alone,
however, was acquired, since the forces along the side-
to-side (lateral) and vertical directions of the backrest
were expected to be significantly small in magnitude13).
Under y- axis excitations, the measurement of backrest
force was limited to y-axis alone.  A pictorial view of the
test seat installed on the vibration platform for measure-
ment of responses under y-axis excitation is illustrated in
Fig. 2.  Single-axis accelerometers (Analog Devices,
ADXL) were further installed on the seat back and the
platform, oriented along the axis of the motion, to cap-
ture the acceleration due to excitations at the two driving-
points.  The seat was designed such that it could be eas-
ily oriented along the x- or y- axis of motion of the vibra-
tion platform, which consisted of a magnesium slip table
sliding on an oil film over a granite slab.  The slip table
was driven by a 48 cm stroke servo-controlled hydraulic
actuator.

The experiments were performed under excitations
along the x- and y- axes, applied in an uncoupled man-
ner.  A total of 8 healthy male volunteers, aged between
21–51 yr, took part in the experiment.  The subjects had
no prior known history of musculo-skeletal system disor-
ders.  The subjects’ mass ranged from 59.4 kg to 92 kg,
with mean mass of 71.2 kg and standard deviation of the

552 S RAKHEJA et al.

Industrial Health 2008, 46, 550–566



mean of 10.6 kg.  The standing height of the subjects var-
ied from 1.70 m to 1.78 m (mean = 1.73 m; standard
deviation = 0.025 m).  Prior to the test, each subject was
informed about the purpose of the study, experimental set
up and usage of the hand-held emergency stop.  Subjects
were given written information about the experiment and
were requested to sign a consent form that was previously
approved by a Human Research Ethics Committee.

The measurements were performed for each subject
assuming different sitting postures realized by three dif-
ferent back support conditions and three different seat
heights (referred to as H1, H2 and H3).  The back support
conditions included: (i) sitting erect with no back support,
NB; (ii) Sitting erect with upper body supported against
a vertical backrest, Wb0; and (iii) seated relaxed with
upper body supported against backrest inclined at an angle
of 12.5˚ with respect to the vertical axis WbA (Fig. 1).

The measurements of energy absorption were performed
under three different levels of constant acceleration spec-
tral density random excitations in the 0.5–10 Hz fre-
quency range applied independently along the x- and y-
axes.  The overall rms accelerations of the selected exci-
tations for the two directions were 0.25, 0.5 and 1.0 m/s2.
The subjects were seated with their hands in the lap and
feet supported on the moving platform for each posture.
The vibration transmitted from the feet to the upper body
is assumed to be small relative to the source vibration at
the pan and the back support.  Each subject wore a cot-
ton lab coat to ensure uniform friction between the back
and the backrest, which was judged to be an important
factor under lateral excitation.  Each test was performed
two times and the data were examined for repeatability.
The resulting test matrix involved a total of 54 trials for
each axis of vibration, comprising three types of back
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Fig. 2. Arrangement of the test seat on the horizontal vibration platform for measurement of the
responses under y-axis excitation.

Fig. 1. Schematic illustrations of the three different sitting postures used in the study under fore-aft (x-axis) vibra-
tion. (NB - No back support; Wb0 - Vertical back support; WbA - Inclined back support). 



support conditions, three seat heights, three excitation lev-
els and two repeats.  Table 2 summarizes the test matrix.
The duration of each measurement was 128 s, while the
subject’s posture during a trial was visually checked by
the experimenter to ensure consistency.  The experiments
were randomized, and each participant was asked to dis-
mount the seat and vibration platform after each trial to
relax for at least 2 min.

Analysis of Absorbed Power 

The instantaneous power P(t) absorbed by the human
body can be computed from the force exerted on the body
F(t) at the body-seat interface and the velocity v(t) due
to vibration excitation:

P(t) = F(t) • v(t) (1)

The average vibration energy transferred to the body dur-
ing a period T can be expressed as:

(2)

The absorbed power in the frequency domain can be
obtained from the cross-spectrum of the force and veloc-
ity, such that18): 

P(jω) = SFv(jω) = C(ω) – jQ(ω) (3)

Where SFv(jω) is the complex co-spectrum of measured
force and velocity, C(ω) is the coincident spectral densi-
ty function (co-spectrum) and imaginary component Q(ω)
is referred to as quadrature spectral density function
(quad-spectrum).  In the context of the vibration energy
transferred to a seated human body, the real component
reflects the energy dissipated in the biological structure
per unit time and the imaginary component reflects the
energy stored/released by the system23).  The biological
system with finite damping consumes the vibratory ener-
gy by means of relative motions between the tissues, mus-
cles and skeletal systems, which is transformed into heat.
It has been speculated that this dissipative component
could be related to musculoskeletal disorders, while the
restoring part relates to vibration comfort and perception.  

The vibration power absorbed by the vibration-exposed
seated body Pa(ω) is thus expressed as the real part of
the cross-spectrum between the force and velocity signals,

such that:

Pa(ω) = Re[SFv(jω)] (4)

Where Re designates the real component.  

The absorbed power can also be evaluated from the
apparent mass using an indirect apparoach22, 26):

(5)

Where M* is the complex conjugate of the apparent mass,
‘Im’ designates the imaginary part and Saa is the spectral
density of the acceleration excitation.  

In this study, instantaneous forces developed at the base
and the backrest were acquired together with the acceler-
ation signals in the multi-channel Pulse LabshopTM.  The
data were analyzed to compute the absorbed power
responses at the seat base and the backrest attributed to
the forces measured at the two driving-points, respec-
tively.  Under the x-axis vibration, the absorbed power
responses were computed from the forces measured at the
two driving-points, such that:

Ppx(ω) = Re[SFpxvpx]; and  Pbx(ω) = Re[SFbxvbx] (6)

Where Ppx and Pbx are the absorbed power responses mea-
sured at the seat pan and the backrest, respectively, under
x- axis vibration.  Fpx and Fbx are the respective forces
measured at the seat pan and the backrest. vpx and vbx are
velocities measured at the seat pan and the backrest,
respectively, due to x- axis vibration.  Owing to the rigid
nature of the seat structure the two velocities were found
to be identical (vpx = vbx) for the vertical backrest.  SFpxvpx

and SFbxvbx are the cross-spectra of the forces and veloci-
ties, at the pan and the backrest respectively.  The
absorbed power responses measured at the seat pan (Ppy)
and the backrest (Pby) under y-axis excitations were also
evaluated in the similar manner.

Each subject was seated assuming the desired posture
with hands on the lap and feet on the vibrating slip table.
The selected excitation signal was then applied and the
total forces measured at the seat pan and backrest were
acquired to compute the PAbs responses of the seated
occupant using Eq. (6) for the respective axis of vibra-
tion.  The cross-spectra were obtained in the Pulse
LabshopTM using a band width of 50 Hz with frequency
resolution of 0.0625 Hz and 75% overlap.  The mea-
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Table 2.   Test matrix

Posture No-back support, NB Vertical back support, Wb0 Inclined back support, WbA

Excitation Magnitude (rms) 0.25 m/s2 0.5 m/s2 1.0 m/s2

Seat height H1 (425 mm) H2 (390 mm) H3 (350 mm)

Direction of motion Fore-aft (x) Lateral (y)



surements were initially performed with the rigid seat
alone.  The data analysis resulted in negligible magnitude
of absorbed power in the entire frequency range.  

The coherence of the measured forces and accelerations
were also evaluated and monitored during each trial.  The
measurements at the seat base invariably revealed high
coherency of the force and acceleration signals under both
axes of motion (≥ 0.95) in the 0.5–10 Hz frequency range,
irrespective of the sitting posture and the excitation level
considered.  The measurements at the backrest along x-
and y- axes also revealed coherence values greater than
0.95 under lower magnitude (0.25 m/s2) of vibration for
both back supported conditions (Wb0 and WbA).  The
coherence value decreased to 0.9 in the 0.5–4.5 Hz fre-
quency range under higher magnitude of vibration
(1 m/s2) for both axes of motion.  The coherency of the
y-axis measurements increased with frequency in the
higher frequency range for the Wb0 posture but decreased
slightly for the x-axis measurements.  This was most like-
ly attributed to the pitching and rocking motions of the
upper body, and intermittent loss of contact with the ver-
tical backrest under fore-aft vibration.  The measurements
with the inclined backrest, however, revealed good
coherency of the force and acceleration signals measured
at the backrest under both axes of motion in the entire
frequency range.  The coherence values for the back sup-
ported conditions generally improved with the decrease in
seat height suggesting increased stability and greater
adhesion of the body with the supports.  

The total absorbed power response of the human body
subjected to either x- or y- axis vibration can be com-
puted from integration of the real component of the cross-
spectrum density over the frequency range of interest.  For
x- axis excitation, the total power may be derived from:

(7)

Where and are the total absorbed power respons-
es measured at the seat pan and the backrest interfaces,
respectively, under x-axis vibration.  The limiting fre-
quencies ω1 and ω2 define the frequency range of inter-
est.  

Alternatively, the total power may be derived upon
summation of absorbed power responses corresponding to
each one third-octave frequency band, such that:

(8)

Where Ppx(fi) and Pbx(fi) are the absorbed power respons-
es at the centre frequency fi of the ith 1/3-octave frequency
band and N is the total number of frequency bands in the

frequency range of interest.
The measured absorbed power responses of the seated

subjects exposed to vibration generally show considerable
variations.  A number of studies on vertical biodynamic
responses in terms of APMS of seated individuals and a
few on HV biodynamics have mostly attributed the dis-
persion in the measured data to variations in the body
mass.  The APMS magnitude normalization with respect
to the magnitude near 0.5 Hz or static seated mass have
been widely employed to reduce the variability in verti-
cal APMS data22–24).  The normalization factors for the
seat pan and backrest APMS magnitudes under HV, were
suggested as 87.8% and 67.8%, respectively, of the total
body mass14), which represented portions of the body
mass reflected at the seat pan and the backrest30).  In a
similar manner, different forms of normalized power have
also been reported, such as power normalized by the body
mass (W/kg), power density normalized by acceleration
spectral density (Ns3/m) and that by the product of accel-
eration spectral density and the body mass (Ns3/m/kg).  It
has been suggested that the normalization with respect to
acceleration spectrum helps to smoothen the small mag-
nitude oscillations in the power response24).  Lundström
and Holmlund23) normalized the measured absorbed
power spectra under HV with respect to the body mass
supported by the seat pan in order to reduce the degree
of dispersion in the data.  

Results and Discussions

The averages of the measured absorbed power at the
seat pan and the backrest of an individual in two trials
were taken to derive the mean responses of each partici-
pant, as different trials revealed high degree of consis-
tency.  The mean PAbs responses obtained for the 8 sub-
jects were evaluated at each of the one third-octave band
centre frequency in the 0.5–10 Hz frequency range.
Figure 3 illustrates the mean responses of 8 individuals
measured at the seat pan under 1 m/s2 excitation along
the x- and y- axes (Ppx and Ppy).  The figure shows
responses measured with all three sitting conditions (NB,
Wb0 and WbA), while the seat height was 425 mm (H1).
The results clearly show considerable variability in the
measured absorbed power, although consistent trends with
respect to spectral components could be observed for the
three postures and two excitation directions considered.
The results particularly show the concentration of magni-
tude peaks around the comparable frequency bands for
most of the subjects.  The NB posture generally caused
a sensation of instability among the subjects, particularly
under x-axis vibration, and encouraged the subjects to
shift more weight to and from their feet, specifically when
the displacement was perceived to be high.  A consider-
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ably larger variability of the measured data is thus
observed for the NB posture.  The variability among the
individual data set is greatly reduced with back support-
ed postures, particularly under x-axis vibration.  This may
be attributed to more controlled sitting against the back
support.  The PAbs responses of seated occupants with the
NB posture under x- and y- axis vibration reveal compa-
rable frequencies corresponding to the peaks.  The fre-
quencies corresponding to peak magnitude responses
under x- and y- axis vibration, however, differ consider-
ably for the back supported postures.

The absorbed power responses clearly demonstrate
important effects of the back support condition and direc-
tion of vibration, which are also evident from the report-
ed APMS responses to HV14).  The effect of the back
support condition appears to be far more important under
x- axis vibration.  This effect, however, is quite small
under y- axis vibration, since the magnitudes of corre-
sponding y-axis forces developed at the back support are
relatively small.  An inclined back support generally
yields lower peak magnitudes under fore-aft vibration for
the majority of participants compared to that obtained
with the vertical back support.  

The variability in the measured responses may be attrib-
uted to a number of factors, namely the body mass, body
build and upper body adhesion with the back sup-
port21, 22).  The responses measured at the back support
also show a similar degree of variability, as shown in
Fig. 4, for the Wb0 and WbA postures.  Owing to con-
siderably lower dynamic interactions of the upper body
with the backrest under y-axis vibration, the absorbed
power responses tend to be substantially small compared
to those obtained under x-axis vibration.  Furthermore, the
measured data reveals far greater variability under y-axis
vibration.  The low frequency y-axis vibration caused
excessive side-to-side sliding of the upper body with
respect to the back support.  Subjects generally showed
stiffening tendency to resist this motion.  The greater vari-
ability in the measured data at lower frequencies was thus
attributed to this body stiffening behaviour.  The relatively
lower magnitudes of absorbed power at some of the fre-
quencies cause considerably higher values of the coeffi-
cient of variation (CoV), even though the standard devi-
ation of the mean could be small.  Relatively higher val-
ues of CoV, exceeding 100%, were observed for mea-
sured responses along both directions in a few of the fre-

556 S RAKHEJA et al.

Industrial Health 2008, 46, 550–566

Fig. 3. Comparison of absorbed power magnitude responses measured at the seat pan of eight subjects seated with NB (no
back support), Wb0 (vertical back support) and WbA: (inclined back support) postures, and exposed to 1 m/s2 rms accelera-
tion along the fore-aft (x) and lateral (y) directions (seat height H1).



quency bands, where the magnitudes were very small.
Otherwise, the observed CoV values under NB sitting
condition were found to be comparable with those report-
ed for measured APMS responses under HV12, 14).  

The results show that the peak magnitude responses of
the subjects occur within narrow frequency ranges, and
are strongly dependent upon sitting posture and direction
of excitation.  Thus the mean magnitudes in 1/3-octave
frequency bands are evaluated to study the important
trends related to the effect of sitting posture, seat height
and magnitude of vibration in view of both the seat pan
and the backrest responses.  Furthermore, the mean
responses are considered to evaluate the effects of vari-
ous factors.  

Single-factor ANOVA, ‘with-in subjects’ were per-
formed to identify the most significant factors affecting
the absorbed power responses measured at the seat pan
and the backrest.  The analysis involved excitation mag-
nitude, seat height and back support conditions as the
main factors.  Two-factor ANOVA were also performed
to analyse the significance of interactions between the two
contributing factors on the absorbed power response
obtained at the seat pan and the backrest.  Tables 3 and 4
summarize the results attained for the responses measured

at the seat pan under x- and y-axis excitations, respec-
tively, corresponding to selected frequencies, considering
the three levels each of the excitation magnitude and seat
height, and their interactions, for each sitting posture.
Owing to important observed effects of back support con-
ditions, the significant differences in the measured
absorbed power response at the seat pan are also evalu-
ated for the two back-supported postures (Wb0 vs WbA)
and all the three postures (NB vs Wb0 vs WbA).  The
results are summarized in Table 5 for both axes of vibra-
tion.  Owing to relatively small magnitudes of measured
power and greater CoV of the measured data, a few stud-
ies have employed either peak magnitudes or total
absorbed power to study the effects of contributing fac-
tors22, 23).  In this study, the total absorbed power respons-
es of 8 subjects were also evaluated from the one third-
octave bands spectra, using Eq. (8).  The CoV values of
the total PAbs data were computed to analyze the inter-
subject variability.  The CoV values up to 20% were
obtained over the experimental conditions considered.
Moreover, no particular trends in the values of CoV could
be observed with respect to the magnitude of excitation,
sitting posture, seat height or direction of excitation.  

The absorbed power derived on the basis of dynamic
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Fig. 4. Comparison of absorbed power magnitude responses measured at the backrest of eight sub-
jects seated with Wb0 (vertical back support) and WbA (inclined back support) postures, and exposed
to 1 m/s2 rms acceleration along the fore-aft (x) and lateral (y) directions (seat height H1).



interactions at the seat pan driving-point can be consid-
ered to represent the total energy transferred to the body,
while that resulting from backrest driving-point may be
interpreted as energy transferred to the upper body from
the seat pan and the back support.  In order to quantify
the effect of the back support, the ratio of the total power
absorbed at the backrest to that at the seat pan is com-
puted, such that:

(9)

Where Pγk (k=x, y) is the ratio of total power derived from
the seat back response to that from the seat pan response
under excitations along axis k.  The total power measured
at the seat pan and the backrest, together with absorbed
power ratio (APR, Pγk) are summarized in Table 6 for
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Table 3.   p-values attained from single and two-factor ANOVA performed on the seat pan absorbed power
magnitude under fore-aft vibration

Factor Excitation (.25, .5, 1.0 m/s2) Height (H1, H2, H3) Excitation *Height

Frequency (Hz) NB† Wb0‡ WbA§ NB Wb0 WbA NB Wb0 WbA

0.63 0.000 0.000 0.000 0.054 0.294 0.005 0.031 0.319 0.006

0.75 0.000 0.000 0.000 0.223 0.508 0.017 0.005 0.365 0.011

1 0.000 0.000 0.000 0.142 0.569 0.101 0.898 0.318 0.153

1.13 0.000 0.000 0.000 0.386 0.557 0.335 0.532 0.756 0.546

2 0.000 0.000 0.000 0.235 0.806 0.628 0.605 0.54 0.495

3 0.000 0.000 0.000 0.597 0.176 0.392 0.929 0.371 0.372

4 0.000 0.000 0.000 0.716 0.008 0.064 0.905 0.004 0.007

5 0.000 0.000 0.000 0.401 0.054 0.070 0.792 0.076 0.053

6 0.000 0.000 0.000 0.299 0.513 0.016 0.69 0.68 0.039

8 0.000 0.000 0.000 0.899 0.504 0.007 0.915 0.782 0.000

NB† — No back support; Wb0‡ — Vertical back support; WbA§ — Inclined back support.

Table 4.   p-values attained from single and two-factor ANOVA performed on the seat pan absorbed power
magnitude under lateral vibration

Factor Excitation (.25, .5, 1.0 m/s2) Height (H1, H2, H3) Excitation *Height

Frequency(Hz) NB† Wb0‡ WbA§ NB Wb0 WbA NB Wb0 WbA

0.63 0.000 0.253 0.008 0.322 0.785 0.965 0.437 0.657 0.879

0.75 0.000 0.000 0.000 0.382 0.178 0.747 0.811 0.25 0.568

1 0.000 0.000 0.000 0.756 0.811 0.698 0.392 0.992 0.838

1.13 0.000 0.000 0.000 0.081 0.927 0.861 0.051 0.962 0.976

2 0.000 0.000 0.000 0.013 0.581 0.378 0.96 0.532 0.277

3 0.000 0.000 0.000 0.381 0.215 0.302 0.616 0.035 0.216

4 0.000 0.000 0.000 0.024 0.028 0.798 0.340 0.001 0.938

5 0.000 0.000 0.000 0.001 0.226 0.669 0.009 0.153 0.931

6 0.000 0.000 0.000 0.000 0.757 0.377 0.000 0.714 0.682

8 0.000 0.000 0.000 0.000 0.036 0.313 0.000 0.088 0.746

NB† — No back support; Wb0‡ — Vertical back support; WbA§ — Inclined back support.

Table 5.   Effect of posture shown by the p-values derived from single-factor ANOVA performed on the seat pan absorbed
power magnitude data under Fore-and-aft and lateral excitations

Axis Frequency (Hz) 0.63 0.75 1 1.13 2 2.75 4 5 6 8

x-
Wb0vsWbA 0.003 0.121 0.388 0.830 0.054 0.495 0.000 0.000 0.027 0.038

NBvsWb0vsWbA 0.000 0.000 0.702 0.036 0.157 0.004 0.000 0.000 0.000 0.000

y-
Wb0vsWbA 0.064 0.001 0.278 0.094 0.004 0.009 0.906 0.000 0.000 0.250

NBvsWb0vsWbA 0.000 0.000 0.000 0.000 0.000 0.125 0.000 0.000 0.000 0.000

NB — No back support; Wb0 — Vertical back support; WbA — Inclined back support.



both axes of vibration, under the influence of unsupport-
ed and supported back postures and magnitudes of vibra-
tion.  Considering the relatively small effect of seat height
in most of the frequency range (Tables 3 and 4), the
results are presented for the seat height of 425 mm (H1).
Further analyses of the absorbed power spectra revealed
that the energy transfer in frequency bands corresponding
to the principal resonances account for nearly 70% and
90% of the total absorbed power in the 0.5–10 Hz fre-
quency range, under the x- and y- axis vibration, respec-
tively.  This suggests relatively larger deformations of
musculoskeletal structure around the principle resonances,
and thus the greater energy dissipation.

Normalization of the measured absorbed power response
The magnitudes of the total absorbed power obtained

at the seat pan ( ) and backrest ( ) revealed superi-
or correlation (r2 > 0.8) with the body mass for both the
back-supported postures and all three levels of fore-aft
vibration.  Similar degree of correlation of with the
body mass was also observed under y- axis vibration (r2

> 0.9), while extremely poor correlation was obtained for
(r2 < 0.2).  This could be attributed to relatively small

magnitudes of lateral forces developed at the upper body-
seat back interface and sliding of the upper body against
the backrest under y-axis vibration.  

The normalizations of absorbed power spectra with
respect to the seated mass resulted in nearly 10% reduc-
tion in CoV values at frequencies above 2.5 Hz for the
NB posture, while only negligible effects were observed
in the 1–2.5 Hz frequency range.  The effect of normal-
ization on the CoV of the absorbed power spectra with
back supported postures was noticed only near frequen-
cies corresponding to the peaks.  Consequently, the sub-
sequent analyses of the measured data were performed
without the normalization, which allows for interpreta-
tions of the contributing factors on the basis of the unbi-
ased frequency responses.  

Effect of vibration magnitude
The reported studies20, 22–24) both under vertical and

HV have consistently concluded that the total absorbed
power increases approximately in proportion to the square
of the excitation magnitude.  The strong effects of the
vibration magnitude are most likely attributed to many
factors, such as, the nonlinear behaviour of the seated
body, excessive upper body movements under higher
excitations, increase in shifting tendencies of the occu-
pants to realize more stable posture under higher vibra-
tion magnitudes, and contributions due to the legs.  The
across subjects mean responses attained with NB and
WbA postures (n=8), under different magnitudes x- and
y-axis excitations, obtained at the seat pan and the back-
rest, respectively, are illustrated in Figs. 5 and 6.  The
figures show mean responses to 0.5 and 1.0 m/s2 excita-
tions, while those to 0.25 m/s2 rms acceleration excita-
tion are omitted due to very small power values.
Furthermore, the mean responses attained with Wb0 pos-
ture are also omitted, since these were quite similar to
those obtained with WbA posture.  The results clearly
show strong and nonlinear effects of vibration magnitude
on both the seat pan and backrest responses, irrespective
of the direction of excitation.  The strong influence of the
vibration magnitude is also evident from the results
attained from ANOVA, presented in Tables 3 and 4 for
the x- and y-axes, respectively, where p<0.005 in most of
the frequency range.  The effect of vibration magnitude
on the power derived from seat pan interactions is high-
ly significant (p<0.001) in the entire frequency range
under both axes of vibration and all the three sitting pos-
tures.  

The total absorbed power responses derived from the
two driving-points under both axes of vibration suggest a
nearly quadratic relation with the magnitude of vibration,
which may be expressed in the form:

P
_

= αaβ (10)
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Table 6.   The total absorbed power measured at the seat pan and the backrest, under the influence of vari-
ous unsupported and supported back postures, and magnitudes of vibration at seat height 425 mm

Axis
Vibration

Level

Total absorbed power (Nm/s)
APR Pγ

Seat Pan Backrest

NB† Wb0‡ WbA§ Wb0 WbA Wb0 WbAJ

x

0.25 m/s2 0.09 0.08 0.07 0.05 0.04 59.93 58.08

0.5 m/s2 0.32 0.34 0.32 0.21 0.19 60.64 57.95

1.0 m/s2 1.14 1.38 1.32 0.85 0.78 61.83 59.27

y

0.25 m/s2 0.09 0.09 0.09 0.04 0.04 38.49 40.56

0.5 m/s2 0.31 0.34 0.34 0.11 0.12 31.31 36.04

1.0 m/s2 1.09 1.20 1.18 0.31 0.36 25.85 30.14

NB† — No back support; Wb0‡ — Vertical back support; WbA§ — Inclined back support.



Where β is the exponent of the overall rms acceleration
a due to excitation and α is the proportionality constant.
The regression analysis of the measured total power data
resulted in a correlation coefficient (r2) in excess of 0.9
for all the experimental conditions considered.  Table 7
summarizes the constant and the exponent values obtained
for different excitation and postural conditions.  The expo-

nent values for the pan measured power range from
1.84–2.07 and 1.81–1.86 under x- and y-axis vibration,
respectively.  The corresponding values of the constants
range from 1.15–1.39 and 1.09–1.21, respectively.  Both
the constant and exponent values tend to be higher for
the back supported postures compared to those for the NB
posture under fore-aft vibration, suggesting greater depen-
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Fig. 5. Mean across subjects (n=8) absorbed power characteristics measured at the seat pan under dif-
ferent magnitudes of excitation 0.5 and 1.0 m/s2 rms, and, NB (no back support) and WbA (inclined back
support) postures, along fore-aft (x) and lateral (y) vibration.

Fig. 6. Mean across subjects (n=8) absorbed power characteristics measured at the backrest under dif-
ferent magnitudes of excitation 0.5 and 1.0 m/s2 rms, and Wb0: (vertical back support) and WbA (inclined
back support) postures: a) fore-aft (x) vibration; b) lateral (y) vibration.

Table 7.   Constant and exponent values for different excitation and postural conditions

Location Axis of vibration
exponent β constant α

NB† Wb0‡ WbA§ NB Wb0 WbA

Seat pan
x 1.84 2.05 2.07 1.15 1.39 1.33

y 1.81 1.85 1.86 1.09 1.21 1.19

Backrest
x – 2.07 2.08 – 0.86 0.79

y – 1.56 1.64 – 0.31 0.36

NB† — No back support; Wb0‡ — Vertical back support; WbA§ — Inclined back support



dence of the total energy transfer on the vibration mag-
nitude when the upper body is supported against a back-
rest.  Under y-axis vibration, the exponent value for the
NB posture tends to be only slightly smaller compared to
those for the Wb0 and WbA postures, while the differ-
ence in the proportionality constant is considerable.
These suggest that energy transfer to the body increases
at a greater rate of excitation acceleration, when the upper
body is supported under both axes of HV.  This may be
partly attributed to the fact that contact with the back
serves as an additional driving-point or source of vibra-
tion.  

The results further show relatively lower values of the
exponent and the constant under lateral axis excitation,
compared to the fore-aft vibration.  These suggest that
relatively smaller amount of energy is dissipated within
the body exposed to lateral vibration, compared to that
under identical magnitude of fore-aft vibration, which
encourages greater interactions of the upper body with the
back support.  This is also evident from the total power
derived from back support interactions, which tends to
considerably higher under x-axis vibration.  The exponent
values for the range from 2.07 to 2.08 under x-axis
vibration, which are considerably larger than those for the

(1.56–1.64) under y-axis vibration.  Even larger dif-
ference is evident from the constant values, which range
from 0.79 to 0.86 and 0.31 to 0.36 under x- and y-axes
vibration, respectively, which further attest to enhanced
interactions of the upper body with the back support under
fore-aft motions.  This is further evident from the
absorbed power ratio (APR), which lies in the 58–62%
range for the fore-aft vibration but is only 25–40% under
lateral vibration of different magnitudes considered in the
study.  Reduced power measured at the back support

under lateral vibration can be attributed to relatively
smaller magnitude of force developed along the y-axis,
and lower resistance provided by the backrest to limit the
upper body motion.  It is essential to note that variations
in seat height revealed only minimal effect of the total
power, irrespective of the excitation magnitude and back
support condition.

Effect of posture 
The results show most important effect of back support

on the absorbed power responses measured at the seat
base under x- axis vibration, while the effect under y-axis
is very small, as seen in Fig. 5 and Table 5.  The results
show significant effects of posture on the seat pan-mea-
sured power (p<0.001), when the variations are consid-
ered for all three postures, except in a few frequency
bands in the x-axis response.  The variations in the back
support (Wb0 vs WbA) also show effect on the x-axis
response at frequencies above 2.75 Hz (p<0.05), while the
effect is more evident above 4 Hz under the y-axis motion.
Owing to the very low power magnitudes under 0.25 m/s2

excitation and relatively smaller effects of the two back
supported postures, the figure illustrates comparisons of
the results attained with NB and WbA conditions, and
two magnitudes of vibration.  Figure 6 further shows the
comparisons of spectra of absorbed power for the two
back support conditions, derived from the back support
driving-point.  

The influences of the back support conditions, consid-
ered in this study, on the mean absorbed power spectra
in the 0.5–10 Hz frequency range under x- and y-axis
vibration of magnitude of 1.0 m/s2 are further illustrated
in Fig. 7.  For the NB condition, the absorbed power
response under x- axis vibration reveals peaks in the fre-
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Fig. 7. Mean absorbed power characteristics (n=8) measured at the seat pan under NB (no back sup-
port) Wb0 (vertical back support) and WbA (inclined back support) postures (excitation magnitude —
1.0 m/s2 rms): a) fore-aft (x) vibration; b) lateral (y) vibration.



quency bands centered around 0.63, 1.25 and 3.15 Hz,
while the response under y-axis vibration reveal peaks
near 0.63, 1.25 and 2 Hz.  These frequencies corre-
sponding to the peaks are comparable to those observed
in the APMS responses of seated occupants exposed to
HV14).  It has been reported that the primary resonance
occurring at lower frequencies is due to pitch motion of
the upper body15).  An analysis of total power absorbed
further showed that nearly 50% of the total power under
an NB posture is absorbed in the lower frequency range
of 0.5–2.19 Hz, and can be attributed to the upper body
motion.  The upper body restrained against a vertical or
inclined backrest reveals peak magnitude at a consider-
ably higher frequency under the fore-aft motion, as seen
in Fig. 7.  The dominant peak response shifts to center
frequency of 4 Hz, when the back is supported, while the
peak magnitude tends to be considerably larger.  A slight
secondary peak is also observed in the band centered
around 6.3 Hz for the WbA posture.  This suggests that
the use of a back support helps to stiffen the upper body
under fore-aft motion.  This tendency, however, is not
evident under lateral vibration.  The total power attained
from the pan measurements suggest comparable total
power of the 3 sitting conditions under both axes of vibra-
tion of smaller magnitudes (0.25 and 0.5 m/s2).  An
increase in the excitation magnitude, however, seems to
cause greater energy transfer for the back supported pos-
tures.  Under the 1 m/s2 fore-aft excitation, nearly
16–20% larger energy is transferred to the body with the
back support than the NB sitting condition (Table 6).  This
increase reduces to approximately 10% for the lateral
acceleration excitation of the same magnitude.  

Figure 8 illustrates a comparison of the 1/3-octave band
spectra of powers measured at the seat pan and the back
support (WbA) under fore-aft motion.  The two respons-
es show peaks in the identical frequency bands centered
around 4 and 6.3 Hz.  An inclined back support would

impose relatively less vibration to the upper body along
a direction normal to the contact surface, and could thus
yield slightly lower absorbed power.  The response mea-
sured at the backrest along the fore-aft direction show that
a WbA posture yields slightly lower values of total power
measured at the back support and APR than the Wb0 pos-
ture (Table 6).  This may be attributed to more stable
upper body support in the WbA condition.  An inclined
back support tends to limit the backward upper body
motion, while the forward motion is limited by the weight
of the subject resting against the back support.  The mea-
sured power responses under the lateral motion, howev-
er, show an opposite trends, where the APR values for
the WbA posture tend to be slightly higher than the Wb0
posture, irrespective of the excitation magnitude.  This
may be attributed to relatively less sliding of the upper
body against the inclined back support.  

Effect of seat height 
The absorbed responses revealed very small effect of

the seat height, irrespective of the back support condition
and excitation magnitude.  The effect was particularly
negligible for the NB and Wb0 sitting conditions (p>0.05)
when exposed to fore-aft vibration, and for WbA posture
under lateral vibration.  The NB posture showed only
small influence of the seat height under lateral vibration
at frequencies above 4 Hz (p<0.05), as seen in Table 4.  

Discussions in view of the reported results 
The absorbed power characteristics of the seated human

exposed to HV have been reported in a single study23).
This study considered only NB posture with feet resting
on a stationary support and thus not vibrated.  The study
considered different magnitudes of sinusoidal fore-aft and
lateral vibration (0.25–1.4 m/s2 rms) at discrete frequen-
cies in the 1.13–20 Hz range with steps of 1/6 octaves
and reported that peak responses occur below 3 Hz.  The
present study considered sitting with back supported and
unsupported conditions on a rigid seat with three differ-
ent heights, while exposed to three levels of white noise
random vibration in the 0.5–10 Hz range.  The mean
responses of the seated body with NB posture revealed
primary resonant peaks near 0.63 and 1.25 Hz under each
axis of vibration.  An additional peak in the 3.15 Hz band
was also observed under fore-aft vibration.  The lower
frequency peaks could not be observed in the reported
study, since it considered vibration at 1.13 Hz and above,
while a peak in the fore-aft response near 2.5 Hz was evi-
dent.  Moreover, the reported study was conducted under
sinusoidal vibration, which could yield different magni-
tudes of absorbed power than those observed under ran-
dom vibration.  The differences in the responses are also
partly attributable to the stationary legs support used in
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Fig. 8. Comparison of mean absorbed power
response (n=8) measured at the seat pan and
the backrest under fore-and-aft (x) vibration
(WbA - inclined back supported posture, Seat
height-H1).



the reported study.  Under exposure to HV, the occupants’
legs are expected to undergo relative movements and thus
contribute to energy transfer.  Similar to another report-
ed study under vertical vibration22), the total power
obtained in this study at both the seat pan and backrest
revealed good correlation with the body mass under the
experimental conditions considered, irrespective of the
axis of vibration.  The mean total power measured under
1.0 m/s2 rms vertical vibration (0.5–15 Hz) with NB pos-
ture and hands in lap was reported as 0.2 W22), the pre-
sent study revealed total power under the same posture
and HV magnitude (0.5–10 Hz) in the order of 1.1 W.
Considering the differences in the frequency bands used
in the two studies and thus the magnitude, these results
suggest that the energy transfer to the body under HV
could be equally important when compared to that under
vertical vibration.

A discussion on frequency-weighting of vibration power
absorption (VPA)

According to ISO 2631-18), the frequency-weighted
acceleration (aw) at a frequency (ω) for a given vibration
acceleration (a) is calculated from

aw(ω) = Wd(ω) · a(ω) (11)

where Wd is the frequency weighting function defined in
ISO 2631-18).  

In order to make a direct comparison of the VPA and
the ISO-weighted acceleration, the VPA must be trans-
ferred to a function with the same form as that shown in
Eq. (11)31).  As it is evident in Eq. (10), the absorbed
power is statistically proportional to aβ, Therefore, the
required proportional function is obtained by taking β-
root of the PAbs.  The resulting function is further nor-
malized to a reference value using the methodology pro-
posed by Dong et al.31), so that the VPA-based vibration
measure has the same form as that shown in Eq. (11) and
the VPA-based frequency weighting is directly compara-
ble with the ISO Wd-weighting.  The resulting VPA-based
weighting is expressed as follows:

(12)

where Wpj is the magnitude of the weighting filter derived
from spectra of power measured at the pan under vibra-
tion along direction j (j = x, y), apj is the root-mean-square
value of the acceleration input to the body in the VPA
measurement, and is the reference value of
the non-normalized VPA weighting, which can be select-
ed based on the purpose of the weighting application.  

With the VPA-based frequency weighting, the VPA-

based vibration measure (aVPA) is expressed as follows31):

aVPA(ω) = Wpj(ω) · a(ω) (13)

This equation clearly demonstrates that the VPA-based
vibration measure is indeed composed of two compo-
nents: (i) the vibration hazard represented by the input
acceleration; and (ii) the biodynamic response represent-
ed by the VPA-based frequency weighting.  An earlier
study by Dong et al.31) has shown that the VPA-based
frequency weighting may also be derived from the dri-
ving-point mechanical impedance or apparent mass.  

Since the VPA-based weighted acceleration in Eq. (13)
and the ISO-weighted acceleration in Eq. (11) have the
same form and the same vibration hazard or acceleration,
the comparison of the two weightings can be used to iden-
tify the difference or similarity between the two measures.
For the purpose of comparison, the VPA-based frequen-
cy weighting was computed using the β values defined in
Table 7 and the mean power spectra corresponding to 0.5
and 1.0 m/s2 excitations along each axis.  Each of the
VPA-based frequency weightings is normalized to its
peak value, while the maximum weighting is taken as
unity.  Figure 9 illustrates comparisons of magnitudes of
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Fig. 9. Comparisons of weighting filter magnitudes derived
from mean absorbed power responses corresponding to NB
(no back support), Wb0 (vertical back support) and WbA:
(inclined back support) postures (a) Fore-aft (x) vibration; and
(b) Lateral vibration.



Wpj attained for the three sitting conditions and 1 m/s2

excitation along each direction of vibration with the cur-
rent Wd-weighting defined in ISO-2631-18).  The magni-
tudes of Wpj and Wd-weightings are further compared and
summarized in Table 8 in the 0.5–10 Hz frequency range.

As shown in Fig. 9, the two vibration magnitudes
resulted in very similar values of the VPA-based fre-
quency weighting function.  This suggests that the VPA-
based frequency weighting is not very sensitive to the
variation of the vibration magnitude.  The results also
show that the general trend of the weighting function
derived from the absorbed power responses to side-to-side
vibration, Wpy, is generally consistent with that of Wd-
weighting function, as seen in Fig. 9(b).  The Wd-weight-
ing also corresponds reasonably well with the Wpx derived
from the fore-aft VPA corresponding to the sitting con-
dition without using the back support, as seen in Fig. 9(a).
Since Wd is derived primarily based on the subjective
comfort data32) measured for a sitting posture compara-
ble to the NB posture used in the VPA measurement, the
reasonably good agreement between the VPA-based and
the ISO weightings suggests that the vibration power
absorption in the horizontal vibration could be associated
with the vibration sensation or perception for the NB pos-
ture.  This reveals that the VPA could serve as an impor-
tant measure of the vibration perception, which has also
been observed in the hand-transmitted vibration exposure
along the forearm direction31).  Considering that the ISO-
weighted acceleration is an acceptable measure for assess-
ing a health effect, the VPA may also be associated with
the same health effect.  These observations support the
general hypothesis presented in the introduction section

of this paper.  
In the current ISO standard, the same Wd-weighting

function is recommended for assessing the discomfort and
health effects in the horizontal vibration exposure with-
out differentiating the sitting postures with or without the
back support.  The results of this study suggest that this
may not be a good practice.  As shown in Fig. 9(a), the
VPA-based fore-aft weightings (Wpx) with back support
differ greatly from that without the back support, as well
as the Wd-weighting.  This is attributed to greater inter-
actions of the upper body with the back support under
fore-aft motion.  The biodynamic responses under these
two sitting postures have been shown to be significantly
different14, 15).  Consequently, the resulting vibration per-
ception or health effect should be different for the two
postures.  The frequency weightings used for assessing
the vibration exposure for different back support condi-
tions should also differ.  Considering that the VPA mea-
sured under the sitting posture with the back support is
likely to have some association with the discomfort or a
health effect under such a sitting posture, the VPA-based
frequency weighting for this posture may be used as one
of the references for the development of an improved
weighting for the risk assessment of the exposure under
this posture.  However, further studies of the comfort and
health effects under this posture are required to test this
VPA-based frequency weighting.  

Conclusions

The absorbed power response characteristics of seated
human subjects exposed to fore-aft and lateral vibration
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Table 8.   Comparisons of the weighting values obtained in this study with the Wd-weighting
defined in ISO-2631-18)

Frequency (Hz) Wd-weighting
Fore-aft Lateral

NB† Wb0‡ WbA§ NB† Wb0‡ WbA§

0.5 0.853 0.746 0.214 0.373 0.651 0.635 0.556

.63 0.944 1 0.243 0.375 1 1 0.901

0.8 0.992 0.89 0.319 0.4 0.806 0.814 0.769

1 1.011 0.899 0.4 0.438 0.854 0.895 0.880

1.25 1.008 0.871 0.498 0.500 0.886 0.962 0.994

1.6 0.968 0.741 0.604 0.596 0.775 0.836 0.932

2 0.89 0.619 0.632 0.63 0.573 0.544 0.638

2.5 0.776 0.614 0.788 0.871 0.402 0.428 0.450

3.15 0.642 0.606 0.885 0.941 0.187 0.267 0.253

4 0.512 0.482 1 1 0.143 0.188 0.174

5 0.409 0.32 0.761 0.723 0.078 0.1 0.093

6.3 0.323 0.225 0.588 0.596 0.047 0.058 0.057

8 0.253 0.161 0.42 0.459 0.026 0.033 0.032

10 0.212 0.138 0.366 0.374 0.019 0.024 0.017

NB† — No back support; Wb0‡ — Vertical back support; WbA§ — Inclined back support.



reveal considerable dynamic interactions between the
upper body and the seat backrest, apart from those of the
body and the seat pan.  The results show that the vibra-
tion energy transferred and dissipated within the exposed
body is strongly influenced by the back support condi-
tion, excitation magnitude and individual body mass,
while the effect of seat height is nearly negligible.  The
responses measured at the seat pan and the backrest clear-
ly show most important influences of the back support,
particularly under fore-aft vibration.  The absorbed power
responses of the body seated without a back support dom-
inate in the low frequency bands of 0.63 and 1.25 Hz
under both axes of vibration, associated with the rocking
and swaying motions of the upper body.  An additional
peak is also observed in the vicinity of 3.15 and 2 Hz
under x- and y-axis motion, respectively.  These frequen-
cies are similar to those observed from the reported appar-
ent mass responses to HV.  The presence of a backrest
helps to stabilize the sitting posture by limiting the
motions of the upper body, particularly under fore-aft
excitations, and thereby stiffening of the body.  The dom-
inant responses of the body seated with a back support
and exposed to fore-aft vibration shift to a considerably
higher frequency band of 4 Hz, irrespective of the exci-
tation magnitude considered.  Such interaction under the
side-to-side motion is considerably small due to relative-
ly small biodynamic force developed at the back support
driving-point, which is partly caused by lateral sliding of
the upper body.  

The sitting posture yields small influence on the total
power dissipated within the body, derived from the seat
pan driving-point measurements, under both axes of vibra-
tion of smaller magnitudes (0.25 and 0.5 m/s2).  An
increase in the excitation magnitude to 1 m/s2, however,
caused greater energy transfer for the back supported pos-
tures under both axes of vibration.  An inclined back sup-
port would impose relatively less fore-aft vibration to the
upper body compared to vertical support, and help to limit
the upper body motion, and thereby result in slightly
lower energy transfer.  The absorbed power responses
under the lateral motion revealed an opposite trend, where
the inclined support causes slightly larger power at the
back support, which may be attributed to relatively less
sliding of the upper body against the inclined back sup-
port.  

The large variation of the vibration power absorption
in different vibration directions and postures suggest that
a single frequency weighting is not sufficient for the risk
assessment of the horizontal vibration exposure.  More
specifically, the VPA-based frequency weightings derived
in this study suggest that the Wd-weighting defined in the
current ISO-2631-1 is acceptable for assessing the hori-
zontal vibration exposure of human subject seated with-

out a back support but it is not appropriate for the sitting
posture with the body firmly in contact with the back sup-
port.  The VPA-based frequency weightings may be used
to help develop better frequency weighting for the dis-
comfort and risk assessment.  
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