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a b s t r a c t

Identification of most probable ranges of biodynamic responses of the human body exposed to whole-
body vibration is essential for developing effective integrated human-machine system design tools,
improved vibration mitigation devices and frequency-weighting for exposure assessment. The interna-
tional standard, ISO-5982 (2001), defines such ranges for very limited conditions, namely for body seated
without a back support and exposed to vertical vibration. The reported data on biodynamic responses of
the seated and standing human body exposed to whole-body vibration along different directions and the
associated experimental conditions are systematically reviewed in an attempt to identify datasets that
are likely to represent comparable and practical postural and exposure conditions. Syntheses of datasets,
selected on the basis of a set of criterion, are performed to identify the most probable ranges of
biodynamic responses of the human body to whole-body vibration. These include the driving-point
biodynamic responses of the body seated with and without a back support while exposed to fore-aft,
lateral and vertical vibration and those of the standing body to vertical vibration, and seat-to-head
vibration transmissibility of the seated body. The proposed ranges are expected to serve as reasonable
target functions in various applications involving coupled human-system dynamics in the design process,
and potentially for developing better frequency-weightings for exposure assessments.
Relevance to the industry: Identification of most probable biodynamic responses of the seated and
standing human body exposed to whole-body vibration is essential for developing anthropodynamic
manikins, integrated human-machine system design tools for improved vibration mitigation devices and
frequency-weighting for exposure assessment. This study derives ranges of biodynamic responses of the
body seated with and without the back support, and those of the standing body. The ranges would serve
as the target response functions for: (i) designs of anthropodynamic manikins for assessment of vibration
isolation effectiveness of coupled seat-occupant system; (ii) development of human body models, which
are vital for quantifying the vibration-induced stresses in different joints and for deriving integrated
human-machine system design tools; and (iii) identification of alternate frequency weightings for
assessment of vibration exposure.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Biodynamic responses of human body in different standing and
sitting conditions have been widely measured under whole-body
vibration (WBV). The measures are most often expressed in terms
of forceemotion relations at the driving-point, namely, mechanical
impedance, apparent mass and absorbed power, and flow of
vibration through the body, such as seat-to-head and body
segments vibration transmissibility. The measured biodynamic
responses have been used to identify mechanical-equivalent
heja).

All rights reserved.
properties of the exposed human body and critical frequency
ranges associated with resonances of different body segments (e.g.,
Coermann, 1962; Suggs et al., 1969; Mertens, 1978; Dupuis and
Zerlett, 1986; Panjabi et al., 1986; Sandover, 1982; Donati and
Bonthoux, 1983; Kitazaki and Griffin, 1998; El-Khatib et al., 1998)
to understand the potential injurymechanisms (e.g., Liu et al., 1998;
Hinz et al., 2002; Magnusson et al., 1993) and for deriving
frequency-weightings for exposure assessments (e.g., Meister et al.,
1984; Mansfield and Griffin, 1998; Lundström and Holmlund, 1998;
Rakheja et al., 2008), and to help developing and validating
continuum and discrete distributed-parameter models (e.g., Von
Gierke and Coermann, 1963; Suggs et al., 1969; Fairley and Griffin,
1989; Mertens, 1978; Fritz, 2005; Pankoke et al., 2001). These
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biodynamic models can be further used to help quantify and
understand the distributed joint forces, tissue stresses, and strains
that may be directly related to the vibration-induced injury and
disorder mechanisms (e.g., Fritz, 2000, 2005; Pankoke et al., 2001;
Hinz et al., 2002), to help design better seats and anti-vibration
systems (e.g., Stein, 2003; Paplukopoulos and Natsivas, 2007;
Kruczek and Stribrsky, 2004; Rakheja et al., 2002a; Sachse et al.,
2003; Pernica, 1990); and to construct anthropodynamic mani-
kins for assessing vibration isolation performance of suspension
seats, as an attractive alternative to the use of human subjects in the
standardized seat assessment method (ISO-7096, 2000).

The effectiveness of biodynamic models and the manikins
strongly relies on representative biodynamic responses of the body.
The need to identify the range of biodynamic response of the
human body to vibration was identified over 2 decades ago. The
ISO-5982 (1981), ISO CD 5982 (1993) and ISO-7962 (1987) stan-
dards have proposed driving-point mechanical impedance (DPMI)
and seat-to-head transmissibility (STHT) magnitude and phase
characteristics of the human body based on the averaging of
various data sets reported by different investigators. The synthesis
included datasets generated under vastly different conditions, such
as standing and sitting postures with feet supported and hanging.
These early standards did not differentiate between the two
postures, which are known to yield considerably different biody-
namic responses (Paddan and Griffin, 1998). The proposed values
were thus found to deviate considerably from the datasets reported
under conditions considered applicable in many exposure situa-
tions, such as vehicle driving. Boileau et al. (1998) performed
a synthesis of reported data to define ranges of DPMI and STHT
characteristics in the 0.5e20 Hz range under particular conditions
applicable to vehicle driving. These included: human subjects
sitting erect without a back support with feet supported and
vibrated, and exposed to vertical vibrationwith magnitude equal to
less than 5 m/s2. The results of the study were subsequently
adapted in the ISO-5982 (2001), which has served as the basis for
developing mechanical-equivalent biodynamic models of the
seated body and anthropodynamic manikins. The idealized ranges
of mechanical impedance magnitude and phase, defined in the
current standard, were based on 8 and 7 datasets, respectively,
reported in 6 different studies, while the STHT magnitude and
phase ranges were defined from 4 to 3 datasets, respectively.

The ranges of biodynamic responses in terms of DPMI magni-
tude and phase have also been defined by the German Institute for
Standardization, which are considered applicable for both standing
and sitting human subjects exposed to vertical vibration (DIN
45676, 1992). The standard defines the mechanical-impedance
values for three body masses (55, 75 and 98 kg), where the 75 kg
values were taken as the mean values defined in ISO-5982. The
biodynamic responses of seated subjects of 55 and 98 kg bodymass
were derived from the measured data acquired for 18 and 14
subjects, respectively, exposed to harmonic vertical vibration (rms
acceleration weighted in accordance with ISO-2631-1 ¼ 1.49 m/s2

or less) dominant in the 1e6 Hz frequency range. Despite the
somewhat comparable ranges of conditions, considerable differ-
ences between the two standardized values could be observed.
A number of recent studies have also shown substantial differences
between the standardized values and themeasured data, which are
attributed to differences in the experimental conditions considered
(Patra et al., 2008; Rakheja et al., 2002b; Maeda and Mansfield,
2005).

The applicability of biodynamic mechanical-equivalent models
and anthropodynamic manikins seem to have met limited success
thus far. While some of the studies on seats with biodynamic
models and manikins have shown good agreements with the data
acquired from the seat-human system under particular conditions
and body mass (e.g. Gu, 1999; Mansfield and Griffin, 1996; Huston
et al., 1998; Toward, 2000; Cullmann and Wölfel, 2001; Lewis,
2005), others have identified substantial limitations of the
currentmodels andmanikin designs. Only limited efforts have been
made to assess the performance of models and manikins under
ranges of representative conditions. The suitability of two proto-
type manikins for assessing vibration isolation effectiveness of
different suspension seats was evaluated in a recent study by
Nelisse et al. (2008), which involved subjects and manikins
configured to three different body masses (55, 75 and 98 kg) as per
the ISO-7096 guideline. The study concluded that the manikins
provided an overestimate of isolation effectiveness of seats, when
compared to those with human subjects, while the SEAT values of
the low natural frequency (<2Hz) seats coupled with manikins
were comparable with those of the seats loaded with equivalent
rigid mass. Considerable differences between the results predicted
from vertical human-seat models and laboratory-measured data
have also been shown (Wei and Griffin, 1998; Tchernychouk et al.,
2000). These differences in part may be attributed to: (i) limited
applicability of biodynamic model and thus the manikin in the
vicinity of the experimental conditions associated with the target
response used for identifying the model, namely, the body mass,
sitting posture, magnitude of vibration; (ii) assumption of linear
response of the seated body; (iii) lack of consideration of contri-
butions of the body coupling with elastic seats, since the
measurements have been invariably performed with rigid seats,
although a recent study has reported the driving-point responses of
body seated on a soft seat (Hinz et al., 2006a).

The quality of both the biodynamic models and the manikins
could be considerably enhanced by defining more reliable ranges of
biodynamic responses of the seated body. The ranges of idealized
values defined in ISO-5982 (2001) were based on datasets reported
prior to 1998, while a number of datasets have been reported in the
recent years under more representative and comparable experi-
mental conditions. A synthesis of the data including the recently
reported ones can help define more reliable ranges of the biody-
namic responses. Furthermore, the initial efforts made in defining
the idealized ranges need to be enhanced for broadening their
applicability for standing subjects, different vibration directions,
and sitting with back support. Considerable exposure to vertical
vibration of standing subjects in many situations have been docu-
mented, such as high speed boat or craft operator, which necessi-
tate the design of vibration attenuating floors (Akers, 2004). A large
number of work vehicles transmit significant magnitudes of fore-
aft and lateral vibration, which are either comparable or exceed
those in the vertical direction (Kumar et al., 2001; Bovenzi et al.,
2002; Rehn et al., 2005). A few recent studies have explored
means of controlling horizontal vibration by considering biody-
namic models of the body (Stein et al., 2007a; Fleury and Mistrot,
2006), since exposure to large magnitudes of horizontal vibration
could cause greater shear forces in the lumbar spine (Fritz, 2005).
Moreover, the biodynamic responses of the seated body are greatly
influenced by the back support condition. The vertical biodynamic
responses of the body seated against vertical and inclined back
supports have been reported in a few studies (Fairley and Griffin,
1989; Boileau and Rakheja, 1998; Mansfield and Griffin, 2002;
Wang et al., 2004), which could be applied to define the ranges
under back supported sitting conditions.

In this study, the ranges of biodynamic responses under
different postures and vibration directions are defined on the basis
of syntheses of available data. In particular, the reported data are
synthesized to define ranges of (1) apparent mass and seat-to-head
vibration transmissibility of seated human body exposed to vertical
vibration with and without a back support; (2) apparent mass
characteristics of seated body exposed to fore-aft and lateral
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vibration; and (3) apparent mass characteristics of standing human
body exposed to vertical whole-body vibration. The experimental
conditions associated with the reported data sets are carefully
examined and selection criteria are defined so as to select datasets
considered applicable under conditions considered representative
of the work situations.

2. Selection of datasets and conditions

The biodynamic responses of the standing and sitting body are
strongly influenced by the vibration (magnitude and frequency),
and anthropometric and posture-related factors. Reported studies
on biodynamic responses have employed a wide range of experi-
mental conditions, which are reviewed so as to select datasets
under conditions representative of the workplace. The studies
reporting biodynamic responses of seated and standing body with
different postures and exposed to vibration along different trans-
lational directions were initially considered. The biodynamic
responses of the standing body have been generally evaluated
under vertical vibration, while the responses to horizontal vibra-
tion are addressed in a very few studies (e.g. Starck et al., 1991). The
synthesis of datasets on standing body biodynamics is thus limited
to vertical vibration alone.

For the seated body, the mechanical impedance or apparent
mass data reported under fore-aft (x), lateral (y) and vertical (z)
vibration are considered, while those on seat-to-head vibration
transmissibility are limited to vertical vibration alone due to only
a few datasets reporting the transmission of horizontal vibration.
A few selected datasets were initially analyzed to determine their
‘grand mean’ using two approaches: (i) based on magnitude data
alone; and (ii) based on the magnitude as well as phase data. The
two approaches resulted in quite comparable mean responses. The
synthesis thus included data sets reporting either magnitude alone
or both the magnitude and phase.

Only a few studies have investigated the gender effect on the
measured biodynamic responses. Some of these have concluded
insignificant gender effect on the biodynamic responses to vibra-
tion (Mertens, 1978; Parsons and Griffin, 1982), while others have
suggested strong gender effect (Laurent, 1996; Lundström et al.,
1998). Other studies have suggested small differences in the
biodynamic responses of male and female subjects only at higher
frequencies (Mansfield et al., 2001; Wang et al., 2004). Griffin et al.
(1978) showed that male subjects exhibit greater seat-to-head
vibration transmission than females in the 1.25e4 Hz range, while
an opposite trend was observed at higher frequencies. The datasets
reporting the biodynamic responses of the female subjects are
excluded from the synthesis due to their very small number. The
datasets reporting themean responses of male and female subjects,
however, are included. Considering that the gender effect is
generally small, well within the expected variations among the
reported datasets, the resulting synthesis could be considered
representative of the biodynamic responses of male as well as
female subjects within the range of chosen body mass range.

The reported biodynamic response data and the associated
experimental conditions were thoroughly reviewed in order to
select datasets reported under comparable and representative
conditions. For this purpose, selection criteria comprising the
ranges of experimental variables and test were formulated. Irre-
spective of the sitting posture and direction of vibration, the data
satisfying these conditions were considered for the synthesis,
which included: (i) datasets reporting either the magnitude or the
magnitude and phase of the biodynamic response function;
(ii) datasets derived using adult subjects with body mass ranging
from approximately 55e110 kg; (iii) datasets reported under either
sinusoidal or random vertical vibration within the 0.5 to 20 Hz
frequency range, while those under horizontal vibration were
limited up to 10 Hz; (iv) datasets acquired under vibration of
magnitude below 5 m/s2 (peak as stated in the current standard),
while those reported in the vicinity of 1 m/s2 rms accelerationwere
preferred, which is considered to be more representative of vehicle
vibration and the nonlinear effects of vibration magnitude tend to
diminish beyond this level (Matsumoto and Griffin, 1998b;
Mansfield and Griffin, 2000; Wang et al., 2004); (v) datasets
acquired with clearly defined subject population, while those
reporting a single subject data were carefully examined. Few
studies have shown comparable AM responses to both sinusoidal
and random vibration of comparable magnitudes (Mansfield and
Maeda, 2005b; Boileau and Rakheja, 1998). The data reported
under both types of excitation have thus been considered. The
magnitudes of vibration corresponding to each selected dataset are
expressed in rms acceleration (m/s2), unless stated otherwise.

Various studies reporting the biodynamic responses of the
seated and standing subjects are initially identified, which would
satisfy the selection criteria completely or in-part. Multiple data-
sets could be obtained from the majority of the studies corre-
sponding to different postures and vibration magnitudes.
Additional specific criterion is subsequently applied to select
datasets under comparable and representative conditions for
different posture and vibration directions, which are described in
the following subsections. The studies have reported either mean
or median values of the responses of the subject populations
considered. The median values of the selected datasets and body
mass are considered close to the mean values, assuming symmetric
distribution. The synthesis of selected datasets thus includes both
the reported median and mean datasets.
2.1. Studies reporting driving-point biodynamic responses of seated
body under vertical vibration

A total of 45 studies reporting the driving-point biodynamic
responses of the seated body under vertical vibration were initially
identified. Table 1 summarizes the selected studies together with
the associated experimental conditions. Wide variations in the
experimental conditions employed in different studies are clearly
evident, although very similar measurement and analyses methods
are used. The vast majority of the studies report multiple datasets
under different sitting and back support conditions. The datasets
satisfying the selection criteria are selected from those studies
corresponding to the concerned sitting posture and vibration
magnitude. The earlier studies generally reported the driving-point
biodynamic responses in terms of mechanical impedance (MI)
under sinusoidal vibration, while the more recent studies present
apparent mass (AM) under broad-band random vibration. The
reported impedance data were expressed in the form of apparent
mass using the relation:

MðjuÞ ¼ 1
ju
ZðjuÞ (1)

where Z(ju) is the complex mechanical impedance corresponding
to frequency u and M(ju) is the complex apparent mass and
j ¼

ffiffiffiffiffiffiffi

�1
p

Additional selection criteria are defined by considering the
posture and vibration-related factors affecting the driving-point
responses of the seated body, namely, the back support, the feet
supports, sitting posture (tense, relaxed or slouched), and magni-
tude of vibration. The datasets reported for seated body with feet
hanging are excluded, since the responses with feet-hanging sitting
postures are significantly different from those with feet supported



Table 1
Summary of experimental conditions employed in studies reporting driving-point biodynamic responses of seated human body to vertical vibration.

Author(s) n (gender) Mass (kg)
(mean)

Feet condition Sitting conditions Excitation Function Reported

Posture Back support Type Frequency
(Hz)

Magnitudea

(m/s2 rms)

Coermann (1962) 8 (M1) 70e99.5 (86.2) Not supported Erect relaxed None sine 1e20 Up to 0.5 g peak Median MI3 magnitude
and phase

Edwards and
Lange (1964)

2 (M) 77.7e84 (81) Not supported Upright None Sine 1e20 0.2, 0.35, 0.5 g peak MI magnitude and phase
(individuals)

Vykukal (1968) 4 (M) 68e83 (75.8) Not supported NR6 NR sine 2.5e20 0.4g peak (1, 2.5,
4 g bias)

MI magnitude and phase
(n¼1)

Vogt et al. (1968) 10 (M) NR (80) Supported
Stationary

Erect NR sine 2e15 0.5g peak (1, 2,
3 g bias)

MI magnitude and phase

Suggs et al. (1969) 11 (M) 58e90 (73.6) supported Upright None sine 1.75e10 1.25 mm peak
displacement

Mean MI magnitude and
phase

Miwa (1975) 20 (M) 50e76 60.8) Not supported Erect Relaxed None sine 3e200 0.1 g rms Mean MI magnitude and
phase

Mertens (1978) 6(M) 3(F) 57e90 (66.8) Not supported Upright NR sine 2e20 0.4 g rms (1 to
4 g bias)

Mean MI magnitude and
phase

Sandover (1982) 6 (M) 52.7e87.2 Supported Erect None Random 1e25 1 Individual AM4 magnitude
and phase

Donati and
Bonthoux (1983)

15(M) 49e74 (62.9) Supported Upright Hands
on SW

None Random sine 1e10 1.6 Mean MI magnitude and
phase

Fairley and Griffin (1983) 1 (M) 63 Supported Normal None Random 0.25e20 1.0 AM magnitude & phase
Meister et al. (1984) 6 (M) 63e86 (72) Supported Erect- hands

on SW
NR sine 2, 4, 8 and 16 Two levels at

each frequency
MI magnitude .

Fairley and Griffin (1986) 8 (M) 57e85 (71.8) Supported Normal None Random 0.25e20 0.25e2.0 Individual AM magnitude
and phase

Hinz and Seidel (1987) 4 (M) 56e83 (71.2) Supported Erect NR5 sine 2e12 1.5 and 3.0 Mean AM magnitude and
phase

Fairley and Griffin (1989) 24 (M1)
24(F1) 12(C1)

NR (63.15) Supported
Stationary &
vibrated

Erect & tense None Random 0.25e20 1.0 Mean normalized AM
magnitude

Mansfield, 1994 12 (M) 60e85 (68.3) Supported Upright None Random 0.5e20 0.25e2.5 Individual AM magnitude
Holmlund et al. (1995) 30 54e93 (70) Supported Erect & Relaxed None Sine 2e100 0.5 Mean normalized MI

magnitude and phase
Seidel et al. (1996); cited

in Boileau et al. (1998)
11(M) 14(M) 60e70 70e80 Supported Upright None Random 0.5e20 <1.4 Mean MI magnitude

Matsumoto and
Griffin (1998b)

8 (M) 63e83 Not supported Normal None Random 0.5e20 1.0 Individual AM magnitude
and phase

Kitazaki and Griffin, (1998) 8 (M) NR (74.6) NR Normal,
Slouched

None Random 0.5e30 1.7 Mean normalized AM
magnitude

Wu et al. (1998) 6 (M) 58e73 (64.2) Supported Erect None Random 0.5e20 1.0 and 2.0 Mean AM magnitude
and phase

Boileau et al. (1998a) 6 (M) 70e81 (75.4) Supported Erect, relaxed,
slouched

None Vertical
Inclined-14�

Sine Random 0.625e10 1, 1.5, 2.0 weighted Mean MI magnitude
and phase

Holmlund (1999) 3 (M) 74 (74) In-vehicle Erect Relaxed None Field 1e20 NR Individual MI magnitude
Mansfield and Griffin (2000) 12 (M) 60e85 (68.3) Supported Upright None Random 2e20 0.25e2.5 Median normalized AM4

magnitude
Holmlund et al. (2000) 15(M) 15(F) 55e92 (74)

54e93 (66)
Supported Erect Relaxed None sine 2e100 0.5, 0.7, 1.0, 1.4 Mean MI magnitude and

phase
Nawayseh (2001) 12 (M) 57e106 (74.6) Unsupported &

Supported
Upright e 4
thigh support

None Random 0.25e25 0.125, 0.25, .625,
1.25

Median AM magnitude
and phase

Mansfield et al. (2001) 11(M) 13(F) 72e96(81)
54e79 (67)

Supported
stationary

Upright None Random 2e20 0.5, 1.0, 1..5 Median AM magnitude

Rakheja et al. (2002b) 12(M) 12(F) 58e100 (78.5)
48e111 (64)

Supported Relaxed Automotive 13�

pan, 24� backrest
Random 0.5e40 0.25, 0.5. 1.0 Mean AM magnitude

and phase

(continued on next page)
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Table 1 (continued ).

Author(s) n (gender) Mass (kg)
(mean)

Feet condition Sitting conditions Excitation Function Reported

Posture Back support Type Frequency
(Hz)

Magnitudea

(m/s2 rms)

Matsumoto and Griffin
(2002a)

8(M) 64e87 (73) Supported Upright eTense
buttock

None Random 2e20 0.35e1.4 Median normalized AM
magnitude and phase

Matsumoto and Griffin (2002b) 8 (M) 63e83 (72) Not supported Upright None Random 0.5e20 0.125e2.0 Median normalized AM
magnitude and phase

Mansfield and Griffin (2002) 12(M) NR (75.4) Supported Upright None Vertical Random 1e20 0.2, 1.0, 2.0 Normalized AM magnitude
& individual phase

Hinz et al. (2004) 23 (M) 22 (F) 58e106 (NR)
51.5e84 (NR)

Supported Relaxed Automotive. 16�

pan, 16� backrest
Random 1e35 0.3 weighted Mean normalized AM

magnitude and phase
Nawayseh and Griffin (2004) 12 (M) 62e106 (77.2) Unsupported

& supported
Upright e
4 thigh supports

Vertical Random 0.25e20 0.125, 0.25,
0.625, 1.25

Median AM magnitude

Wang et al. (2004) 13 (M) 14 (F) 47.4e110.5 (70.8) Supported Upright-Hands
on lap & SW

None Vertical
Inclined

Random 0.5e40 0.5, 1.0 Mean AM magnitude and
phase

Maeda and Mansfield (2005) 12 (M) NR (65.8) Supported NR None Random 1e20 1.0 Median AM magnitude
and phase

Mansfield and Maeda (2005a) 12 (M) NR (63.8) Supported Upright/ twisted None Vertical Random 1e20 0.4 Median normalized AM
magnitude

Mansfield and Maeda (2005b) 12 (M) NR (65.8) Supported Upright None Random sine 1e40 1.0 .2e.5 weighted Median normalized AM
magnitude and phase

Kim et al. (2005) 5 (M) 89.8e98.7 (80.7) Supported Upright None Random 1e50 1.0 Mean AM magnitude
and phase

Nawayseh and Griffin (2005a) 12 (M) 65e103 (76.5) Supported Upright e 4
pan angles

Vertical Random 0.5e15 0.125, 0.25, 0.625 Median AM magnitude

Mansfield and Maeda (2006) 15 (M) NR (64.3) Supported Upright None Vertical Random 1e20 0.4, 0.8 Median AM magnitude
(phase for vertical back)

Huang and Griffin (2006) 14 (M) NR (70.3) Supported Various postures None Random 0.5e20 0.25, 2 Median normalized AM
magnitude and phase

Hinz et al. (2006b) 13 (M) 61.3e103.6 (79.3) Supported Upright eHands
on bar

None Random 0.25e30 0.25, 1.0, 2.0 Mean AM magnitude

Mansfield et al. (2006) 12 (M) NR(79.1) Supported Upright None vertical Random 2e20 1.0 Median AM magnitude
Mansfield and Maeda (2007) 15 (M) NR(64.3) Supported Upright None vertical Random 1e20 0.4, .8 Median AM magnitude
Patra et al. (2008) 9 (M) 9

(M) 9 (M)
50e60 (55.7)
70e80 (75.2)
93e107 (98)

Supported Upright Hands
on lap & SW7

None Inclined Random 0.5e20 0.5,1.0, 2.0 Mean AM magnitude and
phase for 3 mass groups

Wang et al. (2008) 12(M) 66.4e99.6 (77.3) Supported Relaxed Hands on
lap &-SW

None Vertical
Inclined

Random 0.5e15 0.5,1.0, 1.5 Mean AM magnitude
and phase

M e male, F- female, C -children; MI e Mechanical impedance; AM e Apparent mass; Estimated; NR-Not reported; SW e Steering wheel.
a Magnitude in m/s2 rms unless stated
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Table 2
Selected datasets on driving-point biodynamic responses of seated human body to
vertical vibration (Back not supported and Back supported).

Author(s) Excitation

Type Frequency (Hz) Magnitude
(m/s2 rms)

No back support

Suggs et al. (1969) Sine 1.75e10 1.25 mm peak
displacement

Sandover (1982) Random 1e25 1.0
Donati and Bonthoux (1983) Random 1e10 1.6
Fairley and Griffin (1986) Random 0.25e20 1.0
Hinz and Seidel (1987) Sine 2e12 1.5
Holmlund et al. (1995) Sine 2e100 0.5
Seidel et al. (1996); cited in

Boileau et al. (1998)
Random 0.5e20 <1.4

Wu et al. (1998) Random 0.5e20 1.0
Boileau et al. (1998) Random 0.625e10 1.0
Holmlund et al. (2000) Sine 2e100 1.4
Mansfield and Griffin (2000) Random 2e20 1.0
Nawayseh (2001) Random 0.25e25 1.25
Mansfield et al. (2001) Random 2e20 1.0
Matsumoto and Griffin (2002a) Random 2e20 1.0
Mansfield and Griffin (2000) Random 1e20 1.0
Wang et al. (2004) Random 0.5e40 1.0 -Hands in

lap
Maeda and Mansfield (2005) Random 1e20 1.0
Mansfield and Maeda (2005b) Random 1e40 1.0
Kim et al. (2005) Random 1e50 1.0
Hinz et al. (2006b) Random 1.0
Huang and Griffin (2006) Random 0.5e20 2.0
Mansfield et al. (2006) Random 2.0e20 1.0
Mansfield and Maeda (2007) Random 1.0e20 0.8
Patra et al. (2008) Random 0.5e20 1.0
Wang et al. (2008) Random 0.5e15 1.0 e -Hands in

lap

Back support
Boileau et al. (1998) e vb Random 0.625e10 1.0e2.0
Mansfield and Griffin (2002)- vb Random 1.0e20 1.0
Nawayseh and Griffin (2004)- vb Random 0.25e20 0.625
Wang et al. (2004) e ib 12�

and vb
Random 0.5e40 1.0 eHands in

lap
Nawayseh and Griffin (2005a)- vb Random 0.25e20 0.625
Mansfield and Maeda (2005a)- vb Random 1.0e20 0.4
Mansfield and Maeda (2007)-vb Random 1.0e20 0.8
Patra et al. (2008) e ib 12� Random 0.5e20 1.0
Wang et al. (2008) e vb and ib Random 0.5e15 1.0 e -Hands in

lap

vb e vertical back support; ib einclined back support.
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(Nawayseh and Griffin, 2004). Moreover, the feet hanging posture is
not considered representative of the vehicle driving.

The vast majority of the studies have reported the responses
without a back support, while the back support affects the seated
driving-point responses considerably (Wang et al., 2004; Mansfield
and Maeda, 2005a; Boileau and Rakheja, 1998; Mansfield and
Griffin, 2002). The datasets reported for none and vertical or
inclined back supports are thus synthesized separately. The data-
sets corresponding to upright erect and relaxed postures alone are
selected, which are most commonly reported and considered
representative of vehicle driving. The position of the subjects hand
may also affect the responses, although the vast majority of the
studies consider hands in lap or resting on the knees. The hands
placed on a steering wheel or a bar may affect the responses only
with back supported postures (Wang et al., 2004), while the effect
is significant when an automotive seat geometry is used, which is
attributable to low seat height, lower vibration magnitude and
substantial backrest inclination, in the order of 24� with respect to
the vertical axis (Rakheja et al., 2002b). The datasets reported for
both hands position are thus retained for the no back support
condition, while those for the back support condition are limited to
either vertical or slightly inclined backrests (�12�) with hands in
lap. A few earlier studies have investigated the biodynamic
responses of the seated body under different levels of gravity
(Vykukal, 1968; Vogt et al., 1968; Mertens, 1978). The data reported
under normal gravity are retained in these cases.

In view of the above and the general selection criteria, a large
number of datasets are excluded from the synthesis. These include:
(i) datasets reported for feet unsupported posture or not vibrated or
not clearly identified (Coermann, 1962; Edwards and Lange, 1964;
Vykukal, 1968; Vogt et al., 1968; Miwa, 1975; Mertens, 1978;
Matsumoto and Griffin, 1998b, 2002b; Kitazaki and Griffin, 1998);
(ii) datasets involving children (Fairley and Griffin, 1989); (ii) data-
sets reported for automotive postures (Rakheja et al., 2002b; Hinz
et al., 2004); (iv) datasets not reporting the total body mass
(Fairley and Griffin, 1989); (v) studies involving only one subject
(Fairley and Griffin, 1983); (vi) studies reporting individual subjects
responses (Mansfield, 1994; Holmlund, 1999); although exceptions
were made in cases where the mean data could be easily obtained
from the individual data (Fairley and Griffin, 1986; Sandover, 1982);
and (vii) studies reporting responses at a few discrete frequencies
(Meister et al., 1984). Among the remaining 29 studies some of the
datasets reported by same authors under comparable conditions
were found to be very similar. Only one of these datasets was thus
retained in the synthesis. This resulted in exclusion of dataset
reported by Mansfield and Maeda (2005a, 2006) for back unsup-
ported and supported postures, respectively.

A total of 33 and 26 datasets in magnitude and phase, respec-
tively, were considered to satisfy the selection criteria for the back
unsupported condition. For the vertical and inclined back support,
a total of 15 and 10 datasets inmagnitude andphasewere identified.
These included multiple datasets reported by: (i) Donati and
Bonthoux (1983), Hinz and Seidel (1987), Boileau et al. (1998)
under sinusoidal and random vertical vibration, denoted hereafter
as ‘-sine’ and ‘-random’, respectively; (ii) Seidel (1996) for bodymass
in 60e70 and 70e80 kg ranges, denoted as ’60e70’ and ’70e80’,
respectively; (iii) Wang et al. (2004) for mean body mass of 70 and
75 kg, denoted as ‘70’ and ‘750; (iv) Patra et al. (2008) for mean body
mass of 55, 75 and 98 kg, denoted as ‘550, ‘750 and ‘98’ respectively;
and (v) Holmlund et al. (2000) for erect and relaxed sitting posture,
denoted as ‘E’ and ‘R’, respectively (Table 2). Although the individual
body masses were not reported in a few of the selected studies
(Mansfield andGriffin, 2002;MaedaandMansfield, 2005;Mansfield
and Maeda, 2005b; Huang and Griffin, 2006), these were retained
since adult subject populations were considered. Attempts were
made to include the datasets reported under excitations in the
vicinity of 1 m/s2 rms, when available.
2.2. Studies reporting seat-to-head vibration transmissibility of
seated body under vertical vibration

Compared to the driving-point biodynamic responses, the seat-
to-head vibration transmissibility data have been reported in
a fewer studies. Paddan and Griffin (1998) identified a total of 46
studies reporting the seat-to-head transmissibility responses of
seated body exposed to vertical vibration. The study did not
consider the phase data and included those attained for body
seated on soft cushions with harness, while the back support
conditions were not defined. It has been well-established that the
upper body support conditions affect the seat-to-head vibration
transmissibility most significantly (Wang et al., 2006; Paddan and
Griffin, 1988). The requirement of feet support was further
relaxed, since the contributions are known to be very small. The
current standard (ISO-5982, 2001) is based upon 4 and 3 datasets in
seat-to-head transmissibility magnitude and phase responses,



Table 3
Summary of experimental conditions employed in studies reporting seat-to-head transmissibility (STHT) of seated human body to vertical vibration.

Author(s) n (gender) Mass -kg (mean) Excitation Function Reported

Type Frequency (Hz) Magnitude (m/s2)

Coermann (1962) 1 (M) 84 sine 1e20 < 0.5 g peak Magnitude
Mertens (1978) 6 (M) 3 (F) 57e90 sine 2e20 4.85 m/s2 rms Mean magnitude and phase
Griffin et al. (1978) 18(M) 18(F) NR sine 1e100 NR Mean magnitude
Griffin et al. (1978) 1 (M) 80 sine 1e100 NR Magnitude and phase
Hinz and Seidel (1987) 4(M) 56e83 (71) sine 2e12 1.5 m/s2 rms Mean magnitude and phase
Paddan and Griffin (1988) 12(M) 58e81 (70.8) random Up to 25 Hz 1.75 m/s2 rms Individual magnitude; phase

(n¼1; 80 kg)
Zimmermann and Cook (1997) 30 (M) (77.6) sine 4.5e16 1.0 m/s2 rms Mean magnitude
Kitazaki and Griffin (1997) 8 (M) (74.6) Random 0.5e35 1.7 m/s2 rms Mean magnitude
Wu et al. (1998) 6 (M) 58e73 (64.2) Random 0.625e20 1.0 m/s2 rms
Hinz et al. (2001) 39(M) NR Random; (1e4 Hz) 1e20 0.7, 1.0 and 1.4 m/s2

rms e weighted
Mean magnitude and phase
(Hands on steering wheel)

Kim et al. (2005) 5 (M) 65.7e98.7 Random 1e50 1.0 m/s2 rms Mean magnitude
Wang et al. (2008) 12 (M) 66.4e99.6 (77.3) Random 0.5e15 0.25, 0.5, 1.0 m/s2 rms Median AM magnitude
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respectively, of the body seated without a back support. The
considered studies were reported prior to 1988. Only a few addi-
tional data sets could be found in the literature, particularly for the
back supported postures, which would satisfy the selection criteria.
The synthesis of the reported seat-to-head vibration trans-
missibility data is thus limited to upright sitting postures without
a back support.

A total of 12 studies were initially identified, which are
summarized in Table 3. Three of these had to be excluded from the
synthesis, since the studies involved either only one subject or did
not report the excitation magnitude (Coermann, 1962; Griffin et al.,
1978). The selected datasets include a total of 125 adult subjects
with body mass up to nearly 100 kg, exposed to either sinusoidal
(up to 4.85 m/s2 rms) or random vertical vibration (up to 3.0 m/s2

rms within 2e12 Hz range), while sitting with an upright erect or
relaxed posture with no back support. Although the individual or
mean body masses were not reported in a few of the selected
studies (Mertens, 1978; Hinz et al., 2001), these were retained since
the body mass effect on the seat-to-head transmissibility is not as
pronounced as it is seen in the apparent mass. Attempts were made
to include the datasets reported under excitations in the vicinity of
1 m/s2 rms, when available.

2.3. Studies reporting biodynamic responses of standing body under
vertical vibration

Table 4 summarizes the studies reporting the biodynamic
responses of standing subjects exposed to vertical vibration.
A review of the experimental conditions employed in these studies
clearly shows wide variations. A few studies have characterized the
biodynamic responses under a wide range of postures, such as
upright erect or relaxed, bent knees, standing on one leg or on heels
Table 4
Summary of experimental conditions employed in studies reporting biodynamic respon

Author(s) n Mass range, kg
(mean)

Posture Excitation

Type F

Coermann (1962) 1 84 Upright- Erect sine 1
Edwards and Lange (1964) 2 77.7, 84 (81) Upright -Relaxed Sine 1
Miwa (1975) 20 50e76a (59) Upright -Erect sine 3
Matsumoto and Griffin (1998a) 12 Median 73.5 Normal upright, Random 0

Matsumoto and Griffin (2000) 8 63e83b (72) Normal standing Random 0

Subashi et al. (2006) 12 65.6e102 (77.5) Normal standing Random 0

a Body mass range of 5 subjects.
b Body mass range estimated from individuals’ data.
or on toes (Coermann, 1962; Miwa, 1975; Matsumoto and Griffin,
1998a). All the relevant studies, however, have included erect or
relaxed upright standing posture, which is considered to be
representative of the working posture that may be anticipated in
WBV environments, such as high speed crafts and ships. The
majority of the reported studies have characterized mechanical
impedance or apparent mass or the floor-to-head vibration trans-
missibility under exposure to vertical vibration, either sinusoidal or
random. The majority have reported phase and magnitude of
impedance responses, but only magnitude of the floor-to-head
transmissibility with only one exception (Paddan and Griffin,1993).
The synthesis of the datasets reported for standing subjects was
thus limited to apparent mass only.

A total of six datasets could be identified for the possible
synthesis; three of these reporting the mechanical impedance
under sinusoidal vibration with acceleration amplitude ranging
from 0.1 to 0.5 g peak (Coermann, 1962; Edwards and Lange, 1964;
Miwa, 1975) and the remaining three describe the apparent mass
under random vibration of rms acceleration ranging from 0.125 to
2 m/s2 (Matsumoto and Griffin, 1998a, 2000; Subashi et al., 2006).
The majority of the studies have reported the biodynamic
responses under vibration from a low frequency of 0.5 or 1 Hz up to
20 Hz, with the exception by Miwa (1975), which reports the
responses in the 3e100 Hz range.

All of the six datasets are considered to satisfy the selection
criteria, although some of the experimental conditions were
defined only vaguely in some of the studies. Coermann (1962)
conducted experiments with 8 adult male subjects with body
mass in the 70e99.5 kg range (mean mass ¼ 86.2 kg) under sinu-
soidal vibration of peak magnitude in the 0.1 to 0.5 g peak range.
The impedance magnitude and phase responses of a single subject
with body mass of 84 kg, however, were reported, while the
ses of standing human body to vertical vibration.

Function Reported

requency (Hz) Magnitude

e20 �0.5 g peak MI magnitude and phase
e20 0.2, 0.35, 0.5 g peak MI magnitude and phase (individual)
e200 0.1 g peak MI e Mean magnitude and phase
.5e30 0.125, 0.25, 0.5, 1.0,

2 m/s2 rms
AM - Median normalized magnitude
and phase

.5e20 1.0 m/s2 rms AM e Median normalized magnitude
and phase

.5e20 0.125, 0.25, 0.5 m/s2 rms Median AM magnitude and phase
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vibration magnitude is vaguely specified as ‘up to 0.5 g’. Edwards
and Lang (1964) presented the impedance magnitude and phase
responses of two individual subjects under sinusoidal vibration of
acceleration amplitudes of 0.2, 0.35 and 0.5 g peak. The mean of the
two individual data corresponding to 0.2 g peak are obtained for
the synthesis. Miwa (1975) reported the mean impedance magni-
tude and phase responses of 20 adult male subjects under 0.1 g
peak sinusoidal vibration in the 3e100 Hz range, while the body
mass is reported for only 5 subjects (50e76 kg; mean ¼ 58.8 kg).
This mass range is assumed to be representative of the entire
population. Matsumoto and Griffin (1998a) and Subashi et al.
(2006) reported the median apparent mass properties of 12
subjects under random vibration. The median responses and body
mass are considered to be close to the mean values, assuming
symmetric distribution. Another study by the same authors
(Matsumoto and Griffin, 2000) reports median apparent mass of 8
subjects exposed to 1 m/s2 random vibration, while the body mass
data is not defined, which was estimated from the data presented
for individual subjects.

2.4. Studies reporting biodynamic responses of seated body under
horizontal vibration

The biodynamic responses of the seated body to horizontal
vibration have been reported in relatively fewer studies than those
under vertical vibration. This is most likely due to relatively higher
magnitudes of vertical vibration encountered in vehicles, which
cause more detrimental effects in view of operators’ health and
safety. The relatively low stiffness of tires employed in off-road
vehicles together with high location of the operator, and presence
of localized slopes and cross-slopes in the terrains can lead to
considerable horizontal vibration at the operator location. Many
studies have shown that magnitudes of fore-aft (x) and lateral (y)
vibration at the driver’s seat of off-road tractors, forklift trucks, and
port cranes could be either comparable or exceed the magnitudes
of vertical vibration (Kumar et al., 2001; Marsili et al., 2002;
Bovenzi et al., 2002).

Despite the high magnitudes of horizontal vibration, the
biodynamic responses of the seated body to fore-aft and lateral
vibration have been addressed in a few studies. The experimental
conditions associated with reported studies on driving-point
responses to fore-aft and lateral vibration are summarized in Tables
5 and 6, respectively. The studies reporting responses for sitting
posture with feet supported on either a stationary or vibrating foot
support are included in the synthesis.

A total of 12 studies characterizing the driving-point biody-
namic responses of seated body to fore-aft vibration were initially
identified, which are summarized in Table 5. Owing to the strong
influence of the back support condition on the measured apparent
mass, the datasets reported for postures involving no back support
and a back support were synthesized separately. A total of 11 and 6
studies could be identified for the no back and back supported
postures, respectively, which satisfied the selection criteria.
Furthermore, the datasets reported for male subjects alone were
considered due to the limited data available for the female subjects.

The majority of the studies have reported responses under
sinusoidal or random vibration of different magnitudes, while the
lower and upper limits of the frequency span vary from 0.25 to 2
and 10 to 100 Hz, respectively. The data up to only 10 Hz are
considered for the synthesis, since the magnitudes are generally
very small at frequencies above 10 Hz. Attempts were made to
select data reported under excitation magnitudes equal or closest
to 1 m/s2 rms over a frequency range up to 20 Hz, which is most
commonly used in the reported studies. Assuming constant power
spectral density of the acceleration due to excitation, this will



Table 6
Summary of experimental conditions employed in studies reporting biodynamic responses of seated human body to lateral vibration.

Author(s) n
(gender)

Mass -kg
(mean)

Feet
support

Sitting conditions Excitation Function Reported

Posture Back support Type Frequency
(Hz)

Magnitude
Range (m/s2)

Fairley and Griffin
(1990)

8 (M) 57e85 (65.7) Vibrated Upright None
Vertical

Random 0.25e20 0.5, 1.0, 2 rms Mean AM magnitude and individual AM
phase

Holmlund and
Lundström,
(1998)

15(M)
15(F)

55e93 (75)
54e76 (63)

Stationary Upright e
erect/ relaxed

None Discrete
sine

1.13e80 0.25, 0.5, 1.0,
1.4 rms

Mean MI magnitude and phase

Mansfield and
Lundström
(1999)

15(M)
15(F)

NR (75.8) NR
(62.0)

Stationary Upright Arms
folded

None Random 1.5e20 .25, .5, 1.0 rms Median AM normalized magnitude

Holmlund and
Lundström
(2001)

15(M)
15(F)

55e93 (75)
54e76 (63)

Stationary Upright e
erect/ relaxed

None Discrete
sine

2e100 0.25, 0.5, 1.0,
1.4 rms

Mean MI magnitude and phase

Holmlund (1999) 3 (M) 74a Inevehicle Upright e
erect/ relaxed

None In-
vehicle

e NR Mean MI magnitude only

Mandapuram et al.
(2005)

8 (M) 59e92 (71.2) Vibrated Upright
erelaxed

None,
Vertical
Inclined

Random 0.5e10 0.25, 0.5, 1.0
rms

Mean AM magnitude and phase

Hinz et al. (2006b) 13 (M) 61.3e103.6
(79.3)

Vibrated Upright
Hands on
a bar

None Random 0.25e30 0.25, 1.0, 2.0
rms

Mean AM magnitude

Mansfield and
Maeda (2006)

15 (M) NR (64.3) Vibrated Upright None
Vertical

Random 1e20 0.4 rms Median AM magnitude Median AM
magnitude & phase (back support only)

Mansfield and
Maeda (2007)

15 (M) NR (64.3) Vibrated Upright
erelaxed

None
Vertical

Random 1e20 0.4, 0.8 rms Median AM magnitude

a Similar mass of the subjects.
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translate to an equivalent magnitude of 0.71 m/s2 rms over the
10 Hz range. The datasets corresponding to equivalent magnitude
of 0.71 m/s2 rms or less over the 10 Hz frequency range could be
obtained frommost of the studies, with the exception of one study.
Stein et al. (2007b) reported the apparent mass response of a single
subject exposed to 2.03 m/s2 excitation in the 0.3e30 Hz range,
which is equivalent to nearly 1.17 m/s2, when the 10 Hz frequency
range is considered. The two datasets corresponding to 0.5 and
1.0 m/s2 excitation over the 0.5e10 Hz range, reported by
Mandapuram et al. (2005) were considered for the synthesis. The
majority of the selected datasets were acquired for postures with
hands on the knees or arms folded with the exception of one
reported for hands on a bar (Stein et al., 2007b). The data reported
by Mansfield and Maeda (2007) under 0.4 m/s2 excitation was
excluded since this data was included in their other study
(Mansfield and Maeda, 2006). This resulted in a total of 10 and 6
datasets in magnitude and phase, respectively, reporting the fore-
aft AM of subjects seated without a back support. The AM magni-
tude reported by Nawayseh and Griffin (2005c) for the vertical back
support was significantly lower than those in the other studies in
the entire frequency range. This data was thus excluded. The
remaining 4 studies reporting fore-aft AM with back support
provided a total of 4 and 3 datasets for vertical and inclined back-
rest, respectively. These included: two datasets reported by
Mandapuram et al. (2005) for each of the back support (vertical and
inclined); Stein et al. (2007b) for an inclined back support;
Mansfield et al. (2006) and Fairley and Griffin (1990) for a vertical
back support. The magnitudes of vibration corresponding to the
selected datasets are italicized and underscored in Table 5.

For the lateral (y-axis) vibration, a total of 9 studies were initially
identified, which are summarized in Table 6. Only three datasets
could be retained for the synthesis of driving-point responses of
human subjects seated with back support and exposed to lateral
vibration (Fairley and Griffin, 1990; Mandapuram et al., 2005;
Mansfield and Maeda, 2006). The selected datasets were acquired
for postures with hands on the knees or arms folded. Furthermore,
the datasets reported for male subjects alone were considered due
the availability of limited data for the female subjects. The data
synthesis was performed in the frequency range up to 10 Hz due to
very small magnitude of the apparent mass above 10 Hz, as in the
case of x-axis apparent mass, while the data reported for magni-
tudes below or equal to 1 m/s2 excitation were considered. The
excitation conditions associated with the selected datasets are
italicized and underscored in Table 6. The selected studies provided
a total of: 9 and 5 datasets in magnitude and phase, respectively, for
sitting without a back support; 4 and 3 datasets in magnitude and
phase for the vertical back support; and 2 datasets in both
magnitude and phase for the inclined back support.

3. Synthesis of selected datasets

The selected datasets could be synthesized to derive the ranges
of most probable biodynamic responses that would be considered
applicable under the selected ranges of test conditions and body
masses. The resulting ranges could also serve as the target data
range for identification of biodynamicmodels of the body subjected
to whole-body vibration. A synthesis of datasets acquired in
different laboratory under different, although comparable, condi-
tions with varying body masses, however, is expected to exhibit
considerable variability among the data. This may lead to wide
ranges of the probable biodynamic response and thereby limit its
applicability. The datasets selected for each of the biodynamic
response as per the defined set of criterion are thus initially
compared to examine the extent of variability.

Figs. 1 to 3 illustrate comparisons of selected data sets in
apparent mass magnitude and phase of the seated body without
a back support and exposed to whole-body vibration along the x-,
y- and z-axes, respectively. The figures show comparisons of 10, 9
and 33 datasets in magnitude and 6, 5 and 26 in phase, respec-
tively, which are summarized in Tables 5, 6 and 2. The selected 9
datasets describing head vertical vibration transmissibility of the
seated body exposed to vertical vibration while sitting without
a back support are compared in Fig. 4. Fig. 5 illustrates compar-
isons of 6 datasets describing the apparent mass magnitude and
phase of the standing human body exposed to vertical vibration.
The selected datasets, in most cases, generally show comparable
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Fig. 1. Comparison of the fore-aft apparent mass responses reported for seated body with no backrest. (a) Magnitude; (b) Phase.
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trends, particularly with regards to the frequencies corresponding
to the magnitude peaks. Some isolated datasets, however, present
anomalies with respect to the trends observed from the majority
of the datasets.

In order to identify the most probable outliers that may be
excluded from the synthesis, the standard deviations of the means
are computed as a function of the vibration frequency for different
combinations of datasets within each measure. The combination
which yields an acceptable variation over the entire frequency
range is subsequently retained for the synthesis and for defining
the most probable ranges of idealized values applicable to the
seated and standing human body under the specified conditions.

3.1. Fore-aft apparent mass of the seated body without and with
a back support

The majority of the datasets describing the apparent mass
response of the seated body exposed to fore-aft vibration exhibit
a primary peak in the 0.5e1 Hz frequency range and a secondary
peak in the 2e3 Hz frequency range (Fig. 1). The absolute magni-
tudes of different datasets, however, differ substantially, although
most show comparable trends with magnitudes within close
bounds with a few exceptions. The dataset reported by Holmlund
(1999) on the basis of field measurements is considered as an
obvious outlier, where the magnitude is considerably higher than
the rest of the datasets in the 2 to 7 Hz frequency range. Other
anomalies are evident in the datasets by Mansfield and Lundström
(1999) and Hinz et al. (2006b), where the magnitudes are consid-
erably lower up to 2.5 Hz. The datasets in fore-aft apparent mass
phase, with the exception of one (Holmlund and Lundström, 1998)
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Fig. 2. Comparison of the lateral apparent mass responses reporte
show a comparable trend. The phase angle is observed to be quite
small at low frequencies and gradually approaches �100 to �150�

with increasing frequency. The phase datasets by Holmlund and
Lundström (1998) is thus considered as an outlier.

Considering relatively fewer datasets, the magnitude and phase
responses are treated as independent from each other. A dataset
considered as a possible outlier in magnitude is not instinctively
assumed to be outlier in phase. Furthermore, the lack of phase data
did not imply the exclusion of the corresponding magnitude data.
The mean and standard deviations of the magnitude and phase
datasets with sequential exclusions of the observed possible
outliers are computed and compared in an effort to identify most
probable outliers. Fig. 6 presents the distribution of standard
deviations of the mean for different combinations of the datasets.
The exclusion of the datasets reported by Holmlund (1999), and
Mansfield and Lundström (1999) yields considerable reduction in
the variability of the results. Whereas, the further exclusion of the
data set reported in Hinz et al. (2006b) does not yield a significant
decrease in the variability at frequencies above 1 Hz. This dataset
was thus retained for the data synthesis. Consequently, a total of 8
and 5 datasets in magnitude and phase, respectively, were
considered suitable for defining the probable range of the apparent
mass magnitude response of the body seated without a back
support and exposed to fore-aft vibration.

The selected data sets identified to represent the fore-aft
apparent mass responses of seated body with back support were
initially divided into two back support conditions involving vertical
and inclined back supports with 4 and 3 datasets, respectively, in
magnitude and phase. The reported magnitude and phase
responses with the two back supports are compared in Fig. 7(a) and
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7(b), respectively. Most of the datasets exhibit a dominant peak in
the 3e5 Hz frequency range, irrespective of the backrest angle. The
data reported by Mansfield and Maeda (2006) for a vertical back-
rest and by Stein et al. (2007b) for the inclined back support,
however, show considerably lower magnitude in the entire
frequency range. These are thus considered clear outliers. The
datasets in the phase response show comparable trends, irre-
spective of the back rest angle, with exception of those by
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Fig. 4. Comparison of the vertical seat-to-head transmissibility (STHT) respon
Mansfield and Maeda (2006). Consequently, 3 and 2 datasets could
be retained to characterize the fore-aft apparent mass magnitude
and phase responses, for the vertical and inclined back support,
respectively.

The results further show comparable trends in magnitude and
phase for both the back supports. The means and ranges of the
selected magnitude and phase datasets for both vertical (vb) and
inclined (ib) backrests were also observed to be quite comparable
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in both the peak magnitudes and the corresponding frequencies,
suggesting relatively small effects of backrest angles considered in
the studies. Consequently, the selected datasets for the two
backrests are combined to yield a total of 5 datasets for both
magnitude and phase for the synthesis, which represent the AM
responses of the body seated with a back support with angle
ranging from 90� to 102� and subject to fore-aft vibration, as
illustrated in Fig. 8.

The datasets selected for the synthesis included a total of 105
and 32 adult male subjects with body mass up to nearly 100 kg,
exposed to either sinusoidal or random for-aft vibration with
magnitude in the vicinity of 1 m/s2 over the frequency range of
0.25e20 Hz while sitting with an upright erect or relaxed posture
with no back support and with back support, respectively.

3.2. Lateral apparent mass of the seated body without and with
a back support

The datasets describing the apparent mass response of the body
seated without a back support and exposed to lateral vibration
generally exhibit a primary peak in the 1e2 Hz frequency range
(Fig. 2). The dataset reported by Mansfield and Maeda (2007)
reveals relatively higher peak magnitude and may thus be an
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Fig. 6. Standard deviation of the mean magnitude and phase of the fore-aft apparent mass of
(a) Magnitude ( All datasets; excluding Holmlund, 1999, and Mansfield and Lundström
2006b) (b) Phase ( All datasets; excluding Holmlund and Lundström, 1998).
outlier. The datasets reported by Holmlund and Lundström (1998),
Holmlund (1999), Mansfield and Lundström (1999), and Holmlund
and Lundström (2001) also present some anomalies since these
generally describe the magnitude response at frequencies above
the primary resonant frequency. The datasets in AM phase show
general trends, where the phase approaches �80 to �140� near
10 Hz. Two of the datasets reported by Mandapuram et al. (2005)
for 0.5 and 1.0 m/s2 excitations, however, show relatively lower
phase value at frequencies above 1.5 Hz. The datasets, however,
tend to cluster within a band at frequencies above 6 Hz. All of the 5
phase datasets were thus retained for the synthesis. The mean and
standard deviations of the magnitude datasets were subsequently
computed by excluding the possible outliers in a sequential
manner, which are compared in Fig. 9. The results suggest that
exclusion of the datasets reported in Mansfield and Lundström
(1999), Holmlund and Lundström (2001), and Mansfield and
Maeda (2006) could yield considerable reduction in the vari-
ability of the results, while the exclusions of the datasets reported
by Holmlund and Lundström (1998) and Holmlund (1999) do not
yield a significant further decrease in the variability. The remaining
6 datasets were retained for the data synthesis for defining ranges
of lateral apparent mass magnitude response of the body seated
without a back support.
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A total of 6 and 5 datasets were obtained for the lateral AM
magnitude and phase responses, respectively, of the body seated
against a vertical or an inclined back support. The responses for the
two back supports were quite comparable, as it was observed for
the fore-aft AM response. The reported magnitude and phase
datasets are compared in Fig. 10, which include two datasets by
Mandapuram et al. (2005) corresponding to 0.5 and 1.0 m/s2 exci-
tations for both back supports. The magnitude datasets mostly
exhibit consistent trends with primary peak occurring in the
1e2 Hz range. The phase dataset reported by Mansfield and Maeda
(2006) is considerably different from the other datasets, and is thus
considered an outlier, resulting in a total of 6 and 4 datasets in
magnitude and phase, respectively, for synthesis of lateral AM
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response of the body seated with a back support and exposed to
lateral whole-body vibration.

Thedatasets selected for the synthesis include a total of 92 and31
adult subjectswith bodymass up to nearly 100 kg, exposed to either
sinusoidal or random lateral vibration with magnitude of 1 m/s2 or
less over the0.25e20Hz range,while sittingwith anupright erect or
relaxed posture with no back and back support, respectively.

3.3. Vertical apparent mass of the seated body without and with
a backrest

The datasets describing the AMmagnitude and phase responses
of the body seated without a back support and exposed to vertical
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vibration generally show common important trends (Fig. 3). The
majority of the magnitude datasets exhibit a dominant peak in the
4e6 Hz frequency range, widely referred to as the primary reso-
nance frequency. The magnitude values observed in various
studies, however, differ substantially, which are attributable to
variations in anthropometry of subjects and experimental condi-
tions considered in individual studies. It has been shown that the
body mass is the primary factor that strongly influences the AM
magnitude, particularly at lower frequencies (Patra et al., 2008;
Fairley and Griffin, 1989). The dataset reported by Suggs et al.
(1969) shows considerably lower magnitude than the other data-
sets at frequencies above 6 Hz, and is potentially an outlier. The
dataset by Holmlund et al. (2000) corresponding to a relaxed sitting
posture also shows considerably lower magnitude in the 5e14 Hz
frequency range. The dataset reported by Hinz and Seidel (1987)
corresponding to 1.5 m/s2 sinusoidal excitation exhibits consider-
able higher resonant peak and relatively higher magnitude up to
12 Hz, while the data under 3.0 m/s2 random excitation shows peak
at a lower frequency near 4 Hz. Furthermore, the datasets reported
by Patra et al. (2008) for body masses of 55 kg and 98 kg form
possible outliers, due to their very low and very highmagnitudes at
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Fig. 10. Comparisons of lateral apparent mass responses of the body seated with eith
frequencies up to 5 Hz. This is obviously attributed to extreme
differences in the body mass considered in this study in relation to
the mean masses in other studies. In a similar manner, the dataset
by Kim et al. (2005) exhibits higher resonant peak, while that by
Wang et al. (2004) for mean body mass of 70 kg exhibits higher
magnitudes at higher frequencies.

The above-stated datasets are thus considered to be possible
outliers in the AM magnitude. The phase response datasets
generally suggest a consistent trend, where the apparent mass
phase is very small at very low frequencies and asymptotically
approaches �90� at higher frequencies. While most of the datasets
exhibit a generally good agreement in the phase response up to
approximately 5 Hz, important differences are observed to arise at
higher frequencies. Of the 26 datasets considered, 8 datasets are
found to present important differences with respect to the
majority of the datasets. These include the datasets by: Suggs et al.
(1969) indicating considerably lower phase above 4 Hz; Donati
and Bonthoux (1983) with lower phase above 6 Hz correspond-
ing to random vertical excitations; Mansfield and Maeda (2005b),
Mansfield and Griffin (2002) and Kim et al. (2005) with consid-
erably higher phase in the most of the frequency range; and
Huang and Griffin (2006) with sharply increasing phase above
14 Hz.

The mean and standard deviations of the vertical apparent mass
magnitude and phase datasets, shown in Table 2 for the no back
support condition, were subsequently computed by excluding the
possible outliers, identified above, in a sequentialmanner,which are
compared in Fig. 11(a) and 11(b), respectively. The results suggest
that the exclusions of datasets reported by Suggs et al. (1969), Hinz
and Seidel (1987)-Sine and -Random, Patra et al. (2008)-55 and�98
would help reduce the variability in magnitude in most of the
frequency range. The exclusions of other datasets such as Holmlund
et al. (2000)-R, Kim et al. (2005),Wang et al. (2004)-70 did not yield
further reductions in the standard deviation of the mean. These
datasets were thus retained resulting in a total of 28 datasets for
synthesis of the vertical AM magnitude data of the body seated
without a back support. The results presented in Fig. 11(b) suggest
that the exclusion of the AM phase datasets reported by Suggs et al.
(1969), Donati and Bonthoux (1983)-Random,Mansfield andMaeda
(2005b), Mansfield Neil and Griffin (2002), Kim et al. (2005) and
Huang and Griffin (2006) could considerably reduce the standard
deviation of the mean phase, particularly at frequencies above 6 Hz.
Consequently, 20 of the26datasetswere selected to characterize the
vertical apparent mass phase response of the seated body without
a back support.
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Fig. 11. Standard deviations of the mean vertical apparent mass response of body seated without a back support computed for various combinations of datasets: (a) Magnitude (
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The selected data sets identified to represent the vertical
apparent mass responses of seated body with back support were
initially divided into two back support conditions involving vertical
and inclined back supports with 9 and 6 datasets in magnitude, and
4 and 6 in phase, respectively. These include two datasets by Wang
et al. (2004) corresponding to mean body masses of 70 and 75.1 kg,
three datasets by Patra et al. (2008) corresponding to 55, 75 and
Fig. 12. Comparison of magnitude and phase responses of the vertical apparent mass
98 kg body masses. The reported magnitude and phase responses
with the two back supports are compared in Fig. 12(a) and 12(b),
respectively. Most of the datasets exhibit a dominant peak in the
4e6 Hz frequency range, irrespective of the backrest angle. The
data reported by Mansfield and Maeda (2005a) for a vertical
backrest show considerably lower magnitude up to 6 Hz, whereas
those reported by Patra et al. (2008) for the inclined back support,
reported for body seated with a: (a) Vertical backrest; and (b) Inclined backrest.
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corresponding to 55 and 98 kg body masses, show considerably
lower and higher magnitudes, respectively. These are thus
considered outliers. The datasets in the phase response show
comparable trends, irrespective of the back rest angle. Conse-
quently, 8 and 4 datasets are identified to characterize the vertical
apparent mass magnitude and phase responses, respectively, for
the vertical back support, while for the inclined back support 4 and
6 datasets in magnitude and phase are retained.

The results further show comparable trends in magnitude and
phase for both the back supports, as observed for the fore-aft and
lateral AM responses. Consequently, the selected datasets for the
two backrests are combined to yield a total of 12 and 10 datasets in
magnitude and phase, respectively, for the synthesis, which would
represent the AM responses of the body seated with a back support
with angle ranging from 90� to 102� and subject to vertical vibra-
tion, as illustrated in Fig. 13.

The selected datasets include a total of 316 adult male subjects
with body mass up to nearly 110 kg, exposed to either sinusoidal
(up to 4.85 m/s2) or random vertical vibration (up to 2.0 m/s2 rms
within 0.5e20 Hz range), while sitting with an upright erect or
relaxed posturewith no back support. The datasets involving a back
support included a total 121 adult male subjects.
3.4. Vertical apparent mass of the standing body

The datasets describing the AMmagnitude and phase responses
of the standing body exposed to vertical vibration generally show
common important trends (Fig. 5). The majority of the datasets
exhibit a dominant peak around 6 Hz, while extreme scatter is
evident in the phase responses. A closer observation of the
magnitude curves indicates that 2 of the 6 datasets are possible
outlier. These include the data by Miwa (1975) and Edwards and
Lange (1964), which shows considerably higher and lower reso-
nance frequencies, respectively, compared to the other datasets.
Similarly 2 of the 6 datasets in phase exhibit very different trends
(Miwa, 1975; and Coermann, 1962). The results presented in Fig. 14
suggest that the exclusion of these datasets could minimize the
variability in the magnitude as well as phase responses over the
entire frequency range. Consequently, a total of 4 datasets each in
magnitude and phase responses are identified to characterize the
apparent mass response of the standing body exposed to vertical
whole-body vibration.

The datasets selected for the synthesis include a total of 55 adult
male subjects withmean bodymass up to nearly 100 kg, exposed to
either sinusoidal or random vertical vibration with magnitude
below 0.5 g, while standing assuming an upright erect or relaxed
Fig. 13. Vertical apparent mass responses of body seated with either a
posture. The test conditions corresponding to datasets selected for
the synthesis are italicized and underscored in Table 4, whenever
multiple datasets are reported in a single study.

3.5. Vertical seat-to-head vibration transmissibility of the seated
body

The vast majority of the reported datasets in STHT indicate
a dominant peak occurring within the 4e6 Hz frequency range
(Fig. 4), while considerable scatter in both magnitude and phase
data are evident. Some of the magnitude datasets also suggest the
presence of a secondary peak at frequencies above 8 Hz. The vari-
ations in the frequency corresponding to the primary peak
magnitude amongst the datasets, however, are significantly larger
than those observed in the vertical apparentmass. The two datasets
reported by Hinz and Seidel (1987) corresponding to 1.5 m/s2

sinusoidal and 3.0 m/s2 random excitation show primary peaks
occurring at very low frequencies near 2.3 and 3.3 Hz. The dataset
by Zimmermann and Cook (1997) shows relatively higher magni-
tude at frequencies above 11 Hz, while that by Hinz et al. (2001)
indicates relatively lower magnitude in most of the frequency
range. The selected phase datasets also show considerable vari-
ability among them. The two datasets by Hinz and Seidel (1987)
consistently show leading phase response up to nearly 4 Hz,
while that by Wang et al. (2008) show considerably lower phase in
the entire frequency range.

The mean and standard deviations of the magnitude and phase
datasets were subsequently computed by excluding the possible
outliers in a sequential manner, which are compared in Fig. 15. The
results suggest that exclusions of the identified datasets by Hinz
and Seidel (1987) and Hinz et al. (2001) yields lower standard
deviation in the magnitude. Further exclusion of the data by
Kitazaki and Griffin (1997) resulted in reduction in variability only
in a narrow frequency range around 5 Hz. This dataset was thus
retained for the synthesis resulting in a total of 6 datasets
describing the STHT magnitude responses of the body seated
without a back support and exposed to vertical vibration. Similarly,
the variability in the phase response could be considerably reduced
by excluding the identified datasets by Hinz and Seidel (1987) and
Wang et al. (2008), as seen in Fig.15(b), which resulted in 4 datasets
in STHT phase for further synthesis.

4. Probable ranges of biodynamic responses

The mean and the ranges of the selected datasets are computed
to identify ranges of idealized or most probable values
vertical or inclined back support: (a) Magnitude; and (b) Phase.
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Fig. 14. Standard deviations of mean vertical apparent mass of standing body computed for different combinations of selected datasets: (a) Magnitude ( All datasets; excluding
Edwards and Lange, 1964; Miwa, 1975); (b) Phase ( All datasets; excluding Coermann, 1962; Miwa, 1975).
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characterizing the biodynamic response of the seated and standing
body under particular conditions considered. The ranges of
biodynamic responses to vertical vibration are computed in the
0.5e20 Hz frequency range, while those to fore-aft and lateral
vibration are identified in the 0.5e10 Hz range. The computed
upper and lower bound curves are subsequently smoothened using
moving average technique.

Figs. 16 and 17 illustrate the ranges of apparent mass magnitude
and phase responses of the body seated without and with a back
support, respectively, and exposed to vibration along the x-, y- and
z-axis. The figures show the mean values of the selected datasets
together with the standard deviations of the means. The ranges are
defined by the upper and lower bounds of the selected datasets as
a function of the vibration frequency. The limits of AM responses,
defined in Fig.16(a), are considered applicable under sinusoidal and
random fore-aft vibration with magnitude ranging from 0.4 to
1.0 m/s2 in the 0.5e10 Hz range for 55 to 103.6 kg body masses,
while sitting without a back support. The ranges of AM responses of
the body seated with a back support to fore-aft vibration, shown in
Fig. 17(a), are considered applicable for body mass varying from 57
to 92 kg, while exposed to random fore-aft vibration of magnitude
from 0.4 to 1.0 m/s2. The results of the synthesis clearly show wide
ranges of fore-aft AM magnitude and phase, which are attributable
to differences in the body mass and vibration magnitude consid-
ered in different studies. The peak values of the coefficient of
variation (COV) of the magnitude data approached nearly 35% at
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Fig. 15. Standard deviations of mean vertical STHT response of body seated without a back s
datasets; excluding Hinz and Seidel, 1987e1.5 and �3.0, and Zimmermann and Cook, 199
Hinz et al., 2001; excluding Hinz and Seidel, 1987e1.5 and �3.0, Zimmermann and Coo
excluding Hinz, 1987e1.5 and �3.0, and Wang, 2008).
5 Hz for the unsupported back and 20% at frequencies above 8 Hz
for the back supported posture. The peak COV values of the
magnitude, however, were observed to relatively small in the
vicinity of the resonance frequencies for both the postures (15% for
no back and only 5% for the back supported postures). The peak
COV of the phase data approached nearly 80% and 23% for without
and with back support, respectively. The peak COV in the phase
data occurred around 2 Hz.

The ranges of apparent mass responses to lateral vibration,
illustrated in Fig. 16(b) and 17(b), are considered applicable for
0.4e1.0 m/s2 sinusoidal or random vibration with body mass
varying from 55 to 103 kg for the back not supported condition, and
under 0.4e1.0 m/s2 random vibration with 57e92 kg body for the
back supported posture, respectively. The ranges show relatively
less variations in both magnitude and phase compared to those
derived under fore-aft vibration. The peak COV in the magnitude
data approached 13% and 24%, respectively, for the back unsup-
ported and supported postures, in the vicinity of the primary
resonance. The peak COV in the phase data approached 39% and
10% for the back unsupported and supported postures, respectively,
which occurred near the primary resonance frequency. The rela-
tively lower values of COV of both the fore-aft and lateral AM data
for the back supported posture are attributable to limited datasets
that were reported by only three laboratories.

Fig. 16(c) and 17(c) show the ranges of AM responses of the body
seated without and with a back support, respectively, while
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upport computed for different combinations of selected datasets: (a) Magnitude ( All
7; excluding Hinz and Seidel, 1987e1.5 and �3.0, Zimmermann and Cook, 1997 and
k, 1997; Hinz et al., 2001 and Kitazaki and Griffin, 1997); (b) Phase ( All datasets;
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Fig. 16. Idealized ranges of apparent mass magnitude and phase responses of body seated without a back support under vibration along: (a) Fore-aft direction; (b) Lateral direction;
and (c) Vertical direction.
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exposed to vertical vibration in the 0.5e20 Hz frequency span. For
sitting without a back support, the limits would be applicable for
body mass ranging from 49 to 107 kg under exposure to sinusoidal
or random vertical vibration of 0.8e2.0 m/s2 magnitude. The limits
are considered valid for 0.625 to 1 m/s2 random vertical vibration
and body mass in the 62e106 kg range for the back supported
posture. The ranges exhibit wide variations in both magnitude and
phase. The peak values of COV of the magnitude data approached
18% and 15% near the primary resonance for the back unsupported
and supported postures. The COV values, however, were above 30%
at higher frequencies due to relatively small magnitudes. The peak
COV of the phase data approached 33% and 60% near the primary
resonance frequency, respectively, for the two back support
conditions. The COV of the vertical AM magnitude data are rela-
tively lower compared to those observed under x- and y-axis
vibration, particularly for the back supported condition. This is
most likely attributed to relatively smaller range of vertical vibra-
tion magnitudes associated with the selected datasets.

The limits of AM response of the standing body (body mass:
63e102 kg) under exposure to sinusoidal or random vertical
vibration of magnitude of 0.5e1.0 m/s2 are presented in Fig. 18. The
results show considerably wider ranges in magnitude and phase
compared to those identified for the seated body, which may partly
attributed to fewer datasets (n ¼ 4) reported by three different
laboratories. The peak values of COV in the magnitude and phase
data approached nearly 20% and 90%, respectively, at frequencies
below 5 Hz.

The ranges of STHT magnitude and phase responses of the
human body seated without a back support and exposed to vertical
vibration along the z-axis are defined in a similar manner in Fig. 19.
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Fig. 17. Idealized ranges of apparent mass magnitude and phase responses of body seated with a back support under vibration along: (a) Fore-aft direction; (b) Lateral direction; and
(c) Vertical direction.
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These limits in vertical STHT would be considered valid for sitting
without a back support under exposure to random or sinusoidal
vibration of magnitude ranging from 1 to 2.75 m/s2. The defined
limits are derived from selected datasets involving body mass
variations in the 58e99 kg span, although the effect of body mass
on the STHT responses has been reported to be negligible. Both the
magnitude and phase limits are considerably wide, particularly in
the vicinity of the primary resonance frequency. The peak COV in
the magnitude and phase data approached nearly 29% and 113%
near 7 Hz and 5 Hz, respectively.

5. Discussions

The international standard, ISO-5982 (2001), defines the ideal-
ized ranges of AM and STHT magnitude and phase responses of the
human body seated without a back support and exposed to vertical
vibration of magnitude up to 5 m/s2. The standard does not provide
such limits for the back supported posture and for responses to
fore-aft and lateral vibration. The comparisons of themost probable
ranges of vertical AM and STHT, identified from the synthesis of
selected datasets in this study, with the standardized limits (Fig. 20)
show considerable differences in the primary resonance frequen-
cies observed from both the AM and STHT magnitude data, and in
the magnitude responses, particularly at frequencies above 9 Hz.
The mean and upper limits of vertical AM and STHT responses
derived from the synthesis show relatively higher primary reso-
nance frequencies (4.6e4.8 Hz) compared to that observed from
the standardized ranges (near 4 Hz), and relatively higher peak
magnitude of the mean curves in both the STHT and the AM
responses. The considerable lower primary frequency of the
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standardized ranges is attributable to the considerations of datasets
obtained under relatively higher magnitudes of vibration (up to
5 m/s2). The mean and limits of the AM data corresponding to no
back support also exhibit some differences with respect to the
standardized values, although the trends are quite comparable. The
identified limits in STHT data show relatively larger deviations in
both the magnitude and phase. This may be attributed to the
differences in the datasets considered in the present synthesis and
the study leading to the standardized ranges, which were based on
8 and 7 datasets in AM magnitude and phase, and 4 and 3 datasets
in STHT magnitude and phase, respectively (Boileau et al., 1998).
The present synthesis is based on selected 28 and 20 datasets in AM
magnitude and phase, and 6 and 4 in STHT magnitude and phase,
respectively.

Considering that the biodynamic responses of the seated or
standing body exposed to whole-body vibration is dependent on
many confounding factors in a highly complex manner, the iden-
tification of ranges of most probable responses require careful
consideration of the major influencing factors. The reported data-
sets showed large variability among them, although the data were
limited to comparable experimental conditions involving specific
sitting posture, feet support and ranges of vibration excitation
levels. The variability among the selected datasets, however, is
greatly limited due to controlled conditions. Significantly larger
variations could be observed when the limits on the experimental
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Fig. 19. Idealized ranges of magnitude and phase responses of vertical seat-to-he
conditions are relaxed, as it could be seen from the synthesis of
vertical STHT data reported by Paddan and Griffin (1998).

Among the factors influencing the AM responses, the body mass
is known to be most significant one followed by the back support
and the excitation magnitude. Only a few studies, however, have
reported data for particular body masses limited to vertical vibra-
tion alone (Patra et al., 2008;Wang et al., 2004), which clearly show
the most pronounced effect of the body mass on the AM responses,
while the effect is small on the STHT responses. The influence of
body mass on the AM responses of standing subjects exposed to
vertical vibration has not yet been attempted. Other studies have
shown significant effects of the back support on both the AM and
STHT responses (Fairley and Griffin, 1989; Wang et al., 2004); the
effect of back support on fore-aft AMwas observed to be evenmore
pronounced (Mandapuram et al., 2005; Fairley and Griffin, 1990).
The effect of vibration magnitude is relatively small compared to
those of the body mass and the back support, particularly when the
excitation magnitudes lie in a narrow range. These suggest that the
most probable ranges of the biodynamic responses be defined for
specific ranges of body masses around the 5th, 50th and 95th
percentile populationwith back unsupported and supported sitting
postures. The mean and limits of biodynamic responses derived
from the synthesis of reported mean datasets, irrespective of the
direction of excitation, represent the grand average and overall
variation among the selected datasets, respectively, corresponding
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to the chosen postural and vibration condition. The present study
defines the ranges corresponding to two different back support
conditions, while these cannot be associated with specific body
mass ranges. Fig. 21 illustrates comparisons of the AM magnitude
limits with the data reported for three mass groups with mean
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body masses.
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6. Conclusions

A synthesis of the selected data was performed and limits
encompassing the mean values of the selected data were con-
structed to define the ranges of fore-aft, lateral and vertical
apparent mass, and vertical seat-to-head transmissibility responses
of the body seated with feet supported and exposed to vibration
excitation levels from 0.5 to 1.0 m/s2 and from 1.0 to 1.75 m/s2,
respectively. The limits of apparent mass responses of standing
body exposed to vertical vibration are also proposed on the basis of
the synthesis of the available data. The proposed AM ranges are
considered applicable for body seated with and without a back
support, and exposed to vibration up to 1 m/s2. Owing to consid-
erable effects of the back support on the biodynamic responses,
particularly under fore-aft and vertical vibration, different ranges of
AM responses are defined for both back unsupported and back
supported conditions. The identified ranges for the vertical AM and
STHT responses differ considerably from the standardized ranges in
both the primary resonance frequency and the magnitudes in most
of the frequency range. The considerably lower primary frequency
of the standardized ranges is most likely caused by consideration of
data attained under high excitation magnitudes, up to 5 m/s2. The
differences may also be partly caused by inclusion of greater
number of datasets in the present synthesis.
References

Akers, Richard, 2004. Shock, Acceleration, and Motion Evaluation of High Speed
Planning Boats. Ship Motion Associates, Portland, ME (USA).

Boileau, P-É, Rakheja, S., 1998. Whole-body vertical biodynamic response charac-
teristics of the seated vehicle driver: measurement and model development.
Int. J. Ind. Ergon. 22 (6), 449e472.

Boileau, P-É, Wu, X., Rakheja, S., 1998. Definition of a range of idealized values to
characterize seated body biodynamic response under vertical vibration.
J. Sound Vibration 215 (4), 841e862.

Bovenzi, M., Pinto, I., Stacchini, N., 2002. Low back pain in port machinery opera-
tors. J. Sound Vibration 253 (1), 3e20.

Coermann, R.R., 1962. The mechanical impedance of the human body in sitting and
standing position at low frequencies. Hum. Factor. 4, 227e253.

Cullmann, A., Wölfel, H.P., 2001. Design of an active vibration dummy of sitting man.
Clin. Biomech. 16 (Suppl. 1), S64eS72.

DIN 45676, 1992. Mechanical Impedances at the Driving Point and Transfer Func-
tions of the Human Body. Deutsches Institut für Normung e.V.

Donati, P.M., Bonthoux, C., 1983. Biodynamic response of the human body in the
sitting position when subjected to vertical vibration. J. Sound Vibration 90,
423e442.

Dupuis, H., Zerlett, G., 1986. The Effects of Whole-body Vibration. Springer, Berlin.
Edwards, R.G., Lange, K.O., 1964. A Mechanical Impedance Investigation of Human

Response to Vibration. AMRL-TR-64-91. Aerospace Medical Research Lab,
Wright-Patterson Air Force Base, Ohio, USA.

El-Khatib, A., Guillon, F., Dômont, A., 1998. Vertical vibration transmission through
the lumbar spine of the seated subject e first results. J. Sound Vibration 215 (4),
763e773.

Fairley, T.E., Griffin, M.J., 1983. Application of mechanical impedance methods to
seat transmissibility. In: Proceedings of Int. Conf. on Noise Control Engineering,
pp. 533e536. Edinburgh, UK.

Fairley T.E., GriffinM.J., 1986. A testmethod for the prediction of seat transmissibility.
Soc. Automotive Engineers Int. Congress Exhibition, Paper No. 860046.

Fairley, T.E., Griffin, M.J., 1989. The apparent mass of the seated human body:
vertical vibration. J. Biomech. 22, 81e94.

Fairley, T.E., Griffin, M.J., 1990. The apparent mass of the seated human body in the
fore-and-aft and lateral directions. J. Sound Vibration 139, 299e306.

Fritz, Martin, 2000. Simulating the response of a standing operator to vibration
stress by means of a biomechanical model. J. Biomech. 33, 795e802.

Fritz, Martin, 2005. Dynamic properties of the biomechanical model of the human
body e influence of posture and direction of vibration stress. J. Low Freq. Noise,
Vib. Active Contr. 24 (4), 233e249.

Griffin, M.J., Lewis, C.H., Parsons, K.C., Whitam, E.M., 1978. The biodynamic response
of the human body and its application to standards. In: Proceedings of the
AGARD Conf., Proc. No. 253 Paris, France.

Hinz, B., Seidel, H., 1987. The nonlinearity of human body’s dynamic response
during sinusoidal whole-body vibration. Ind. Health 25, 169e181.

Hinz, B., Menzel, G., Blüthner, R., Seidel, H., 2001. Transfer functions as a basis for
the verification of models e variability and restraints. Clin. Biomech 16
(Suppl. 1), S93eS100.
Hinz, B., Seidel, H., Menzel, G., Blüthner, R., 2002. Effects related to random whole-
body vibration and posture on a suspended seat with and without backrest.
J. Sound Vibration 253 (1), 265e282.

Hinz B., Seidel H., Menzel G., Gericke L., Blüthner R., Keitel J., 2004. Seated occupant
apparent mass in automotive posture e examination with groups of subjects
characterized by a representative distribution of body mass and body height.
FIOSH Document 2004/4 Z.ARB.WISS.

Hinz, B., Rützel, S., Blüthner, R., Menzel, G., Wölfel Horst, P., Seidel, H., 2006a.
Apparent mass of seated men e first determination with a soft seat and
dynamic seat pressure distribution. J. Sound Vibration 298, 704e724.

Hinz, B., Blüthner, R., Menzel, G., Rützel, S., Seidel, H., Wölfel Horst, P., 2006b.
Apparent mass of seated men e determination with single and- and multi-axis
excitation at different magnitudes. J. Sound Vibration 298, 788e809.

Holmlund, P., Lundström, R., 1998. Mechanical impedance of the human body in the
horizontal direction. J. Sound Vibration 215 (4), 801e812.

Holmlund, P., Lundström, R., 2001. Mechanical impedance of the sitting human
body in single-axis compared to multi-axis whole-body vibration exposure.
Clin. Biomech. 16 (Suppl. 1), S101eS110.

Holmlund, P., Lundström, R., Lindberg, L., 1995. Whole-body vibration mechanical
impedance of human body in vertical direction. In: Proceedings of the UK
Informal Group meet on Human Response to Vibration Silsoe, UK.

Holmlund, P., Lundström, R., Lindberg, L., 2000. Mechanical impedance of the
human body in vertical direction. Appl. Ergon. 31 (4), 415e422.

Holmlund, P., 1999. Absorbed power and mechanical impedance of the seated
humanwithin a real vehicle environment compared with single-axis laboratory
data. J. Low Freq. Noise, Vib. Active Contr. 18 (3), 97e110.

Ya, Huang, Griffin Michael, J., 2006. Effect of voluntary periodic muscular
activity on nonlinearity in the apparent mass of the seated human body
during vertical random whole-body vibration. J. Sound Vibration 298,
824e840.

Huston, D.R., Johnson, C.C., Zhao, X.D., 1998. A human analog for testing vibration
attenuating seating. J. Sound Vibration 214 (1), 195e200.

Iso CD 5982 1993. Mechanical Driving Point Impedance and Transmissibility of the
Human Body, ISO/TC 108 SC 4 Committee Draft N226

ISO-2631-1, 1997. Evaluation of Human Exposure to Whole-body Vibration.
Part 1: General Requirements. International Organization for Standardization,
Geneva.

ISO-5982, 1981. Vibration and Shock e Mechanical Driving Point Impedance of the
Human Body. International Organization for Standardization, Geneva, 9 pp.

ISO-5982, 2001. Mechanical Vibration and Shock e Range of Idealized Values to
Characterize Seated-body Biodynamic Response Under Vertical Vibration.
International Organization for Standardization, Geneva.

ISO-7096, 2000. Earth-moving Machinery e Laboratory Evaluation of Operator Seat
Vibration. International Organization for Standardization, Geneva.

ISO-7962, 1987. Mechanical Vibration and Shock e Mechanical Transmissibility of
the Human Body in the Z Direction. International Organization for Standardi-
zation, Geneva.

Tae-Hyeong, Kim, Young-Tae, Kim, Yong-San, Yoon, 2005. Development of
a biomechanical model of the human body in a sitting posture with vibration
transmissibility in the vertical direction. Int. J. Ind. Ergon. 35, 817e829.

Satoshi, Kitazaki, Griffin Michael, J., 1998. Resonance behaviour of the seated human
body and effects of posture. J. Biomech. 31 (2), 143e149.

Kitazaki, S., Griffin, M.J., 1997. A modal analysis of whole-body vertical vibration,
using a finite-element model of the human body. J. Sound Vibration 200 (1),
83e103.

Ales, Kruczek, Antonin, Stribrsky, 2004. A full-car model for active suspension e

some practical aspects. In: Proceedings of the IEEE Conference on Mechatronics,
Istanbul, Turkey, pp. 110e115.

Kumar, A., Mahajan, P., Mohan, D., Vargese, M., 2001. Tractor vibration severity and
driver Health: a study from Rural India. J. Agric. Eng. Res. 80 (4), 313e328.

Laurent, R., 1996. A study of the effect of gender on the transmissibility of car
seats. In: Proceedings of the 31st UK Meeting on Human Responses to
Vibration, UK.

Lewis, C.H., 2005. Variability in measurements of seat transmissibility with an
active anthropodynamic dummy and with human subjects. In: Proceedings of
40th UK Group Meeting on Human Response to Vibration.

Liu, X.X., Shi, J., Li, G.H., 1998. Biodynamic response and injury estimation of ship
personnel to ship shock motion induced by underwater explosion. In:
Proceedings of 69th Shock and Vibration Symp., St. Paul, vol. 18, pp. 1e18.

Lundström, R., Holmlund, P., 1998. Absorption of energy during whole-body
vibration exposure. J. Sound Vibration 215 (4), 789e799.

Lundström, R., Holmlund, P., Lindberg, L., 1998. Absorption of energy during vertical
whole-body vibration exposure. J. Biomech. 31, 317e326.

Setsuo, Maeda, Mansfield Neil, J., 2005. Comparison of the apparent mass during
exposure to whole-body vertical vibration between Japanese subjects and ISO-
5982 standard. Ind. Health 43, 413e420.

Magnusson, M., Pope, M., Rosredt, M., Hansson, T., 1993. Effect of backrest incli-
nation on the transmission of vertical vibrations through the lumbar spine. Clin.
Biomech. 8, 5e12.

Mandapuram, S., Rakheja, S., Ma, S., Demont, R., 2005. Influence of back support
conditions on the apparent mass of seated occupants under horizontal vibra-
tion. Ind. Health 43, 421e435.

Mansfield, N.J., Griffin, M.J., 1996. Vehicle seat dynamics measured with an anthro-
podynamic dummy and human subjects. In: Proceeding of the Inter-Noise’96,,
vol. 4, pp. 1725e1730.



S. Rakheja et al. / International Journal of Industrial Ergonomics 40 (2010) 710e732732
Mansfield Neil, J., Griffin, M.J., 2000. Nonlinearities in apparent mass and trans-
missibility during exposure to whole-body vertical vibration. J. Biomech. 33,
933e941.

Mansfield Neil, J., Griffin, M.J., 2002. Effects of posture and vibration magnitude on
apparent mass and pelvis rotation during exposure to whole-body vertical
vibration. J. Sound Vibration 253 (1), 93e107.

Mansfield Neil, J., Lundström, R., 1999. The apparent mass of the human body
exposed to non-orthogonal horizontal vibration. J. Biomech. 32 (12),
1269e1278.

Mansfield Neil, J., Setsuo, Maeda, 2005a. Effect of backrest and torso twist on
apparent mass of the seated body exposed to vertical vibration. Ind. Health 43,
436e440.

Mansfield Neil, J., Setsuo, Maeda, 2005b. Comparison of the apparent mass of the
seated human measured using random and sinusoidal vibration. Ind. Health 43,
233e240.

Mansfield Neil, J., Setsuo, Maeda, 2006. Comparisons of the apparent masses and
cross-axis apparent masses of seated body exposed to single- and dual-axis
whole-body vibration. J. Sound Vibration 298, 841e853.

Mansfield Neil, J., Setsuo, Maeda, 2007. The apparent mass of the seated human
exposed to single-axis and multi-axis whole-body vibration. J. Biomech. 40,
2543e2551.

Mansfield, N.J., Holmlund, P., Lundström, R., 2001. Apparent mass and absorbed
power during exposure to whole-body vibration and repeated shocks. J. Sound
Vibration 248 (3), 427e440.

Mansfield Neil, J., Holmlund, P., Lundström, R., Lenzuni, P., Nataletti, P., 2006. Effect
of vibration magnitude, vibration spectrum and muscle tension on apparent
mass and cross-axis transfer functions during whole-body vibration exposure.
J. Biomech. 39, 3062e3070.

Mansfield Neil, J., Griffin, M.J., 1998. Effect of magnitude of vertical whole-body
vibration on absorbed power for the seated human body. J. Sound Vibration 215
(4), 813e825.

Mansfield Neil, J., 1994. The apparent mass of the human body in the vertical
direction eThe effect of vibration magnitude. In: Proceedings of the UK Group
Meet. On Human Response to Vibration. Gosport, Hants, UK, pp. 19e21
(September).

Marsili, A., Ragni, L., Santoro, G., Servadio, P., Vassalini, G., 2002. Innovative systems
to reduce vibration on agricultural tractors: comparative analysis of accelera-
tion transmitted through the driving seat. Biosystems Eng. 81, 35e47.

Matsumoto, Y., Griffin, M.J., 1998a. Dynamic response of the standing human body
exposed to vertical vibration: influence of posture and vibration magnitude.
J. Sound Vibration 212 (1), 85e107.

Matsumoto, Y., Griffin, M.J., 1998b. Movement of the upper body of seated subjects
exposed to vertical whole-body at the principal resonance frequency. J. Sound
Vibration 215 (4), 734e762.

Matsumoto, Y., Griffin, M.J., 2000. Comparison of biodynamic responses in standing
and seated human bodies. J. Sound Vibration 238 (4), 691e704.

Matsumoto, Y., Griffin, M.J., 2002a. Effect of muscle tension on non-linearities in the
apparent masses of seated subjects exposed to vertical whole-body vibration.
J. Sound Vibration 253 (1), 77e92.

Matsumoto, Y., Griffin, M.J., 2002b. Nonlinear characteristics in the dynamic
responses of seated subjects exposed to vertical whole-body vibration. Trans.
ASME, J. Biomechanical Eng. 24, 527e532.

Meister, A., Bräuer, D., Kurerov, N.N., Metz, A.-M., Mucke, R., Rothe, R., Seidel, H.,
Starozuk, I.A., Suvorov, G.A., 1984. Evaluation of responses to broad-band
whole-body vibration. Ergonomics 27 (9), 959.

Mertens, H., 1978. Nonlinear behaviour of sitting humans under increasing gravity.
Aviation Space Environ. Med. 49, 287e298.

Miwa, T., 1975. Mechanical impedance of human body in various postures. Ind.
Health 13, 1e22.

Nawayseh, N., Griffin, M.J., 2004. Tri-axial forces at the seat and backrest during
whole-body vertical vibration. J. Sound Vibration 277, 309e326.

Nawayseh, N., Griffin, M.J., 2005a. Effect of seat surface angle on forces at the seat
surface during whole-body vertical vibration. J. Sound Vibration 284, 613e634.

Nawayseh, N., Griffin, M.J., 2005b. Non-linear dual-axis biodynamic response to for-
and-aft whole-body vibration. J. Sound Vibration 282, 831e862.

Nawayseh, N., Griffin, M.J., 2005c. Tri-axial forces at the seat and backrest during
whole-body fore-aft vibration. J. Sound Vibration 281, 921e942.

Nawayseh, N., 2001. Non-linear behaviour and two dimensional movement of the
humanbodyin response toverticalvibration. In:Proceedingsof the36thUKConf.on
Human Response to Vibration, Farnborough, UK, pp. 12e14. September, 288e296.

Nelisse, H., Patra, S., Rakheja, S., Boileau, P-É, 2008. Assessments of two dynamic
manikins for laboratory testing of seats under whole-body vibration. Int. J. Ind.
Ergon. 38 (5e6), 457e470.

Paddan, G.S., Griffin, M.J., 1988. The transmission of translational seat vibration to
the head e I. Vertical seat vibration. J. Biomech. 21, 191e197.

Paddan, G.S., Griffin, M.J., 1993. The transmission of translational floor vibration to
the heads of standing subjects. J. Sound Vibration 160 (3), 503e521.

Paddan, G.S., Griffin, M.J., 1998. A review of the transmission of translation seat
vibration to the head. J. Sound Vibration 215 (4), 863e882.
Panjabi, M.M., Anderson, G.B.J., Jorneus, L., Hulet, E., Mattsson, L., 1986. In vivo
measurements of spinal column vibrations. J. Bone Jt. Surg. 68A, 693e702.

Pankoke, S., Jörg, Hofmann, Woelfel, H.P., 2001. Determination of vibration-related
spinal loads by numerical simulation. Clin. Biomech. 16 (Suppl. 1), S45eS56.

Paplukopoulos, C., Natsivas, S., 2007. Nonlinear biodynamics of passenger coupled
with quarter car models. J. Sound Vibration 304, 50e71.

Parsons, K.C., Griffin, M.J., 1982. Vibration and comfort e II. Rotational seat vibra-
tion. Ergonomics 25, 631e644.

Patra, S.K., Rakheja, S., Nelisse, H., Boileau, P-É, Boutin, J., 2008. Determination of
reference values of apparent mass responses of seated occupants of different
body masses under vertical vibration with and without a back support. Int. J.
Ind. Ergon. 38 (5e6), 483e498.

Pernica, G., 1990. Dynamic load factors for pedestrian movements and rhythmic
exercises. Can. Acoust. 18 (2), 3e18.

Rakheja, S., Wang, K., Bhat, R.B., Boileau, P.-E., 2002a. Enhancement of ride vibration
environment of tracked snowplows: vehicle modeling and analysis. Int. J.
Vehicle Design 30 (3), 193e222.

Rakheja, S., Stiharu, I., Boileau, P-É, 2002b. Seated occupant apparent mass char-
acteristics under automotive postures and vertical vibration. J. Sound Vibration
253 (1), 57e75.

Rakheja, S., Mandapuram, S., Dong, R., 2008. Energy absorption of seated occupants
exposed to horizontal vibration and role of back support condition. J. Ind.
Health 46 (6), 550e566.

Regina, Sachse, Aleksander, Pavic, Paul, Reynolds, 2003. Human-structure interac-
tion in civil engineering dynamics: a literature review. Shock Vibration Digest
35, 3e18.

Rehn, Börje, Tohr, Nilsson, Bodil, Olofsson, Ronnie, Lundström, 2005. Whole-body
vibration exposure and non-neutral neck postures during occupational use of
all-terrain vehicles. Ann. Occup. Hyg. 49 (3), 267e275.

Sandover J., 1982. Measurements of frequency response characteristics of man
exposed to vibration. Ph.D. Thesis, Loughborough University of Technology.

Starck, J., Pekkarinen, J., Pyykkö, I., Aalto, H., Toppila, E., 1991. Transmission of
vibration to the heads of standing subjects. J. Low Freq. Noise, Vib. Active Contr.
10, 1e7.

Stein, G.J., Zahoranský, R., Gunston, T.P., Burström, L., Meyer, L., 2007a. Modelling
and simulation of a fore-and-aft driver’s seat suspension system with road
excitation. Int. J. Ind. Ergon. 38 (5e6), 396e409.

Stein, G.J., Mú�cka, P., Chmúrny, R., Hinz, B., Blüthner, R., 2007b. Measurement and
modelling of x-direction apparent mass of the seated human bodyecushioned
seat system. J. Biomech. 40, 1493e1503.

Stein, G.J., Mú�ca, P., 2003. Theoretical investigation of a linear planar model of
a passenger car with seated people. Proc.. of Instn. Mech. Engrs. J. Automobile
Eng. 217, 257e268.

Subashi, G.H.M.J., Matsumoto, Y., Griffin, M.J., 2006. Apparent mass and cross-axis
apparent mass of standing subjects during exposure to vertical whole-body
vibration. J. Sound Vibration 293, 78e95.

Suggs, C.W., Abrams, C.F., Stikeleather, L.F., 1969. Application of a damped spring-
mass human vibration simulating vibration testing of vehicle seats. Ergonomics
12, 79e90.

Tchernychouk, Vladimir, Rakheja, S., Stiharu, I., Boileau, P-É, 2000. Study of occu-
pant-seat models for vibration comfort analysis of automotive seats. Trans-
actions of SAE, J. Passenger Veh- Mech. Sys. 109 (6), 2308e2313.

Toward, M.G.R., 2000. Use of an anthropodynamic dummy to measure seat
dynamics. Proc.. of the 35th UK Group Meeting on Human Responses to
Vibration.

Vogt, H.L., Coermann, R.R., Fust, H.D., 1968. Mechanical impedance of the sitting
human under sustained acceleration. Aerospace Med. 39, 675e679.

Von Gierke, H.E., Coermann, R.R., 1963. The biodynamics of human response to
vibration and impact. Ind. Med. Surg. 32, 30e32.

Vykukal, H.C., 1968. Dynamic response of the human body to vibration when
combined with various magnitudes of linear acceleration. Aerospace Med. 39,
1163e1166.

Wang, W., Rakheja, S., Boileau, P-É, 2004. Effects of sitting postures on biodynamic
response of seated occupants under vertical vibration. Int. J. Ind. Ergon. 34 (4),
289e306.

Wang, W., Rakheja, S., Boileau, P-É, 2006. Effect of back support condition on seat to
head transmissiblities of seated occupants under vertical vibration. J. Low Freq.
Noise, Vib. Active Control 25 (4), 239e259.

Wang, W., Rakheja, S., Boileau, P-É, 2008. Relationship between measured apparent
mass and seat-to-head transmissibility responses of seated occupants exposed
to vertical vibration. J. Sound Vibration 314 (3e5), 907e922.

Wei, L., Griffin, M.J., 1998. The prediction of seat transmissibility from measures of
seat impedance. J. Sound Vibration 214 (1), 121e137.

Wu X., 1998. Study of Driver-seat Interactions and Enhancement of Vehicular
Ride Vibration Environment. Ph.D. Thesis, Concordia University, Montreal,
Canada.

Zimmermann, C.L., Cook, T.M., 1997. Effects of vibration frequency and postural
changes on human responses to seated whole-body vibration. Int. Arc. Occ. Env.
Health 69, 165e179.


	Biodynamics of the human body under whole-body vibration: Synthesis of the reported data
	Introduction
	Selection of datasets and conditions
	Studies reporting driving-point biodynamic responses of seated body under vertical vibration
	Studies reporting seat-to-head vibration transmissibility of seated body under vertical vibration
	Studies reporting biodynamic responses of standing body under vertical vibration
	Studies reporting biodynamic responses of seated body under horizontal vibration

	Synthesis of selected datasets
	Fore-aft apparent mass of the seated body without and with a back support
	Lateral apparent mass of the seated body without and with a back support
	Vertical apparent mass of the seated body without and with a backrest
	Vertical apparent mass of the standing body
	Vertical seat-to-head vibration transmissibility of the seated body

	Probable ranges of biodynamic responses
	Discussions
	Conclusions
	References


