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ABSTRACT

A Study of Force-Motion and Vibration Transmission Properties of Seated Body
Under Vertical Vibration and Effects of Sitting Posture

Wenping Wang, Ph.D.
Concordia University, 2006

Seated occupant perception of whole-body vibration is attributed to physical
responses of the tissues and muscles to vibration, such as stresses, strains and power
absorption within the tissues. Such physical biodynamic responses are related to
sensation of discomfort, fatigue and health and safety risks due to vibration exposure.
The physical responses of the seated body to vibration are strongly influenced by various
factors in a highly complex manner. These include the frequency content and magnitudes
of transmitted vibration, individual factors (age, build, body mass, body mass index,
physical ﬁtnéss, gender,‘ etc.), seat design factors, postural supports, etc. Owing to
extreme complexities associated with quantifying the physical biodynamic responses, the
overall biodynamic responses involving the force-motion relationship at the body-seat
interface have been mostly measured and studied. A few studies have also investigated
the nature of vibration transmitted to various segments of the body. A number of
biodynamic models have also been developed on the basis of these measures. The force-
motion and vibration transmission properties, however, have been derived in different
laboratories using subjects of varying masses and most likely under different conditions.
While the reported data clearly show extreme variabilities, the corresponding models
differ most significantly in the structure as well as responses.

This dissertation research concerns with characterization of the biodynamic

responses of seated human body to vibration in terms of force-motion and vibration
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transmission properties. The force-motion biodynamic responses were measured
considering the primary driving-point (seat-buttock interface) using 13 male and 14
female subjects under different postural and excitation conditions. The force-motion data
were also analyzed to derive the power absorbed within the vibration-exposed body, apart
from the apparent mass (APMS). The measured data are interpreted to demonstrate the
significant effects of sitting postures, involving variations in backrest support, hands
position and seat geometry, on the biodynamic responses. The results revealed most
significant effect of the body mass. The results attained from ANCOVA further show that
the primary resonant frequency and béndwidth of the biodynamic responses are strongly
influenced by the combined effects of hands position and back support condition, while
the peak magnitude is further affected by the seat height. Owing to the limitations of the
single-driving point force-motion relationships, experiments were undertaken to measure
both the force-motion and transmission of seat vibration to the head simultaneously. A
secondary driving-point, formed by the backrest and upper body, is also incorporated for
fully characterizing the force-motion biodynamics of the body seated with a back
support. An adjustable head-strap comprising a three-axes acceleration measurement
’system was developed to measure the vibration transmitted to the seated subjects’ head.
These experiments were performed with 12 adult male subjects and the data were
analyzed to derive the biodynamic responses in terms of seat-to-head transmissibility
(STHT), total apparent mass measured at the seat pan, cross-axis apparent mass of the
upper body reflected at the back support. The results attained were used to characterize
the roles of various contributing factors, such as back support condition, hands position

and excitation magnitude. The results reveal the non-linearities in the APMS and STHT

iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



responses. The results of the ANOVA further show the strong influences of the three
back support conditions on both vertical and fore-and-aft STHT responses over the entire
frequency ranges. The vertical APMS magnitudes in the vicinity of the secondary
resonance tend to be highef for the back supported postures.

The mechanical equivalent models of the seated body are further attempted on the
basis of observed biodynamic responses. Owing to the significant effects of the back
support conditions, one-and two-dimensional models are formulated to simulate the
APMS and STHT responses for all three back support conditions. The target datasets,
however, are limited to those representing mean body mass of 75.58 kg in the excitation
of 1m/s* rms acceleration (0.5-15 Hz). A 4-DOF one-dimensional model is developed
using simultaneously measured vertical APMS and STHT response. The model
parameters are identified for the three back support conditioné respectively to emphasize
the. significance of back support conditions. ‘The model parameter analysis suggest that
both the force-motion and motion-motion measures need to be satisfied in order to obtain
a more reliable model parameter set. The two-dimensional 5-DOF model allows for the
consideration of the upper body interactions with the inclined backrest support. The
identified models show good agreements with the measured target responses in APMS.
measured at the seat pan and the backrest, and vertical STHT.

The model validity is further demonstrated in terms of the absorbed power
property of the seated body. Considering that the physical responses of the tissues are
more directly related to localized responses, alternate methods that can predict the
distributed absorbed power property in body segment are realized in both one-

dimensional and two-dimensional models.
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CHAPTER 1

INTRODUCTION AND SCOPE OF DISSERTATION

1.1 General

Depending on the type and design of road and off-road vehicles, the seated
vehicle occupants are exposed to considerable levels of low-frequency vibration
originating primarily from the vehicle-terrain interactions. Prolonged exposure to such
whole-body type of vibration has been related to discomfort, reduced working efficiency,
and.various health effects [1].

Many studies have suggested that the exposure to whole-body vibration (WBV)
can affect the lumbar spine and the connected nervous system [2,3]. Epidemiological
studies have suggested the associations between the WBV exposure encountered in
vehicles and adverse effects among the professional drivers [4-7]. A critical evaluation of
the epidemiologic literature on the effects of long-term WBYV exposure on the spinal
system indicated that low back pain (LBP), early degeneration of the lumbar spine system
and herniated lumbar disc were the most frequently reported adverse effects in workers
exposed to WBYV. There are also many chronic health problems and adverse
physiological and psychophysical effects associated with long-term occupational
exposure to vibration in the 0.5-80 Hz frequency range, including abdominal pain
digestive and vision problems ezc.[1, 7-9]. |

In view of the severe health effects resulting from exposure to vibration
environment of on-and-off road vehicles, knowledge of the manners in which vibration is
transmitted to and through the human body is a prerequisite for understanding of the

cause-effect relationship between WBV and health, comfort and performance. The
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human response to vibration has been mostly characterized by the biodynamic responses
expressed either in terms of motion-motion relationships between the anatomical
locations of the seated body and the human—seat interface, or by the force-motion
relatiohships at the driving-point [9-11]. The biodynamic responses related to the motion-
motion and force-motion relationships have been widely investigated to enhance an
understanding of the human responses to vibration and to develop mechanical equivalent
models for applications in seating dynamics [1,12].

The human response to vibration has been widely investigated under a variety of
test conditions, involving differences in subjects’ mass, sitting posture, excitation
frequency and magnitude, and type of excitation [9-11]. Body posture in a vehicular
environment is a complex function of many seat and work-station design parameters,
such as seat height, footrest position with respect to the seat, hands position (in the lap or
on a steering wheel), backrest angle, and seat ban dimensions and angle. The
International Standard, ISO-5982 [12], defines the range of biodynamic responses of the
seated occupants exposed to vertical vibration, which are applicable only for sitting
postures without a back support. Therefore, the range of idealized values presented in
ISO-5982, and the ensuing biomechanical model are not likely applicable for the seated
vehicle occupants during typical vehicular vibration exposure.

This dissertation research firstly explores the force-motion behavior of the seated
occupant at a single measurement point while exposed to vertical vibration. Furthermore,
the motion-motion biodynamic response of the seated occupant is also measured along
with the force-motion biodynamic response and both functions are analyzed in terms of

the apparent mass and seat-to-head vibration transmissibility. The mechanical equivalent
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models of the occupants satisfying both functions are finally proposed and validated to
characterize the simultaneous force-motion and motion-motion behavior of vehicle

occupants under vertical WBV.

1.2  Human response to whole-body vibration

Whole-body vibration (WBV) arises where the body is supported on a vibrating
surface. When sitting on a vibrating seat, standing on a vibrating floor, or lying on a
vibrating bed, humans are subjected to WBV. Heavy road and off road vehicles, due to
their interactions with uneven terrains, are known to yield considerable levels of whole
body vibration to the driver and the passengers. Prolonged exposure to vehicular whole
body vibration has been related to discomfort, reduced working efficiency, and various
health and safety risks. In an attempt to enhance the understanding of the seated body and
potential injury mechanisms, considerable efforts have been made to characterize the
biodynamic responses of seated human body under WBV exposure.

It has been well-established that the occupant dynamics contribute considerably to
the overall vibration attenuation performance of seats. Figure 1.1 illustrates the
comparison of acceleration transmissibility of an automotive seat, loaded with equivalent
rigid mass and human subjects [13]. The seated occupant response to vibration
contributes considerably in shaping the vibration transmission performance of a seat,
which may be attributed to dissipation/absorption of vibration energy by the biological
system. It is necessary for the designer of preventative measures to take into account the
fact that the biodynamic properties of the human body can interact with and affect the

characteristics of a vibration isolation system. Knowledge of the biodynamic
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characteristics of the human body may also find applications in establishing meaningful

laboratory vehicle seat testing procedures based on the applicable biodynamic data

[1,13].
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Figure 1.1: Coinparison of acceleration transmissibility of an autoinotive seat loaded with
human subjects and an equivalent rigid mass [13].

Biodynamic responses of seated occupants to whole-body vibration can be
broadly categorized into two types. The first category (force-motion relationship) is only
concerned with measurements of force and motion at the ‘driving point’ (i.e. the vibrating
surface that the subject is in contact with). The second category (motion-motion or
‘transmissibility’ relationship) is 6n1y concerned with acceleration measurements made at
multiple sites such as measurements at the driving-point combined with measurements at
the body segments.

The driving-point response functions such as the driving-point mechanical

impedance (DPMI), and the apparent mass (APMS) which are ratios between the force

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and the motion at the human-seat interface have been widely used to represent the
dynamic characteristics of the body. Mathematically, these two force-motion

relationships are given by:

Z(jo) =

F(jo)
V(jw)

F(jo) _ Z(jo)
ajo)  jo

(1.1)

M(jw)=

(1.2)

In the above equation, Z(jw) is the complex DPMI, M (jw) is the complex
apparent mass and, F(jo),V(j®), and a(jo) are the driving point force, and driving

point velocity and acceleration, respectively.  is the angular frequency, and j =+/—1

is the complex phasor. The magnitude of DPMI can be obtained by multiplying the
APMS by the angular frequency, thus tending to make the resonant peaks appear more
apparent at high frequencies, than if they were represented in terms of APMS. From the
definitions of DPMI and APMS, it is apparent that DPMI leads the APMS by 90 degrees.

The absorbed power, another type of force-motion relationship, could be
simultaneouély acquired from the same measurement as DPMI/APMS, which could be

estimated from:
P@O)=F@OV () (1.3)

Where F () and V(t) are the dynamic force and velocity at the human-seat

interface respectively. =~ The power can be obtained, in the frequency domain, by
calculating the cross-spectrum density of the force and velocity [14]. Because of the
phase difference between the measured force and motion at the driving-point, the cross-

spectrum density is normally complex, which can be generally expressed as follows [14]:
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P(jo) = C.p(0) - jO,r (o) (1.4)

In the above equation, P(jw) is the complex rate of vibration energy with the

unit Nms™/Hz. C,r(w) is the coincident spectral density function, or the co-spectrum,
and Q. (w) is the quadrature spectral density function, or the quad-spectrum. The real

component of the power determines the energy absorbing part, due to the transformation
into heat by internal friction within tﬁe tissues. The imaginary component determines the
energy storing part within the human body. Unlike the other two driving point dynamic
functions, the absorbed power can be used to measure a vibration ‘dose’, as it increases
with vibration magnitudé and duration. Absorbed power might be a good quantity for
assessing the risk of injury due to WBV exposure, and thus is increasingly attracting
more attention [3,15-18].

Vibration transmissibility is defined as the complex ratio measured at the point at
which the vibration enters the body (e.g., on a seat) and the point at which the vibration is
measured on the body segment (e.g., head, pelvis, spine, viscera).

T(jo)= Z—((Jf—a“)L)) (1.5)

T'(jw) is the complex seat to body segment transmissibility function and a,(jo)

is the body segment acceleration response. Unlike the force-motion biodynamic
responses, the motion-motion biodynamic responses involve two measurement points. In
view of the measurement challenges arising from rﬁounting accelerometer on the surface
of the skin, measurement of the vibration transmission to the head, referred to as seat-to-
head transmissibility (STHT), has been widely performed to characterize the motion-

motion biodynamic responses [10,11].
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The above four functions have been invariably employed to characterize the
human biodynamic response to WBV by performing measurements under a variety of test
conditions. These include the individual anthropometric parameters, sitting posture and
nature of vibration (magnitude and frequency) [10,11]. Based on the measured
biodynamic data, a number of mechanical-equivalent biodynamic models have also been
proposed in the literature for the purpose of providing a mathematical summary of
measured biodynamic responses, estimating the magnitudes of the forces and motion
transmitted to particular subsystems within the body (e.g. the spine) and establishing
potential damage mechanisms; and assessing the tolerance to vibration under the

exposure to intensive vibration levels [12,19-21].

1.3  Review of published biodynamic data on whole body biodynamic responses

In this section, the published data on whole-body biodynamic response
characteristics are reviewed together with the test conditions. Table 1.1 summarizes the
objectives and experimental conditions of various reported studies on DPMI/APMS,
absorbed power, and vibration transmissibility. In many of the earlier studies, such as
those conducted by Coermann [22] and Miwa [23], the number of subjects included was
usually small and there were few considerations of the many factors affecting the
measured biodynamic characteristics, such as the sitting postures, the subject
characteristics, and vibration excitations. The majority of the studies have employed
limited number of male subjects, while input vibration frequencies have been limited to

below 20 Hz.
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From the review of the reported studies, it is evident that although all these
studies have significantly contributed to the understanding of the human biodynamic
responses, most of the reported studies have been performed with subjects seated with
either no back support or with back supported against a vertical backrest, while hands
resting on the lap. Such a sitting posture would hardly represent that encountered in
vehicle driving. Moreover, all of the studies have focused only on a single measurement
point when investigating the force-motion relationship, with the exception of a few recent
studies that involved the measurement of the dynamic force imparted on a purely vertical
backrest [51-53]. Only a few studies have included the postural variations arising from
inclined pan or cushion, inclined backrest, low seat height and full backrest support,
which are encountered in a typical vehicular sitting situations [48,54].

Despite the insufficiencies in the reported biodynamic data, the influence of
various factors on the biodynamic responses has been investigated in a number of studies.
These include the subjects related factors, such as body mass, height, body built, and
gender; the excitation characteristics, such as vibration type (sine, random), magnitude
(r.m.s, peak magnitude), frequency range [9-11]. Very little effects, however, have been
made to study the role of seat characteristics, such as seat height geometry, and effects of

the body mass and seat design factors, which are discussed in the following sub-sections.
1.3.1 Influence of subject mass
The reported data, on the APMS/DPMI, or absorbed power of the seated body

shows considerable variability between subjects, which could be partly attributed to

differences in the static body masses supported on the seat pan or platform. The static
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mass has often been considered to represent the measured value of APMS at or near 0.5
Hz [36]. Fairley and Griffin [36] have reported the APMS responses of 60 seéted
subjects including 24 males, 24 females and 12 children, which revealed large scatter in
the data due to the variations in the subject masses. The scatter in magnitude response at
lower frequencies was reduced considerably by normalizing with respect to the static
seated mass of each subject. The DPMI characteristics, reported by Seidel [38] for a total
of 37 male subjects assuming an erect sitting posture, were grouped into four sets based
upon different ranges of subject mass, namely less than 60kg, between 60-70kg, between
70-80kg, and higher than 80kg. Figure 1.2 illustrates the DPMI magnitude response of

subjects in different mass ranges as reported by Seidel [38].
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. = = «70-80kg
'O".1:..,.iu.:”.i--‘.M'iﬂw,..i,,.m
0 2 4 & 8 10 12 14 16 18 20

Frequency (Hz)

Figure 1.2: The effect of body mass on the DPMI magnitude (Seated erect without back
support) [38].
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The strong dependence of the response on the body mass has been further
demonstrated in the study by Rakheja et al. [48] using 24 individuals (12 females and 12
males). This study grouped the measured data into four different mass ranges for subjects
adopting automotive seating postures. Figure 1.3 illustrates the effect of body mass on the
APMS magnitude, which clearly illustrates considerably larger differences in the peak
APMS magnitudes for different mass groups. A higher body mass, in general, yiélds
higher peak magnitude response and lower corresponding frequency, as illustrated in
Figure 1.4. Tﬁe study further suggested considerable influence of the hands position, as
illustrated in Figure 1.3. The hands on the steering wheel posture resulted in lower peak

magnitude and the corresponding frequency, when compared with those attained with

hands in lap posture.
140
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Figure 1.3: The effect of body mass on the vertical APMS magnitude (Seated with the
inclined backrest support; excitation magnitude: 0.25—1.0 m/s* rms) [48].
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Figure 1.4: Dependence of peak APMS magnitude and corresponding frequency on the
body mass (Seated with the inclined backrest support with hands on steering
wheel posture) [48].

Lundstrom and Holmlund [43] reported the absorbed power characteristics of 30
seated subjects exposed to vertical sinusoidal vibration. Figure 1.5 suggests that the total
amount of absorbed power is linearly dependent on the sitting weight irrespective of the
excitation level, seated posture, and gender. The figure shows that the responses for four
different excitation (0.5, 0.7, 1.0, 1.4 m/s* rms ) in the 2-100 Hz frequency range. The
result also suggested that quantity of vibration energy dissipated within the body increase
most significantly with the magnitude of vibration excitation.

Only a few studies have explored the influence of variation in the body mass and
size on the STHT magnitude [11,29]. A definite influence of such factors, however, could
not be established due to the considerable variations in the measured STHT responses of

individuals.

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o

(%)
b=
k]
¢
B
[
3

Sum of absorbed power (2-1
=]
L.
ol \% '

£~

3ﬂI

50 1
60
70
80

& o < o bl '@
b3 wy w0 e 5 3
Sitting weight, kg
Figure 1.5: Absorbed power-sum for the frequency range 2-100 Hz for four different
stimulus acceleration levels (0.5-1.4 m/s® rms) in relation to sitting weight
[43].
1.3.2 Influence of excitation magnitude and frequency
The biodynamic response characteristics of the seated human body under different
types and levels of whole body vibration excitations have been investigated in several
studies. The human body shows a highly nonlinear response to vibration. A common
finding associated with the driving-point biodynamic functions is a reduction in the
primary resonance frequency with increase in the vibration magnitude [34,36,41,43-45].

This phenomenon is also known as a ‘softening effect’ of the seated body under increased

WBYV. Using sinusoidal vibration over the 2-12 Hz frequency range, Hinz and Seidel [34]
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reported a decrease in the DPMI resonance frequency from 4.5 to 4 Hz, and a decrease in
the STHT resonance frequenqy from 5.0 to 3.8 Hz, when the vibration magnitude was
increased from 1.5 to 3.0 m/s* rms. These results are shown in Figure 1.6. Under
exposure to random vibration, Fairley and Griffin [36] reported a decrease in the apparent
mass resonance frequency from 6 to 4 Hz with, an increase in vibration magnitude from
0.25 to 2.0 m/s’ rms. Mansfield and Griffin [45] also reported a similar nonlinear
phenomenon, as shown in Figure 1.7. Lundstrom and Holmlund [43] reported the
absorbed power characteristics of 30 seated subjects exposed to vertical vibration. The
absorbed power was found to be strongly dependent on the magnitude of acceleration due
to vibration. The study by Lundstrom and Holmlund [43] further showed that the power
absorbed by the seated body was strongly dependent upon the excitation magnitude, as
shown in Figure 1.8. The power absorbed under exposure to vertical whole body
vibration at six different magnitudes of random vibration (0.25, 0.5, 1.0, 1.5, 2.0, 2.5 m/s*
rms) was also measured by Mansfield and Griffin [44] using 12 male subjects. The
results showed that the largest absorbed power occurred at about 5 Hz, and the frequency
of the peak value decreased with increasing vibration magnitude, as shown in Figure 1.8,
in term of median normalized absorbed power. The total absorbed power increased
approximately in proportion to the square of the acceleration magnitude.

Seat-to-body segment transmissibilities have also revealed the non-linear response
behavior similar to those observed in the driving-point biodynamic functions. Matsumoto
and Griffin [42] measured the transmissibility of the vibration to the head, the pelvis and
six locations on the spine (T1, T5, T10, L1, L3, L5) in three orthogonal axes in the

sagittal plane using five different vibration magnitudes. A nonlinear behavior in response

17
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was observed at most measurement locations. For example, when the vibration
magnitude increased from 0.125 to 2.0 m/s” rms, the resonance frequency associated with

the vertical transmissibility to L3 reduced from 6.25 to 4.75 Hz.

i
-

»
- -
g A Ny e

(a)

0 2 4 6 8 10 12 14
Frequency (Hz)
(b)

Figure 1.6: Effect of excitation magnitude on: (a) the mean DPMI, (b) STHT response of
four male subjects [34].
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Figure 1.7: Effect of excitation magnitude on the median normalized APMS response of
12 male subjects [45].
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Figure 1.8: Median normalized absorbed power responses of 12 subjects exposed to
vertical vibration of different magnitudes (0.25, 0.5, 1.0, 1.5, 2.0 and 2.5
m/s® rms acceleration) [44].
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The influence of the excitation magnitude on the STHT, however, may be
considered to be small, in comparison with the inter and intra-subject variations of the
measured data. Only one exceptional study by Hinz and Seidel [34] revealed the non-
linearity of the STHT responses under relatively higher sinusoidal excitation magnitudes.
Variations in the back support and head inclination are known to cause greater effects on
STHT than those caused by variations in the magnitude of the vibration [1]. This may be
partly attributed to the great variations in the reported data, or insufficiencies in the

measured data.

1.3.3 Influence of sitting posture on the biodynamic responses

The influence of body posture on the biodynamic response has not been thoroughly
assessed [10,11]. Researchers have attempted to characterize the postural variations on
the biodynamic responses from different perspectives. Several factors are known to
influence the upper body posture including the muscle tension, body and seat geometry,
work-station configuration etc.. The lower body posture is mostly influenced by the use
of footrest, leg position, seat height erc..

Most studies have characterized the biodynamic responses of the seated subjects
with 8 “erect (stiff)” or “slouched (relaxed)” postures [23,32,36,41,43,44]. Miwa [23]
reported that an erect sitting posture yields higher magnitudes of DPMI in the vicinity of
the observed resonant frequencies (7 Hz and 15 Hz) than those attained with a relaxed
sitting posture. A higher resonant frequency of the occupant sitting with a more erect
posture has also been reported in many other studies [36,43,44]. Fairley and Griffin [36]

investigated the effects of posture and muscle tension separately using a population of
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eight subjects adopting four different postures, referred to as “normal”, “erect”, “backrest
contact” and “tense”. Their results showed a higher resonant frequency for the “erect”
and “tense” postures than that for a “normal” posture. Kitazaki and Griffin [36] also
showed an increase in the mean resonant frequency from 4.4 to 5.2 Hz when the posture
of subjects changed from ‘slouched’ to ‘erect’. Similar tendencies have also been
observed in the absorbed power responses under WBV. Absorbed power of the seated
occupants exposed to vertical vibration, as measured by Lundstrom and Holmlund [43],
indicated a relatively higher resonant frequency when sitting with an erect posture as
opposed to a relaxed posture. All of the above studies suggest an increase in the primary
resonant frequency of the seated body when the upper body posture is varied from a
slouched (or relaxed) to an erect (or stiff), suggesting an increase in body stiffness when
the muscle tension is increased.

Some other studies have also characterized the biodynamic responses based upon
the variations in the lower-body support. Fairley and Griffin [36] have reported that the
apparent mass at low frequencies increased with increased in the height of a stationary
footrest. The apparent mass magnitude, however, decreased with increased height of a
footrest moving in phase with the seat. A footrest may further affect the vibration
transmissibility. As for the STHT measurements performed by Griffin et al. [30] revealed
that presence of a footrest (normal height) does not considerably influence the STHT.
Nawayseh and Griffin [50,51] found that fore-and-aft cross-axis apparent mass (the ratio
of the fore-and-aft force on the seat to vertical acceleration) depended on support for the
lower legs on a moving footrest. The variations in the fore-aft position of the footrest

with respect to the seat, however, did not affect the force-motion biodynamic response of
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subjects seated under an automotive posture while maintaining contact with an inclined
backrest, as reported by Rakheja et al. [48].

The influences of a backrest and variations in its inclination angle have been
investigated by Boileau and Rakheja [40], involving a total of 7 male subjects. In this
study, the measurement was performed for three sitting postures: 1) sitting erect with
back unsupported, referred to as the ‘erect back not supported’ (ENS) posture; 2) sitting
erect rwith most of the back in contact with the backrest, also referred to as ‘erect back
supported’ (EBS) posture; and 3) sitting in a slouched (SLO) posture, the upper body
having a more pronounced inclination towards the front than with the ENS posture, while

the lower back is in contact with the backrest. The measurements were performed with

two different seat backrest angles of 0° and 14° with respect to the vertical axis. The
mean DPMI magnitude and phase responses, illustrated in Figure 1.9, revealed significant
influence of the sitting posture. The results suggested a suppression and smoothing of the
impedance magnitude around the resonances when the backrest angle was increased
to14°. Furthermore, an EBS posture yields higher DPMI magnitudes at frequencies
above 6 Hz.

The vibration transmissibility of the body segments is also affected by the presence
of a backrest, although only a few studies have attempted to study the role of back support
condition. Paddan and Griffin [35,55-57,] investigated the influence of backrest support
on seat-to-head transmissibility using six directions of excitation (vertical, fore-and-aft,
lateral, roll, pitch and yaw) and six directions of head movement. Under vertical excitation,

the responses reveal a decrease in the inter-subject variability when the subjects sat while
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Figure 1.9: Influence of posture on the DPMI magnitude response under sine sweep
excitations (1.0,1.5, 2.0 m/s® rms acceleration)[48].

leaning against an upright backrest. The magnitude of head vibration increased with the
back support, especially in the mid-sagittal plane in the frequency range 0.25-20 Hz.
Figure 1.10 illustrates the mean vertical STHT response characteristics of 12 subjects
with and without an upright backrest. The results clearly show that the use of a backrest
yields significant increase in vertical vibration transmission at frequency above 4.5 Hz.
The use of backrest also resulted in higher resonant frequency, which increased from 4.2
Hz for no back support to 6.2 Hz. These results may also be associated with different
orientation of the head and neck, which results in the difference in the orientation of the
bite-bar head acceleration measurement system. The STHT response, in general, exhibit
excessively large inter-subject variabilities, when compared to those observed in the
force-motion based biodynamic response functions. Only a few studies, however, have

reported the inter-subject variability of the data [35,39,47].
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Figure 1.10: Effect of contact with a rigid flat backrest on the mean STHT response
of 12 subjects [43].

Mansfield [58] reported an increase in pelvis rotation at resonance when a backrest
was used, with a corresponding increase in the inter-subject variability in contrast with
the séat—to-head transmissibility results reported by Paddan and Griffin [35]. The use of
backrest was also reported to contribute to attenuation of vibration at the third lumbar
vertebra reported by Magnusson et al. [59].

Fairley and Griffin [36] found that the use of a backrest caused an increase in the
resonant frequency of the body and higher apparent mass magnitude at frequencies above
resonance, while subjects were asked to maintain four different postures, referred to as
“normal”, “erect”, “backrest contact” and “ténse”.‘ Mansfield [58] also found an increase
in the apparent mass above resonance when using a backrest but found no significant
differences between the resonance frequencies with a normal upright posture and a back-
on posture (i.e. the back in contact with the backrest). Similar observations were also
made on the basis of absorbed power responses, reported by Nawayseh and Griffin [52].

All of the above studies have considered sitting conditions involving back not

supported or supported against a vertical backrest, and hands in the lap or crossed against
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the chest. Occupaﬁts of different vehicles, however, may assume a variety of postures.
For example, the car drivers usually sit with an inclined backrest while the drivers of
industrial trucks usually sit with a more upright back posture. The vehicle driver also may
maintain their hands in contact with a steering wheel. The effects of inclined backrest and
hands position on APMS responses have been presented in a recent study by Rakheja et
al. [48]. The measurements were performed using 24 adult subjects seated with full
contact with the inclined back support and two different hands positions (in lap,
representing a passenger-like posture, and on the steering wheel, representing a driver-
like posture), while being exposed to three different levels of broad band (0.25, 0.5 and
1.0 m/s? ms acceleration) vibration in the 0.5-40 Hz frequency range, and a track-
measured vibration spectrum (1.07 m/s* rms acceleration). The results suggested
considerable effect of the hands position on the APMS magnitudes, while maintaining an
automotive posture as illustrated in Figure 1.11. The observed differences in the peak
magnitude and corresponding frequency are also believed to e caused by very low seated

height.
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Figure 1.11: Comparison of mean APMS responses attained for different hands positions
for a seated automotive posture [48].
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1.3.4 Influence of gender

A few studies have specifically investigated the influence of gender on the
biodynamic response of the seated human body exposed to vertical vibration [29, 37,
43,46, 48, 59,62]. Grifﬁn et al. [60], and Parsons and Griffin, [61] have concluded the
gender effect to be mostly insignificant. Fairley and Griffin [36] reported insignificant
gender effect on the biodynamic respoﬁse based upon measurements performed with 24
males, 24 females and 12 children. Another study performed with 15 males and 15
females also reported insignificant gender effect on the basis of energy absorption of the
seated occupants [43]. Similar conclusions were also reached by Rakheja et al., [48] by
comparing the mean APMS responses of 12 males and 12 females exposed to typical
automotive vibration environment. However, a few other studies have drawn
contradictory conclusions on gender effects. Griffin and Whitham [37] observed a trend
toward higher sensitivity at higher excitation frequencies (above 16 Hz) of vertical seat
vibration in female subjects, when compared to that in the data attained for the‘ male
subjects. On the basis of the measured vibration transmissibility of a cushion seat with
occupants, it was concluded that the vibration transmissibility of a seat-occupant system
is strongly affected by the gender [62]. It may be necessary to further investigate the
influence of gender on the biodynamic response characteristics of the seated human

occupants by considering the anthropometric factors, such as body mass.
1.3.5 Summary of reported biodynamic response characteristics

Experimental studies exhibit a consistent finding for the vertical response of the

seated human body exposed to whole-body vertical vibration. A primary resonance has
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been found between 4 and 6 Hz in both the force-motion biodynamic responses [22-24,
34,36,43,46], and motion-motion biodynamic responses [22,24,26,27,34]. A second
resonance has been found between 8 and 12 Hz in some investigations [36,46], but it is
less clear and the variability between investigations and between subjects is larger. The
second resonance at about 8 Hz corresponded to pitching modes of the pelvis and the
second visceral mode, as suggested by Kitazaki and Griffin [41].

The findings of all of the studies referred to in this section were made on the basis
of either force-motion or motion-motion biodynamic response functions (DPMI/APMS,
STHT), while the two function have been measured in separate tests. Only a few studies,
such as those of Hinz and Seidel [34], Matsumoto and Griffin [42] and Mansfield and
Griffin [45], have reported simultaneous measures of force-motion and motion-motion

| biodynamic responses. The motion-motion responses in these studies, however, revealed
excessively large inter-subject variability. A relationship, between the force-motion and
motion-motion responses has not yet been attempted. Synthesis of the measured data in
the ISO-5982 [12] and data reported in different studies generally exhibit considerable
differences corresponding to peak APMS and STHT magnitudes [10,11]. These may, in-
part, be attributed to variations in the test conditions used in two independent
measurements. Further effects are thus needed to thoroughly investigate the relation
under simultaneous measurements of the APMS and STHT responses.

Tile STHT responses reported in different studies show extreme differences which
may be attributed to differences in various factors, such as measurement and analysis
methods, experimental designs, subject anthropometry, nature of WBV and muscle

tension [1, 11]. The reported studies on STHT characteristics of the seated body exposed
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to vertical or horizontal vibration have been thoroughly reviewed by Paddan and Griffin
[11]. The results reported in 46 different studies on the transmissibility of vertical seat
vibration to the head were analyzed to define the median range of STHT. The synthesis
included data from those involving 6 or more subjects. Figure 1.12 (a) illustrates
comparisons of mean STHT 'r_esponses reported by different investigators, which clearly
demonstrate extreme variabilities among the datasets. Another synthesis was also
conducted by Boileau et al. [10], which formed the basis of the ISO-5982 standard [12].
The synthesis included datasets acquired under relatively narrow ranges of experimental
conditions, particularly those reported for the mean body mass of test subjects in the 49-
94 kg range, vertical vibration excitation magnitude below 5 m/s? (sinusoidal or random)
and test subject posture being erect without a back support. The study also considered
datasets reporting STHT within the 0.5-20 Hz frequency range. The study proposed the
range of idealized STHT characteristics of seated subjects under defined conditions on
the basis of a total of 8 datasets. Figure 1.12 (b) presents the datasets used for defining
the range of idealizéd STHT responses in ISO-5982. The results again show large
variability despite the narrow range of the chosen experimental conditions. Such
variabilities further suggest that the seat-to-head vibration transmissibility is strongly
influenced by many factors, such as sitting posture, muscle tension, and type, magnitude
and frequency of vibration excitation.

Effect of the sitting posture on the biodynamic response has been a complex issue.
The differences in the body postural variations result in considerable variability of the
measured biodynamic data. Although it has been reported that the frequency of the

primary resonance tends to decrease when subjects change their postures from erect to
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Figure 1.12: Variations in the mean STHT transmissibility characteristics reported in
different reported studies (a) synthesized data by Paddan & Griffin [11];
and (b) synthesized data by Boileau et al.. [10].
relaxed [23,32,36,41,43,44]. Occupants of differént vehicles may assume a variety of
upper-body postures depending on the seat-geometry and work-station. The postural
variation arising from seat geometry (backrest and pan inclination) has been partly
investigated in a few reported studies [48, 54]. Role of seat design and work-station
design parameters (backrest, pan inclination and seat height) on the force-motion and
motion-motion biodynamic behavior has not been clearly characterized. There exist
multiple points of vibration entry even if only vertical excitation is applied, depending on
the back support condition, the hands position and the feet position. The characterization
of the human response to vertical WBV thus requires the consideration of multiple
vibration entry points, which is a formidable task when the complexities of the biological
system of seated body are added.
The reported studies including the ISO-5982 standard ignore the body interactions

with the backrest. The backrest in the car seat contributes to decrease the muscle tensions
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and helps maintain a controlled sitting posture in driving [48,54]. The changes in body
posture when leaning against a backrest may alter the vibration modes of the body,
especially the pitch mode, and thus the vibration transmissibility and human perception

of vibration.

1.4  Review of biodynamic models

‘Biodynamics' is the science of the physical, biological and mechanical properties
or responses of the body, in which its tissues, organs, parts and systems are either with
reference to forces or motion, or related to the body's own mechanical activity.
Biodynamic models may enhance the understanding of how the body moves, summarize
biodynamic measurements, and provide predictions of the effects of motion on human
health, comfort or performance.

The reported biodynamic models can be categorized into three types: lumped
parameters, continuum models and discrete models. In the lumped parameter models, the
mass of the body structure is concentrated into a few lumped masses interconnected by
springs and dampers. The majority of the reported models fall within this group of
models. The discrete and continuum models consider distributed parameters of the human
body and component characteristics in two-and three-dimensions.

The development of mechanical-equivalent models of the seated human body is
known to pose considerable difficulties associated with the identification of model
structures and properties of the biological system. Biodynamic models constitute the
basis for developing anthropodynamic manikins which can effectively be used for the

assessments of the coupled seat occupant system [21,63,64]. A number of lumped-
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parameter mechanical-equivalent models have been proposed on the basis of the
measured biodynamic responses [19], where the mechanical properties of the biodynamic
system are represented by one or more lumped masses, and energy restoring and
dissipative elements. The model parameters are usually identified from the measured
biodynamic response data using either curve-fitting or optimization based system
identification techniques.

Coerman [22] proposed a SDOF model of the human body, as shown in Figure
1.13. The mass of the subject, including the upper torso and head, supported by the seat is
lumped and linked to the base through parallel spring and damping elements. Damping
coefficient c is due to the spine and the adjacent tissues. Stiffness coefficient & represents
the restoring property of the spine. The model parameters were identified to match the
DMPI responses measured with subjects sitting without their feet and back supported
under sinusoidal excitation only.

Fairly and Griffin [36] proposed a two-DOF, as shown in Figure 1.14. This seated
body model involved two masses: m; is the mass of the upper body moving relative to the
platform, and m; is the mass of the lower body and the legs supported on the platform but
not moving relative to the platform. The mass of the legs m; was included in the model
only when the feet were supported on a stationary footrest. The model parameters were
identified to fit the measured mean APMS of 60 subjects, including 24 males, 24 females
and 12 children, sitting erect without back support. The APMS was measured under 1.0

m/s” rms random vibration in the frequency range 0.25-20 Hz.
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f, =63 Hz £=0.57 k=131181N/m  'Erect'
f,=52 Hz & =0.65 k=84180N/m  'Relaxed'

Figure 1.13: SDOF model by Coerman [22].

o —-JXI m1=4;5.k6 kg
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k Lc 2
K Bé T '® my =11.5 kg
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| £ =0.475
t
X cp =1360 Nm/s
m, —JX3
Jug =5 Hz

Figure 1.14: Two-DOF model proposed by Fairly and Griffin [36].

Suggs et al. [25] proposéd a two-DOF biodynamic model of the human body to
characterize the human body response behavior over a frequency range comprising the
first two resonant frequencies of the body (Figure 1.15). The model parameters were
identified from the measured DPMI characteristics of 11 male subjects seated upright
with feet supported, hands in lap, and exposed to sinusoidal vibration of 2.54 mm
amplitude in the 1.75 to 10 Hz frequency range. The lumped masses of the model
consisted of m;, representing the pelvis and the abdomen; m,, representing the head and

the chest; and my, representing the spinal column. Similarly, Allen [65] developed
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another two-DOF biodynamic model of the human body, as shown in Figure 1.16. This
model characterizes the upper body response and the head response. The lumped masses

my and m; represent the upper body and the head of the body, respectively.

K, :_I__I ¢, mg m,=5.7 kg
I m, =364 kg
X> L— m, m,=18.6 kg
| k, = 25968 N/m
k% 1 N .k, =41549 N/m
1 ] ¢, =485 Ns/m
X1 m c,=884 Ns/m
| tx

Figure 1.15: Two-DOF model proposed by Suggs et al. [25].

my =50.0 kg
m; =5.0 kg
£ =03

£, =0.05
Sno=5.0 Hz
Jm =170 Hz

Figure 1.16: Two-DOF model proposed by Allen [65].
A number of multi-DOF models of the seated human subjects have been proposed

by many researches. Payne and Band [66] proposed a 4-DOF lumped-parameter

biodynamic model, as shown in Figuré 1.17. The proposed model comprises mass m;
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representing the buttocks and pelvis; m, representing the viscera; and m, representing the

neck and the head. The model parameters were identified from the DPMI response only.

my =2%kg

m, = 6.8kg

my =21.8kg
m4 =5.45kg

£ =0.25

&, =05

£, =0.1
E4=0.15
ky=2838N/m

k, =204820N / m
k. ky adjusted

o

l o3 l__fm

-~

Figure 1.17: Four-DOF model proposed by Payne and Band [66].

Boileau [40] proposed a four-DOF model, as shown in Figure 1.18, consisting of

four masses, coupled by linear elastic spring and viscous-damping elements. In this

model, the mass m; represents the head and neck; the mass m; represents the chest and

upper torso; the mass m; represents the lower torso; and the mass m, represents the thighs

and pelvis in contact with the seat. The mass of lower legs and the feet are not considered

in this model, assuming their negligible contributions to the biodynamic response of the

seated human body. The model is proposed for a seated subject maintaining en erect

posture without back support. The model parameters were identified such that the model

response matches both the target DPMI and STHT magnitude and phase responses.
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Mertens [28] developed a comprehensive biodynamic model involving the
comparison of both the impedance and vibration transmissibility magnitude and phase
characteristics with experimental results. The model comprised of five lumped masses
representing the legs, buttocks, abdominal system, chest system and head. The study was
intended for ejection seat applications.

Wu [9,12] proposed a three DOF model (Figure 1.19), which consists of four
masses, coupled by linear elastic springs and viscous-damping elements. The masses m;,
m; and m; are introduced with an objective to describe the biodynamic behavior related to
two resonant peaks observed in the APMS and STHT magnitude responses near
frequencies of 5 Hz and 10 Hz, respectively. The lower mass m, is brought to increase the
flexibility for tuning the model parameters without increasing the number of DOF. The
model parameters were identified such that the model response matches both the target
APMS and STHT magnitude and phase responses. The masses of the model did not
correspond to any physiological structures within the body.

A comparative study of one-dimensional lumped parameter models, ranging from
single-degree-freedom (SDOF) to multi-degree-freedom (MDOF) was conducted by
Boileau et al. [19]. In this study, 11 different biodynamic models representing the seated
human body were selected from the published studies. Among the 11 models considered,
only three of these models were identified to satisfy both DPMI and STHT, these being
multi-DOF models proposed by Mertens [28], by ISO CD 5982 (1993) [67], and by
Boileau [40]. The remaining models considered in the study involved the Dynamic
Response Index (DRI) by Coermann [22], an improved DRI model was proposed by

Payne [68], SDOF model by Amirouche and Ider [69] and a non-linear model defined by
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Patil and Palanichamy [70]. These models were solely based on either individual force-

motion or motion-motion biodynamic response functions for parameter identification.

m, =531 kg b«
m,=28.49 kg
m, =8.62 kg k,
m,=12.78 kg

Ci

fx,

S m =552 kg

i:

C2

k =310 kN /m

:
k=183 kN /m %
:
%

b,

k,=162.8 kN /m
k, =90 kN /m ks

C3

¢, =400 Ns /m

¢, =4750Ns /m
¢y =4585Ns/m
¢y =2064Ns /m

b,

Figure 1. 18: Four-DOF model proposed by Boileau [40].
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Figure 1.19: Three-DOF model proposed by Wu [9] and included in the ISO 5982 [12].
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The majority of lumped parameter models are one-dimensional. Majority of the
above models can provide useful approximate input-output relationships, under the
eXperiment conditions considered, which cannot be considered applicable for automotive
seating. Vehicle driving usually involves different postures (leaning against a backrest,
sitting erect or sitting with a slouched posture), hands in contact with a steering wheel,
and feet supported either on the floor or on pedals, while the vibration excitation is
random in nature. All of the above-mentioned models have been derived on the basis of
the biodynamic response data acquired for subjects seated without a back support.

In addition to the above one-dimensional models, a couple of two-dimensional
lumped parameter models were reported in recent years. Matsumoto and Griffin [71]
proposed é two dimensional lumped parameter model, which could reveal rotational
motion. Figure 1.20 shows this mechanistic model, in which modf;l masses represented
segments of the seated human body. Masses 1—4 represent legs, pelvis, upper-body and
viscera mass respectively. Masses i, 2 and 3 of Matsumoto—Griffin model are connected
by revolute joints and rotational spring-dampers. Masses 1 and 4 can move only in
vertical direction. The models were validated by using the apparent mass and
transmissibilities measured by Matsumoto and Griffin [71]. This model was developed to
have similar characteristics to measured data in the apparent mass and transmissibilities
at some body parts, and then to reveal the dynamic mechanism associated with the
primary resonance of the seated human body. It may be concluded that the resonance of
the apparent mass at about 5 Hz may be attributed to a vibration mode consisting of

vertical motion of the pelvis and legs and a pitch motion of the pelvis, both of which
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cause vertical motion of the upper-body above the pelvis, a bending motion of the spine,

and vertical motion of the viscera. But this model cannot depict the head motion.

Figure 1.20: Lamped parameter models of seated human body proposed by Matsumoto
and Griffin [71]

Zhang [54] propose a two-dimensional structure of the four-DOF model of the
seated occupant with inclined pan and back support in order to investigate the relative
interactions of the seated occupants with an inclined backrest at the ﬁzvo driving-points
formed by the bﬁttock—seat pan and the upper body-backrest under exposure to broad-
band and road-measured vertical vibration. This model structure incorporates the
geometric effects of a typical automotive seat, and comprises three masses coupled by
linear elastic and damping elements constrained to translate along the axes shown in the
Figure 1.21. The rotational stiffness and damping characteristics of the body are
neglected, and therefore only masses are coupled while considering the tWo-dimensional
dynamic interactions of the seat. This model gives some insight into building up two-

dimensional of anthropodynamic manikins.
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Figure 1.21: Mechanical-equivalent biodynamic model of the seated occupant with back
support by Zhang [54]. :

The other two types of human models, namely discrete models and continuum
models, are formulated to better describe and predict the motion of human body in the
two-dimensional space or the three-dimensional space. The discrete models consider the
spine as a layered structure of rigid elements, representing the vertebral bodies, and
deformable elements representing the inter-vertebral discs. The continuum models
assume the spine as a homogeneous rod beam. Kitazaki and Griffin [66] proposed a two-
dimensional space finite element model of the human body, as shown in Figure 1.22.
This model was entirely linear and includes 134 elements and 87 degrees-of-freedom.
This model, was employed to model the spine, viscera, head, pelvis and buttocks tissue,
ﬁsing beam, spring and mass elements. The model was verified by comparison of the
vibration mode shapes with those measured in the laboratory. The entire spinal column

was modeled by 24 beam elements, representing all the inter-vertebral discs between the
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Figure 1.22: The two-dimensional biomechanical model in the normal posture [72].

vertebral C1 and the sacrum S1. Mass elements for the torso were located anterior to the
spine in the region between the T1 and T10 levels by mass-less rigid links, such that
model the eccentric inertial loading of the torso on the spine. Below the T10 level (the
diaphragm level), the spinal masses and the visceral masses were modeled by separate
mass elements. The sum of the spinal and the visceral masses at each vertebral level
corresponded to the torso mass, with its mass center also located anterior to the spine.
The visceral column in the abdominopelvic cavity was modeled by seven mass elements
from T11 to LS interconnected by elastic elements. The bottom of the visceral column
was connected to the pelvis mass by a mass-less rigid link, and top connected to the
spinal beam at the T10 level, also by a mass-less rigid link representing the pair of the

lowest complete ribs. The interaction between the visceral and the spine was modeled by
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horizontal elastic elements interconnecting the visceral masses and the spinal beams. The
head was simply modeled by connecting to the top of the spinal beam at the C1 level by‘ a
beam element representing the atlanto-occipital joint. The pelvis was modeled by a mass
element and connected to the bottom of the spinal beam at the S1 level by a mass-less
rigid link. A total of seven modes were computed for a normal body posture below 10
Hz, and the mode shapes of the model agreed well with those obtained from laboratory
measurements.

Finite element modeling may offer the better suited approach to predict the
internal forces acting on lumbar vertebrae during whole-body vibration and shock. The
model may be closely related to human anatomy in order to reflect adequately the
complexity of human biodynamics. However, Finite element modeling tends to be overly
complex for the prediction of the average force-motion behavior compared with lumped

parameter modeling.

1.5  Scope of the dissertation research
A quantity of biodynamic data have been generated by different investigators to
characterize the biodynamic responses of the seated human subjects under whole-body
vibration while using different measurement methods and conditions. This has resulted in
considerable discrepancies among the reported data by different investigators. The
contents and interpretation of biodynamic data have been a great concern in
characterizing human responses to vibration.
The ranges of idealized values presented in the ISO 5982 standard [12] may not
apply to the seated vehicle occupants exposed to a vehicular environment, since they are

based upon data acquired with no back support and under relatively high magnitudes of
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vertical vibration. The biodynamic measurements, which, to a large extent, could reflect
the seating and body posture of seated vehicle occupants in a vehicular environment, are
still not sufficient.
The human response to vibration is strongly dependent upon the support
conditions provided by the seat and the workstation configuration. These may include the
‘back supported against an inclined backrest and hands resting on a steering wheel. The
dynamic interactions between the body and the supports other than the seat pan have been
characterized only in a few recent studies [43-45, 65]. The international standard, ISO-
5982 [12], defines the ranges of DPMI of seated occupants exposed to vertical vibration,
which are applicable only for sitting postures without a back support. The éeated human
interactions with the backrest have been studied in a recent study, where the backrest is
considered to be perfectly vertical [43-45]. Considering that the automotive seats are
designed with inclined seat pan and backrest to provide comfortable and controlled sitting
posture, the reported data for a vertical backrest may not be considered applicable.
Compared to APMS/DPMI and STHT, only a few studies have ihvestigated the
absorbed power quantity of seated human body exposed to WBV. However, the energy-
absorption approach may offer the advantages over the use of DPMI/APMS. The
relationship between the absorbed power and APMS/DPMI is still not clear. Whether the
absorbed power is a good quantity for characterizing the influence of anthropometric
parameters, the role of seat geometry and sitting posture as well as assessing the risk of
injury due to WBYV exposure have not been thoroughly investigated.
The biodynamic responses have been mosﬂy characterized in terms of force-

motion relationships at the body-seat interface or at the point of entry of vibration, but
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force-motion relationships do not yield information on the transmission of vibration to
different segments of the body. Considerable efforts havé also been made to study the
transmission of vibration to the head and different segments of the body. Seat-to-head
vibration transmissibility (STHT), has been used to gain a better understanding of
transmission of vibration through the seated body [1]. It has also been shown that STHT
can be directly related to the normalized APMS response to WBV, when the response can
be characterized by that of a single-degree-of-freedom system [73]. The measurements of
vibration transmitted to the head have been performed using a bite-bar or a helmet
mounted system. The STHT responses reported in different studies show extreme
differences, which may be attributed to differenées in various factors, such as
measurement and analysis methods, experiment designs, subject anthropometry etc..
Owing to the extreme variations observed in the reported data on STHT and lack of
sufficient knowledge on the contributions of specific seat and vibration related factors, it
is desirable to undertake further measurements on STHT of seated subjects exposed to
vertical WBV. The additional data could facilitate interpretations on the human response
to WBYV, and the role of back support and sitting posture. The additional dataséts are
further expected to contribute to the standardization efforts for defining the ranges of
idealized values of STHT, and on-going efforts in deriving satisfactory biodynamic
models and anthropodynamic manikins for the seated body for efficient assessment of
seats [54,55].

Furthermore, the force-motion relationship has been widely examined at a single
measurement point, the buttock-seat interface with the exception of a single recent study

that attempted the measurement of dynamic force imparted on a vertical backrest [51-53].
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By measuring the forces at the two points, namely at the vertical human-seat interface
and the backrest, cross-axis force-motion relationship may be derived/ and characterized.
Cross axis force-motion relationship may not only enhance the understanding of ‘to the
body’ vibration characteristics but also enhance the significance of seating dynamics on
the biodynamic response during WBV exposure. Considering that the automotive seats
are designed with inclined seat pan and backrest to provide comfortable and controlled
sitting posture, the reported force-motion biodynamic data for a vertical backrest may not
be considered applicable. Moreover, the identification of cross-axis responses would
permit fro development of more reliable two-dimensional biodynamic model.

The reported studies have mainly focused on the force-motion only or motion-
motion only to study the biodynamic responses under different experimental conditions.
These studies may not thoroughly characterize the biodynamic responses of the seated
body. Only a few of studies [34,42,45] have simultaneously measured the APMS and
vibration transmissibility. These daté exhibit differences in the frequencies corresponding
to peak APMS and STHT magnitude although both are believed to represent the primary
resonance of the seated body. It is believed that simultaneous measurements of both
responses could yield the identical. primary resonant frequency. Moreover, these
measurements were limited only to ‘no back support’ posture, which is not sufficient to
characterize the biodynamic responses of vehicle occupants seated with an inclined back
support and hands on the steering wheel posture. Simultaneous derivation of force-
motion and motion-motion relationships in terms of APMS and STHT may provide a
sound approach to identify the target values of biodynamic responses and thus may

provide the basis for deriving biodynamic models.

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The human body, comprising a complex combination of visco-elastic properties
of muscles, bones, joints efc., responds to whole-body vibration in a highly complex
manner. The widely reported mechanical-equivalent models are, solely based on the
force-motion or motion-motion biodynamic response functions [19]. Only a few models
have been proposed to satisfy the two biodynamic response functions. Furthermore, only
a few mechanical equivalent models include the contributions due to both anthropometry
and body posture.

The dissertation research is expected to yield considerable contributions to the
whole-body biodynamics in view of measurement, analysis and modeling. The outcome
of the research work will provide a design and analysis tool for potential applications in
assessment of coupled occupant system and design of automotive seat. The knowledge of

whole-body biodynamics is vital to realize better seat design and testing.

1.6 Objective of the dissertation research
The overall objective of this proposed dissertation research is to focus on the
characterization of biodynamic responses of seated occupants exposed to vertical
vibration as a function of posture and seat design factors, and on the model development
of seated vehicle occupants under whole-body vertical vibration exposure. The specific
objectives of the proposed research are as follows:
e Derive the force-motion biodynamic response applicable to a single measurement
point.
e Simultaneously measure the multiple force-motion and motion-motion
biodynamic response functions applicable to seated subjects under test conditions

representative of vehicular vibration environment and configurations.
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o Characterize the force-motion relationship for seated vehicle occupants exposed
to vertical WBYV in terms of apparent mass; Identify the influence of nature and
magnitude of excitation, seat geometry factors, hands position, sitting posture,
anthropometry, gender efc. via statistical tools.

e Characterize the force-motion biodynamic responses of seated vehicle occupants
exposed to vertical WBV in terms of absorbed power; Identify the influence of
nature and magnitude of excitation, seat geometry factors, hands position, sitting
pbsture, anthropometry, gender efc. via using statistical tool.

e Investigate both force-motion and motion-motion biodynamic responses
corresponding to body support interaction as a function of various intrinsic and
extrinsic variables.

e Identify the target values of simultaneous force-motion and motion-motion
biodynamic responses under vertical WBV.

s Develop the seated occupant models taking into account the seating geometry and
anthropometry, on the basis of force-motion, motion-motion and combination of
the two responses.

e Validate the seated-occupant models taking into account the seating geometry and

anthropometry on the basis of the identified target curves.
1.7  Organization of the dissertation
This dissertation is organized into six chapters. The literature is reviewed in the

first chapter while highlighting the research contributions on the various subjects such as

to formulate the scope and objective of the dissertation. The first chapter also presents the
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results of a complete review of published data on whole-body biodynamic response and
seated human body models. Chapter 2 presents the detailed experimental design, test
methodology and data analysis used in this dissertation. Chapter 3 reports the
individually measured force-motion biodynamic responses. The role of seat geometry,
anthropometry and various factors on the measured APMS response and indirectly
derived absorbed power are thoroughly characterized. Chapter 4 provides the resulté and
discussions of simultaneously measured biodynamic responses, and furthermore propose
the target data for the model development. Chapter 5 presents the work of model
development. A seated human body model taking into account anthropometry and seat
geometry is proposed based on the simultaneously measured force-motion and motion-
motion biodynamic response data. Finally, the highlights of the dissertation research,

conclusions and the recommendations for future studies are presented in Chapter 6.
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CHAPTER 2

EXPERIMENTAL AND DATA ANALYSES METHODS

x 2.1 Introduction

The methods for measuring the biodynamic responses of seated occupants
exposed to vibration have been well established in the reported studies. The approach
invariably considers a rigid seat, free from resonances in the frequency range of interest,
idealised band limited vibration, either deterministic (harmonic) or random in nature, and
a single driving-point at the seat pan [36,46,48,74]. However, the seated occupants in
vehicular environment tend to lean against the backrest. The support against a backrest
may change both ‘to the body’ and ‘through the body’ biodynamic behaviour of the
seated body. The total characterization of the seated body biodynamic response to
vertical vibration may thus require consideration of body interactions with both the seat
pan and the backrest. In this case, the characterization of the force-motion relationship
would involve consideration of two driving-points and measurements of dynamic forces
at both the seat pan and seat backrest interfaces. The majority of the studies have
considered seating without back support, and only a few recent studies [48,51-54,] have
considered the measurements at the backrest while the data have been used to
characterize cross-axis biodynamic response applicable only for vertical backrests. While
the force-motion relationships at the driving-point have been successfully measured using
seat-mounted force sensors and accelerometers, the measurement of motion-motion
relationship are known to pose extreme challenges associated with the sue of skin-
mounted sensors. Different methods have thus been applied to quantify the motion-

motion relations, which invariably exhibit excessive inter-subject variabilities [75-78].
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Moreover, the data acquired by different researchers exhibit greater discrepancies [75-
78]. Alternate measurement methods are thus needed to obtain more repeatable and
reliable measures of the motion-motion relationships, such as STHT.

This chapter mainly describes the experimental methods for simultaneously
measuring the force-motion and motion-motion biodynamic responses, while the force-
motion measurements involve multiple driving points. The measured responses are
represented by apparent mass and seat-to-head transmissibility. The individual APMS
measurements are also briefly introduced along with the simultaneous measurement, and
the measured data are applied to derive the absorbed power responses using direct and
indirect approach. The data acquisition and signal analyses methods are further described
for deriving both the STHT and the apparent mass responses of the seated vibration-

exposed human occupants.

2.2 Head accelerometer mounting, seat and measurement system

2.2.1 Head accelerometer mounting

In the literature, two methods have been widely reported for measuring the
vibration transmitted to the head including helmet-mounted accelerometer or bite-bar.
The “bite-bar” method relies on the use of the teeth to grip a rigid bar to which
accelerometers are secured. This method has been shown to provide repeatable results
over a wide range of frequencies (up to 100 Hz) [1]. Paddan and Griffin [35] proposed
the use of a dental mould to reduce the discomfort sensation of the subjects holding the
bite bar and the variabilities in the data. The data acquired using a bite-bar, however,

show considerable variability, as reported by Paddan and Griffin [35] and Matsumoto and
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Griffin [71]. Figures 2.1 and 2.2 illustrated the results of these two studies. The great
variabilities may be considered as the significant contributions due to angular motions of
the head [1]. Furthermore, the alignment of the bite-bar mounted accelerometers along a

target coordinate system could pose considerable difficulties.

2

Transmissibﬁi:y

Frequency (Hz)

Figure 2.1: The seat-to-head vertical transmissibilities of 12 subjects (- - - - -) and the
corresponding average response (——). Data from Paddan and Griffin [35].
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Figure 2.2: The seat-to-head vertical transmissibilities of 8 subjects. Data from
Matsumoto and Griffin [71].
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As an alternative, vibration transmitted to the head has been measured using
helmet-mounted accelerometers [79-81]. The relative movement of the helmet with
respect to the head is believed to alter the nature of vibration transmitted to the head and
contribute to the high variability in the measured data [79-81]. The mass and mass
moments of inertia of the helmet mounting system could further affect the nature of
transmitted vibration. The adverse effects of the helmet mass and its relative movements
could be reduced by utilizing an adjustable strap alone instead of the helmet. In this
study, a strap typically used in safety helmets was used to measure the vibration
transmitted to the head. The strap shown in Figure 2.3, comprises a ratchet mechanism to
adjust the tension around the head, and weighs only around 300 grams. A three-axis
accelerometer (Analog Devices Model ADXL05 EM-3) was mounted on the center of the
buckle of the over-the-head strap (Figure 2.3). This type of mounting further facilitated
for adequately adjusting and monitoring the accelerometer orientation. The helmet-strap
accelerometer mounting system was calibrated in the laboratory to ensure its .ﬂat
frequency response in the frequency range of interest, which was chosen as 0-15 Hz in
the experiments. For this purpose, a human head-shaped fixture was designed, as shown

in Figure 2.3.
2.2.2 Simultaneous biodynamic measurement system and experimental method
Figure 2.4 provides a schematic representation of the experimental setup used in

simultaneous biodynamic measurement. Figure 2.4 (a) illustrates the schematic setup of

force-motion measurement system, and Figure 2.4 (b) illustrates the schematic of motion-
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3-axis accelerometer

Buckle

Ratchet Mechanizm

Figure 2.3: Head accelerometer mounting system used in this study.

motion measurement setup. The test fixture involves the use of a whole-body vehicle
vibration simulator (WBVVS) capable of producing vertical vibration of deterministic as
well as random nature. The WBVVS comprises two vertical electro-hydraulic actuators
with a number of safety control loops that limit the peak displacement, peak force and
peak acceleration to preset levels. A steering column is installed on the WBVVS to allow
for experiments to be conducted under a driver-like sitting posture.

A rigid seat is designed using hollow square-section steel bars to reduce its total
weight. Its configuration is to realize geometry representative of the automotive seats.
The 450 mm x 450mm seat pan is rigidly fixed on the truss structure at an angle of 77"
with respect to the z-axis. While the backrest may be mounted on the truss structure,
along with two load cells and force plate, which are installed to measure the total
dynamic force exerted by the driver to the backrest. The backrest provides an oval

support surface of 220mm x 300mm. Two different backrest configurations were realized
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in this setup. These included an upright backrest and an inclined backrest forming an

angle of 24" with respect to the z axis.

Steering column
Rigid seat

Load cells

(2) (b)

Figure 2.4: Schematic diagram of the seat, force platform and accelerometer
arrangements for simultaneous measurement.

The seat assembly is instrumented to measure thé total body force acting on the
seat base al_ong the z-axis. The force-plate at the seat base was fabricated using four
Kistler load cells with a summing junction. Two identical 222 N force transducers
(Sensotec, model 41), together with a summing junction were also installed between the
backrest and the tubular support structure of the seat to measure the forces along an axis
normal to the back support surface. Figure 2.4 (a) illustrates the location of the load cells
supporting the seat. The seat and the force platform were positioned to achieve the
overall centre of gravity of the seat-occupant system near the geometric centre of the

force sensors. A single-axis accelerometer (Analog Devices Model ADXL05 EM-1) was
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installed on the platform of a vertical vibration simulator to measure the acceleration due
to vertical vibration at the driving point. The primary resonance frequency of the
assembly comprising seat with its support structure, and the vibration platform with the
steering column was measured as 21 Hz.

As illustrated in Figure 2.4 (b), to examine how the vertical vibration at the seat is
transmitted to the head, the same accelerometer used in force-motion measurement was
employed at the seat base. A three-axis accelerometer, as illustrated in Figure 2.3, was
used in the helmet-strap mounting system to acquire the head vibration along the three
translational axes.

A total of 12 healthy adult male volunteers, aged between 21-39 years, took part
in the experiment. The subjects had no prior known history of musculo-skeletal system
disorders. The subjects’ mass ranged from 66.4 kg to 99.6 kg, with mean mass of 77.3 kg
and standard deviation of the mean of 10.1 kg. The standing height of the subjects varied
from 1.64 m to 1.83 m. The physical characteristics of teét subjects are summarized in
Table 2.1. Prior to the tests, each subject was informed about the purpose of the study,
experimental set up and usage of a hand-held emergency stop, which could suppress the
platform motion in a ramp-down manner when activated. Each subj ect was given written
information about the experiment and was requested to sign a consent form that was
previously approved by a Human Research Ethics Committee.

Table 2.1: Physical characteristics of test subjects involved in simultaneous measurement.

N=12 Mean SD Minimum Maximum
Age (years) 30.75 6.02 25 39
Weight (kg) 77.26 10.12 66.4 99.6
Height (m) 1.74 0.06 1.83 1.64

54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The measurements were performed for each subject assuming three different
sitting postures, as illustrated in Figure 2.5. The variations in sitting postures were
realized by different back support conditions: (i) sitting with no back support, NBS; (ii)
Sitting with upper body supported against a vertical backrest, VBS; and (iii) sitting
against the inclined backrest, IBS. Under each back support condition, the subjects were
aléo asked to assume two types of hand positions: hands in lap (referred to as “LAP”)
representing a passenger-like sitting posture, and hands on the steering wheel (referred to

as “SW") representing the driver-like sitting posture.

%

it b

AR

Figure 2.5. Schematic representation of three back support conditions used in the
simultaneous measurements.

In present study, random excitations were synthesized for both individual and
simultaneous measurements. The biodynamic response characteristics of the participants
were measured under different levels of constant acceleration spectral density random
excitations. For simultaneous measurement, three different magnitudes denoted by the
overall rms accelerations were obtained by selected three different controller gains. The

magnitudes of random excitations were chosen to achieve overall rms accelerations of
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0.25 m/s%, 0.5 m/s and 1.0 m/s%, Figure 2.6 illustrates the power spectral densities of
three white-noise random excitation signals in the 0.5-15 Hz frequency range. The results

show nearly flat acceleration spectrum in the 0.5-15 Hz frequency range.
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Figure 2.6: Excitation auto-spectral density used in simultaneous measurement— 0.25
m/s’rms — 0.5 m/s’ms - 1.0 m/s” rms.

Table 2.2 summarizes the test matrix used in simultaneous biodynamic
measurements, and involves combinations of three excitation levels, two hands position
and three back support conditions. Each measurement was repeated three times to

examine the repeatability of the measurement and intra-subject variabilities.
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Table 2.2: Test matrix used in simultaneous measurement.

White noise ~ 0.25 0.5 1.0m/s> 025 0.5 1.0m/s>  0.25 0.5 1.0 m/s?
excitation s (0.5-15Hz) rms (0.5-15Hz) rms (0.5-15Hz)

Back support No back support Vertical back Inclined back
condition support support
Hands LAP, SW LAP, SW LAP, SW
position

2.2.3 Experimental procedure: simultaneous measurements
The purpose of simultaneous biodynamic measurement in this thesis is to derive
“both the APMS and STHT biodynamic responses at the same time under identical
experimental conditions. Due to the limitation of the available analyzer channels, the
measurements were performed in two sessions. The first session involved the APMS
measurement, while the second session acquired the STHT data. To maintain the
relatively consistent sitting posture, the back force was strictly monitored in both sessions
for the back supported postures. For the same posture, the time interval of two sessions of
measurements was generally less than one hour. The static force signals acquired from
the seat base and backrest force sensors, were recorded prior to and after each test, and
were compared to examine the consistency in the subject posture. The trial was repeated
when difference in the static forces acquired before and after a test exceeded 10%. The
mean values of the two measurements were thus taken as the body masses supported by
the two supporting surfaces. The acceleration and force signals at the seat base and
backrest were acquired in four-channel signal analyzer.
For the STHT measurement session, each subject was asked to wear the head-

accelerometer band and adjust its tension to ensure a tight but comfortable fit. The
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experimenter made the necessary adjustments to ensure appropriate orientation of the
head accelerometer using a level. Each subject was asked to sit assuming the desired
posture, while keeping a steady head position by staring straight ahead at his self-image
in a mirror, which was located on the wall around 4 meters away from the test subject.
Meanwhile the subject’s posture during each trial was visually checked by the

experimenter to ensure consistency.

2.2.4 Individual force-motion biodynamic response experimental method

Owing to the limitations of the measurement techniques, the force-motion and
motion-motion biodynamic relationships of seated body under WBYV have been measured
separately in most of reported studies. In this dissertation, the force-motion
measurements were conducted using 27 subjects to study the role of seat geometry along
with hand position, pan angle, and sitting height on the force-motion biodynamic
behaviour.

The experiments were conducted using a specially designed rigid seat considered
to provide a typical seat geometry, and the adjustability to realize different postural
configurations. The seat could be adjusted to realize three different sitting heights,
measured from the pan to the floor: 510mm (H1), 460mm (H2) and 410mm (H3); two
different inclinations of the backrest (0° and 12°); and two different pan angles (0° and
7.5°). The variations in the seat height and geometry were selected on the basis of ranges
defined in ISO-4253[82], which recommends cushion and backrest inclinations in the 3-
12° and 5-15° ranges, respectively, for off-road vehicle seats. The standard also

recommends seat height in the 510-525 mm with reference to seat index point. The
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postural variations were also considered for two different hand positions: hands in lap
(referred to as “LAP”) representing a passenger-like sitting posture, and hands on the
steering wheel (referred to as “SW") representing the driver-like sitting posture. Similar
to the previous session, Figure 2.7 provides a schematic view of measurement system
used in the single force-motion biodynamic response measurement which illustrates the
location of the main components of the measurement system. Unlike the simultaneous
force-motion measurement setup, four identical force sensors (Sensotec, model 41), each
rated at 444 N, were mounted under the base plate of the seat to measure the total
vertical force developed at the seat base. A summing junction was used to sum the signals
from the four load cells. Since the primary resonance frequency of the assembly
comprising seat with its support structure, and the vibration platform with the steering
column was measured as 45 Hz, the excitation frequency range was selected in the 0.5-40
Hz. Besides, the test seat geometry and steering column is different from what was

employed in the simultaneous measurement study.

Apart from the three seated heights and two different hand positions, the
biodynamic responses are characterized for six different seat-dependent posture (Figure
2.8): (1) seated on an inclined seat pan and back supported by the inclined backrest (BIP);
(i1) inclined pan with back supported by a vertical backrest (BVP); (iii) a flat pan with
back supported by a vertical backrest (BVF); (iv) a flat pan with back supported by an
inclined backrest (BIF); (v) inclined pan with back not supported (NVP); and (vi) flat pan
with back not supported (NVF). The combinations of these seat designs and hands

positions
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Steering
column

Rigid seat

Figure 2.7: Schematic diagram of the seat, force platform and accelerometer
arrangements for single force-motion measurement.

resuited in a total of 36 different postural configurations. Two different magnitudes

denoted by the overall rms accelerations were obtained by selecting three different

controller gains. The magnitudes of random excitations were chosen to achieve overall

ms accelerations of 0.5 m/s* and 1.0 m/s?, as illustrated in the F igure 2.9. A white noise

random signal was synthesized to yield flat acceleration spectrum in the 0.5-40 Hz

frequency range. Table 2.3 summarizes the test matrix used in the study.

Figure 2.8: Schematic representations of different sitting postures used in single-force
motion biodynamic responses.
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A total of 27 subjects, 13 males and 14 fémales, participated in the experiments.
All subjects were considered to be healthy with no known signs of musculo-skeletal
system disorders. Prior to the test, each subject was given written information about the
experiment and was requested to sign a consent form previously approved by a Human
Research Ethics Committee. Table 2.4 summarizes the physical characteristics of the
subjects in terms of mean, standard deviation (S.D.), minimum and maximum values of
subject age, height and body mass. The body mass of the participants ranged from 47.5
kg to 110.5 kg with mean of 70.8 kg.

Table 2.3: Physical characteristics of the test subjects involved in single driving-point
force-motion measurement.

Mean, Standard Deviation, Minimum, and Maximum values

Male Female All subjects
Population 13 14 27
Age (years) 38.1,8.4,21.0,53.0 41.0,8.7,26.0, 52.0 39.6,8.5,21.0,53.0

Height (cm) 175.5,4.89,165.0,181.0  166.6, 6.3, 153.0,175.0 = 170.9, 7.13, 153.0, 181.0

Body mass (kg) 75.8,14.3,49.5,97.6 66.2, 16.5, 47.5, 110.5 70.8,16.0,47.5, 110.5

Bodymass index 4o 398 181,322 23.64,4.93, 18.9,26.5 24.054.43,18.1,32.2
(kg/m#*m)

Body fat (%) 21,9, 6,39 31, 11, 19, 54 26, 11, 6, 54

Table 2.4: Test matrix used in single force-motion biodynamic measurement.

rms acceleration due to excitation (m/s?)

Hands position LAP SwW
... Seat height
Sitting posture
510mm 460mm 410mm 510mm 460mm 410mm
NVF 0.5,1.0 0.5,1.0 0.5,1.0 0.5,1.0 0.5,1.0 0.5,1.0
BVF 0.5,1.0 0.5,1.0 0.5,1.0 0.5,1.0 0.5,1.0 0.5,1.0
BIF 0.5,1.0 0.5,1.0 0.5,1.0 0.5,1.0 0.5,1.0 0.5,1.0
NVP 0.5,1.0 0.5,1.0
BVP 0.5,1.0 0.5,1.0
BIP 0.5,1.0 0.5,1.0
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Figure 2.9: Excitation auto-spectral density employed in the single force-motion
measurement; — 0.5 m/s>rms; and — 1.0 m/s” rms.

2.3. Data analysis

The acceleration signals measured at the seat base (vertical) and the head (vertical

and fore-and-aft direction) were acquired in a multi-channel data acquisition and analysis
~system (Brurel & Kjer Pulse 6.0 system). Similarly, the force signals measured at the
seat base (vertical) and the backrest (normal to the backrest) were also acquired from the
analyzer system. It should be noted that the side-to-side head motion was not acquired
due to its very low magnitude. The data corresponding to each measurement were
acquired over a period of 56s (25 averages using Hanning window and an overlap of
75%). The data analyses were performed using a bandwidth of 100 Hz and resolutioﬁ of

0.125 Hz. Each experiment was performed twice, and the results were compared to
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ensure reasonable repeatability. Additional trials were performed, when the deviations
between the peak magnitudes of the head acceleration and the corresponding frequency
observed during the two trials exceeded 15%. The static body weights supported by the
seat base and backrest were recorded before and after each trial. A particular trial was
repeated if the static values acquired after the test difference from those acquired prior to
the test by more than 10%.

The acquired data were analyzed using the CPB (constant percentage band width)
and FFT (Fast Fourier Transform) analyzers of the pulse system. The following post-
processing functions were displayed on the screen using the pulse software to monitor the
results:

e Magnitude and phase of the APMS response that was derived from the force and
acceleration measured at the seat base.

e Magnitude of cross-axis APMS response that was derived from the force
measured at the backrest and acceleration measured at the seat base.

e Magnitude and phase of the vertical STHT response that was derived from the
accelereition measured at the head in the vertical direction and acceleration
measured at the seat base.

e Magnitude and phase of the fore-and-aft STHT response that was derived from
the acceleration measured at the head in the fore-and-aft direction and
acceleration measured at the seat base.

e Coherence function of the vertical head acceleration and acceleration signals at
the seat base.

e Coherence function of the force and acceleration signals at the seat base.
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e Coherence function of the force and acceleration signals at the backrest.

e Third-octave band spectra of the seat base acceleration.

The measured APMS responses and cross-spectra were stored in terms of their
real and imaginary components for further analyses. The APMS and the cross-axis
APMS response of the seat alone were acquired prior to the test with each subject, and
stored to perform inertial corrections of the responses of the seat with subject.

Identical test methodology was employed for measuring force-motion biodynamic
response in either individual or simultaneous measurement. Figure 2.10 schematically
illustrate the quantity of measured physical parameter with two back supported postures.
F, is the force measured at the seat base in the vertical direction, and F, is the force
measured normal to the backrest. Acceleration is measured at the seat base in the vertical
direction (% ). Two forces were analyzed relative to the vertical acceleration, resulting in
the two biodynamic measures. The two force-motion biodynamic responses were

produced in the frequency domain, namely:

M, (jo)= S (jo)/S;(jo) 2.1

M, (jo)= S (jo)/S; (jo) (2.2)

Where M, (jw) is referred to as “vertical APMS’ and M ,(jw)is referred to as

‘cross-axis APMS’. @ is corresponding to the excitation frequency of w. S:r, (Jw) is

the cross-spectral density of the total force measured at the seat base along the vertical z-

axis the acceleration due to excitation Z. Syr, (J@) 1s the cross-spectral density of the
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force measured normal to the seat back and the acceleration due to excitation %, and S;

is input acceleration auto spectral density.

Figure 2.10: Schematic diagram of the force-motion measurement point for the back
supported postures.

The coherence response between the forces and accelerations, and force and
velocities were constantly monitored during experiments performed with subjects to
ensure adequate signals. A measurement was rejected when coherence value was
observed to be below 0.9 within the entire frequency range. The analyzer software was
also programmed to continually display the rms acceleration due to excitation in the
third-octave frequency bands, which was monitored to ensure consistent excitation.

Two APMS responses were initially measured with test seat alone, which will be
used to perform the inertia cancellation of the measured biodynamic response. Figure
2.11 illustrate the ‘vertical APMS’ and cross-axis APMS” for the seat alone with the
inclined backrest (measured at 1.0 m/s® rms). The results show nearly constant magnitude
of the APMS in the concerned frequency range representing the masses due to the entire

seat assembly and the backrest support, respectively. To calculate the biodynamic
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responses of seated body, the real and imaginary parts of the transfer function measured
without a subject were subtracted from the corresponding real and imaginary parts of the
transfer function measured with the subjects. Finally, the two complex biodynamic
responses of the seated subjects were derived, in terms of the APMS magnitude and

phase responses.
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Figure 2.11: The measured APMS magnitude of the seat alone for the inclined back
support: (a) entire seat assembly; (b) the backrest.
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The seat-to-head transfer function in both vertical (7F,) and fore-and-aft
directions (7F,) were derived from spectral analysis method. Namely, the transfer
function, the complex ratio of cross-spectral density between the seat acceleration and
head acceleration (vertical or fore-and-aft direction), and the auto-spectral density of

vertical seat acceleration, such that:

S, :(Jo)
=T 2.3
’ S, (jo) @3
F = Ss,:(U0) (2.4)
S (jw)

Where S, , and S;  are the cross spectral densities of head acceleration along

the z and x directions with the vertical seat base acceleration 7, and S 5 1s auto-spectral

density of the vertical seat acceleration.

It should be noted that the magnitude of head acceleration along the lateral axis
(y) was observed to be very small and thus not presented in the study. For each transfer
function, the coherence y* between the two signals being analyzed was computed to
examine the correlation between the seat acceleration and the head acceleration during
each trial. The coherence provides a value ranging from 0 to 1, and represents the ratio of
the square of the absolute value of cross-spectral density to the product of auto-spectral

density of the seat acceleration and head acceleration in both vertical and fore-and-aft

directions [14]:
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Where y, and y, are the coherence of the vertical and fore-and-aft head
acceleration with respect to the seat base acceleration, respectively, and S 1s the auto

spectral density of the fore-and-aft head acceleration.

The experiments were initially performed to examine the frequency response
characteristics of the head accelerometer mounted on the head-shaped fixture. The head
accelerometer mounting system was placed on the platform of the WBVVS, which was
subject to a white noise random vibration in the 0.5-15 Hz range (0.5 m/s®). The vertical
acceleration of the platform and the head accelerations along the three-axes (x, y and z)
were acquired and analyzed to determine the magnitude response in the concerned
frequency range. Figure 2.12 presents the measured frequency response characteristics of
the head acceleration measurement system in terms of 7F, TF, and TF, in the 0.5-15 Hz
frequency range. The results show nearly flat response and close to unity value of the
magnitude ratio along the vertical direction, and thus confirm the validity of the proposed

-measurement system. The vibration transmissibility magnitude in the fore-and-aft
direction is around 0.05, and even smaller in the lateral direction, which was believed to

be caused by slight orientation errors.
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Figure 2.12: The three-axes frequency response characteristics of the head acceleration
mounting system under vertical vibration.

24  Absorbed power: mathematical formulation

A vast majority of the reported APMS/DPMI data are based upon measured
motion, usually acceleration, and the dynamic force at the driving point, to determine the
‘to the body’ force-motion relationship at the human-seat interface. Mathematically these

functions are expressed in terms of one-sided power spectral density functions [14]:
M(j) = 5,6 j0)/S, ) e
Z(jw)=S,,(jo)/S,(jo) 2.8)
Where M (jw) and Z(jw)are the complex APMS and DPMI functions respectively
corresponding to excitation frequencyw. S,(jw) and S .(jw)are the cross-spectral
densities of acceleration a(f)and force F(t), and velocity v(¢)and force respectively;

S,(jw) and S,(jw)are the auto-spectral densities of excitation acceleration and velocity.
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Upon consideration of one-sided spectral density(0,»), the above relationship
could be expressed as:
| M(jo)=Gyp(j)/G,(jo) (2.9)
Z(jo) =G,p(j0)/G,(jo) (2.10)
Where G, (jow) and G,(jo)are the one-sided cross-spectral densities of
acceleration a(f)and force F(¢), and velocity w(t)and force respectively; G,(jw) and
G, (jw) are one-sided the auto-spectral densities of excitation acceleration and velocity.

The vibration power transferred to the seated human body over the exposure

interval T is computed from:

Po=%] CVOF (@)dt @2.11)

In order to analyze the transferred power in the frequency domain, it is necessary

to introduce the cross-correlation function in the time domain, such that:

_1(7
Ry(®)=1 j VOF (@ +o)dt 2.12)
Where t is the lag between the force and velocity signal, and R . is the cross—

correlation function. The averaged transferred power can be determined by letting t=0,
which yields:

P . =R .(0) (2.13)

avg

The application of Wiener-Khinchine relations yields [14]:

S, - (o) :51; | :RVF(r)e"j“”d‘r | (2.14)
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Rp@ =], Sp(jo)e™ do (2.15)

The complex spectral density in the above relation can also be expressed using

single-sided cross spectral density:
Gr(jo)=Cp(w) - jO,r(w) (2.16)
Where C,.(w) is the coincident spectral density function, or the co-spectrum, and
Q,r(®) is the quadrature spectral density function, or the quad-spectrum. The above

cross-correlation function may thus be expressed as [14]:
R,(7)= I:[CW (@)coswt + Q- (w)sinwt ldo (2.17)

Equations (2.13) and (2.17) yield the averaged transferred power in terms of the

co-spectrum function by letting t=0;

Ppe = Cor(@)d (2.18)

The above formulations suggest that the amount of transferred energy per unit
time at the driving point could be derived in the frequency domain from the real part of
the cross-spectrum of the driving force and the velocity. The imaginary component of the
cross-spectrum has been related to the energy restoring properties of the biological
system [83].
| Considering that both the APMS/DPMI and absorbed power function derive from
the force-motion behavior at the driving-point, a clear relation between two measures
exists. It can be ascertained that the real part of the DPMI directly relates to the power

absorbed by the human body exposed to vibration. From the DPMI definition described
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in Equation (2.10), the cross-spectrum of force response and excitation velocity can be

expressed as:

G, r(jo)=Z(jo)G,(jo) (2.19)

The co-spectrum or real component of the cross-spectral density may also be
computed from the DPMI as follows:

C,r (@) = RAZ(j0)IG, (j) (220)

Where ‘Re’ designatés the real component. Upon substituting for C (@) from

the above in Equation (2.18), the averaged absorbed power may be obtained as:

P =] :’ Re[(Z(jw)]G, (jw)dw (2.21)

avg

In a similar manner, the averaged absorbed power could also be related to the
APMS response function. Both the APMS and DPMI functions represent the same

biodynamic behaviour, and can be related as:
M(jo)=Z(jo)/ jo (2.22)
The auto-spectral density relationship between the excitation velocity and

acceleration could be expressed as:
G,(jo)=G,(jo)/(jo)’ (223)
The co-spectrum C, (@) in Equation (2.20) may further be derived as:
C,r (@) = Im[M " (j0)]G,(jo)/® (2.24)
Where ‘Im’ designates the imaginary component of the conjugate of the complex

APMS, M’ (jo).
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The averaged absorbed power can thus be related to the APMS response function

as:

P =] Im[(M*(jZ))]Ga (o), (@25)

The above equation defines the relationship between the APMS function and the
absorbed power, which may be applied to determine the energy dissipation properties of
seated occupants exposed to WBYV using the well-documented APMS data. The measured
force, acceleration and APMS data were applied to compute the average absorbed power

using the indiréct method, described by Equation (2.25).

2.5  Experimental validation of the indirect method for absorbed power

The validity of the indirect method was also examined by comparing the

computed absorbed energy response with that derived from the direct method, described

- by Equation (2.18). This comparison was performed for the data acquired from a single
subject seated on a flat pan with no back support (NVF) and hands in LAP posture. The
measurements and data analysis for this purpose were performed under three different
levels of random excitations (overall rms accelerations 0.25, 0.5 and 1.0 m/s2 in the
frequency range of 0.5-20 Hz).

Figure 2.13 illustrates a comparison of the absorbed power density derived from
the measured force and acceleration using direct as well as indirect methods
corresponding to the selected posture (NVF) and three different excitation levels (0.5,
1.0, 1.5 m/s® rms acceleration). The results are presented in terms of absorbed power
density, directly attained from the force-velocity co-spectrum. The results show very

good agreement between the direct and indirect methods of analyses, irrespective of the
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excitation magnitude, with the exception of only slight deviation in the low frequency
bands. The magnitudes of absorbed power density are comparable with those reported by

Mansfield and Griffin [44] corresponding to comparable magnitudes of excitation and

sitting posture.
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Figure 2.13: Comparisons of absorbed power characteristics computed using direct and
indirect methods under different levels of rms acceleration.

In view of the good agreement between the indirect and direct methods, the
indirect method is applied to study the characteristics of absorbed power responses of
seated occupants from the measured APMS responses. The average absorbed power is
computed in the constant percentage bandwidth analysis (1/3 octaves), and response

characteristics are presented corresponding to each 1/3 octave center frequency, such

that:
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Pos(@)=[*C.r(0)do (2.26)

Where o, and w, are the lower and upper limits of the chosen frequency band,

and o, is the center frequency of the band.

2.6  Statistical data analysis

Owing to considerable inter-subject and within-subject variabilities obtained in
different experimental conditions, statistical analyses are performed to characterize the
measured force-motion and motion-motion biodynamic responses.

In this dissertation, the determination of mean and standard deviation, regressions
analysis, analysis of variance (ANOVA) and analysis of covariance (ANCOVA) were
employed to analyze the measured data using SPSS 11.5 software. The main purposes of
different statistical analyses summarize as: the investigation of significance of various
factors contributing to postural variations of force-motion biodynamic responses, such as
hands position, seat height, pan and backrest orientation, back support conditions; the
investigation of linear dependence between the biodynamic response and anthropometry
factors, such as body mass, body mass index, body height and body fact; the investigation
of excitation magnitudes and frequency on the biodynamic responses. The significance of

the contributing factors is stated based on the p values less than 0.05.

2.7  Summary

This chapter describes the design of measurement system, experimental design
and measurement methods employed for individual force-motion, and simultaneous

force-motion and motion-motion measurements.
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The single force-motion biodynamic response cﬁaracteristics of 13 male and 14
female seated subjects, exposed to vertical vibration, were measured under different
postural conditions. The measurements were performed for a total of 36 different sitting
postural configurations realized through variations in hands position (in lap and on
steering wheel), seat heights (510mm, 460 mm and 410 mm)k, and seat design factors
involving pan (0° and 7.5°) and backrest (0° and 12°) orientations and different back
support conditions. The measured data, were derived in terms of the vertical apparent
mass (APMS), and then the absorbed power response was calculated from the APMS
data using the indirect method in the study. The derived apparent mass and absorbed
power responses are analyzed to characterize the role of seat geometry (pan orientation,
back support condition and seat height) and postures (hands position) on the force-motion
biodynamic responses under vertical WBYV vibration.

Simultaneous force-motion and motion-motion measurements were performed
using 12 adult male subjects exposed to whole-body vertical random vibration in the 0.5-
15 Hz frequency range while exposed to three magnitudes of excitation (0.25, 0.5 and 1.0
m/s’ rms acceleration). The seat geometry in simultaneous measurement is quite different
from the single force-motion measurement, such as lower seat height, relatively higher
pan (12°) and backrest (0° and 24°) inclination. The measured force—motioh biodynamic
responses, are derived in terms of the ‘vertical APMS and ‘cross-axis APMS’.

A helmet-strap-mounted accelerometer mounting system was designed to measure
the head acceleration motions along the three translaﬁonal axes. The proposed approach
to measuring the head motion could facilitate the adjustment and monitoring of the

accelerometer orientation, while reducing the discomfort caused by a ‘bite-bar’ system,
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and the inertial force contributions arising from the helmet-mounted measurement
systems. The measured motion-motion biodynamic responses, are derived in terms of
‘vertical STHT’ and ‘fore-and-aft STHT .

The effects of back support conditions on both APMS and STHT biodynamic
responses were investigated by considering three back support conditions (No back
support, vertical back support, and inclined back support), two different hands positions

(hands in lap and hands on the steering wheel) and three excitation levels.
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CHAPTER 3

MEASUREMENT OF SINGLE DRIVING-POINT FORCE-MOTION
CHARACTERISTICS

3.1  Introduction

The characterization of vibration transmitted to the body segments poses considerable
measurement challenges. The reported data exhibit extreme differences in the responses,
even though they have been performed under comparable and controlled experimental
conditions [11,33,35,41,42,75-77]. Alternatively, the functions based upon ‘to-the-body’
measurement, namely DPMI/APMS and absorbed power, are conveniently used to
characterize the human responses to vibration. The measurements of these force-motion
functions require instrumentation at the driving-point surfaces and thus yield more
repeatable data with relatively lower inter-subject variabilities.

The APMS has the advantage that it can be obtained directly from the measured
acceleration and force. Furthermore, Newton’s second law of motion gives APMS a
simple intuitive meaning: “The rate of change of momentum of a body is proportional to
the force acting on it and is in the direction of the force”. When the human body is
effectively rigid (e.g. at very low frequencies in the vertical axis) the apparent mass of the
body is equal to its static mass and the force and acceleration are in phase. As the
frequency of motion increases, the presence of one or more resonances and/or the visco-
elastic properties of the biological system tend to alter the APMS response and introduce
a phase difference between the force and the acceleration. At higher frequencies the upper
body is only loosely coupled, the dynamic force is thus dominated by the masses near the
driving point resulting in lower magnitude of the APMS.

The absorbed power could either be directly derived from real part of the cross-
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spectrum density between the force and velocity [43, 88-89] or indirectly from the
imaginary part of APMS. As the absorbed power is a function of vibration magnitude, it
makes the quantity sensitive to vibration input spectral content. Furthermore, the
absorbed power will increase in magnitude as the magnitude of the vibration increases.
This is in contrast with the property of apparent mass, which is not directly proportional
to the input excitation magnitude.

Since the APMS indicates the body mass at low frequency, it is strongly dependent
upon the body mass, and absorbed power was found to have the similar characteristics, as
reviewed in section 1.3.1 [43]. The force-motion biodynamic response may also be
associated with other anthropometry variables, like body height, body mass index and
body fat. Although the strong influence of sitting postures on both the APMS and
absorbed power has been recognized in only a few studies [43,52], the effects of variables
influencing posture have not been systematically assessed.

In this chapter, the APMS biodynamic response of 13 male and 14 female seated
subjects, exposed to whole-body vertical random vibration in the 0.5-40 Hz frequency
range are measured under two different postural conditions. The measurements are
performed for a total of 36 different sitting postural configurations realized through
variations in hands position LAP (in lap) and SW (on steering wheel), three seat heights
(H1:510mm, H2: 460mm and H3: 410mm), and seat design factors involving two
different pan orientations (0° and 7.5°). The measured data, in terms of the vertical
apparent mass (APMS) and absorbed power computed from the APMS dataset, are
analyzed to study the role of seat geometry on the biodynamic response under whole-

body vertical vibration using statistical methods and tools.
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3.2 The role of seat geometry and posture on the APMS characteristics

3.2.1 APMS response characteristics and body mass dependence

150

100

Magnitude(kg)

50 |3

Phase(degrees)

15
Frequency(Hz) Frequency(Hz)

Figure 3.1: APMS magnitude and phase responses of 27 subjects (seat height: 460mm;
excitation: 1.0 m/s” rms).

Figure 3.1 illustrates, as an example, the variations in measured APMS magnitude,
and phase responses of 27 subjects obtained for the medium seat height (H2), two hands
positions (LAP and SW) and BIF (inclined back support and flat pan) posture, while
exposed to 1.0 m/s> rms vertical white-noise vibration. The results show considerable
scatter in the magnitude response at frequencies below 20 Hz, but at frequencies above
20 Hz the variations tend to diminish considerably irrespective of the hands position. The
corresponding scatter in the phase response, however, presents the opposite trend.
Despite the significant variations, the magnitude responses peak in the 5 to 6.5 Hz
frequency range for all subjects, often referred to as the primary resonant frequency of
the seated body. The identified range of primary resonant frequencies is somewhat higher

than 5 Hz, which has been widely reported [12,28,32,37]. The difference in the primary
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resonance frequency is mainly due to relatively low excitation magnitude applied in this
study, and partly to the differences in the sitting posture; the back being supported on an
inclined backrest as opposed to a straight back without backrest support. A higher
primary resonant frequency of occupants seated against an inclined backrest has also
been observed in another study involving automotive seat postures and lower excitation
magnitude [40].

The dispersion in the measured data is widely believed to be caused by variations
in the body masses [36,38,40], while little is known on the nature of the dependence. The
measured data is thus analyzed to study the correlation between the APMS magnifude
and the body mass as a function of the excitation frequency. Figure 3.2 presents the
results obtained from the regression analysis between the measured APMS magnitude at
selected frequencies (3, 6 and 12 Hz), which represent the frequencies below, close to and
above the primary resonance, and the body mass corresponding to specific sitting
postures considered, The results suggeét linear dependence of the APMS magnitude on
the body mass at the selected frequencies, irrespective of the postural configuration
considered. The results show higher linear correlation (R* >0.9) at 3 Hz, reasonably good
correlation around the primary resonance (R* > 0.8), and relatively poor correlation (R? <
0.6) at frequency beyond the resonance. The results suggest that the APMS magnitude
above 12 Hz is less sensitive to body mass variations. The results attained for other
excitation and seat heights also revealed similar tendencies. The regression analysis also
reveals the fact that the apparent mass measurement has the advantage of indicating
subject weight at low frequencies when the human body acts similar to a rigid mass

[28,67].
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Figure 3.2: Dependence of APMS magnitude responses on body mass at selected
frequencies and under different sitting postures (seat height: 460mm;
excitation: 1.0 m/s rms).

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The variations in the APMS responses of different subjects could thus be
attributed to differences in body masses and the sitting posture. The current ISO 5982
standard presents the mean DPMI and APMS responses for three groups of seated
occupants with different mean masses, namely 55 kg, 75 kg and 90 kg. These values have
been established on the basis of a proposed seated human occupant model [8,12]. A study
of the biodynamic responses of 24 subjects assuming automotive seating postures and
exposed to vertical vibration demonstrated the body masvs effect by grouping the
measured data in different mass ranges, such as below 60 kg, 60.5 to 70 kg, 70.5 to 80 kg,
and above 80 kg [40]. This grouping method can also be found in the study by Seidel [30].
Such an approach would permit the study of other contributing factors for a sample of
subjects within a narrow mass range, while the number of datasets would be considerably
small. The grouping of the data performed in this study resulted in a total of 10, 4, 7 and
6 subjects in the mass range below 60 kg, 60.5 to 70.5 kg, 71 to 80 kg and above 80 kg,
with mean body masses being 54.5, 70.4, 75.1 and 93.2 kg, respectively. Figure 3.3
shows the mean APMS magnitude responses of subjects within four mass groups
assuming different seat-dependent postures at seat height H2, while exposed to 1 m/s*
rms broad band random excitation. The results show considerable variability in the mean
apparent mass responses, starting in the neighborhood of primary resonant frequency up
to 20 Hz. Considering only small variations in the body mass within each group, the
results suggest the influence of postural variations on the apparent mass response, which
primarily occurs within this frequency range. The results attained under other excitations

and seat heights also confirmed the same trends.
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Figure 3.3: Mean APMS magnitude responses of subjects in four different mass groups

corresponding to different sitting postures, (a) below 60kg; (b) 60.5-70.5kg
(Continued).
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Figure 3.3: Mean APMS magnitude responses of subjects in four different mass groups

corresponding to different sitting postures, (c) 71-80kg; (d) above 80kg (seat
height: 460mm; excitation: 1.0 m/s’ rms).
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Alternatively, normalized biodynamic response data has been considered to
greatly reduce the body mass dependent variability between subjects [28,38]. The
measured data for each subject corresponding to each posture were normalized with
respect to the respective static mass supported by the seat. Figure 3.4 illustrates, as an
example, normalized APMS of subjects within four different mass groups assuming BIF
postures with hands in lap and on the steering wheel, and seat height H2, while exposed
to 1 m/s’ rms excitation. The results show that a considerable scatter among the four
groups still exists after normalization, and suggest that the normalization alone could not

eliminate the strong effects of the body mass.

3.2.2 Variations in static APMS with postural differences

Due to the differences in anthropometric characteristics of the subjects,
considerable variability of APMS between subjects could be accounted for by the
different static masses supported by the platform, which is considered to correspond to
the measured value of APMS at 0.5 Hz. This static value of the mass for specific subject
and sitting posture agreed very well with the static force imposed on the seat, measured
before and after each test. The variations in the static mass are evaluated in terms of the
percent of body weight supported by the seat pan for all 27 subjects as a function of the
sitting posture using mean values and standard deviations of the mean static forces
measured before and after each test. The results, summarized in Table 3.1 for subjects
with all the postural configurations constitute the basis for the subsequent dmaﬁic
APMS analysis. The results suggest that the body mass supported by the seat increases

with incréasing seat height, while the higher seat height yields larger variations in the
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Figure 3.4: Mean normalized APMS magnitude responses of four mass group subjects
corresponding to sitting posture BIF (seat height: 460mm; excitation: 1.0
m/s’ rms) (a) hands in LAP; (b) hands on SW.

seated mass for all postures as observed from the standard deviations. For the higher seat

height, considerable variations may be further caused by differences in individual

subjects’ heights, which may result in partial feet support or partial thigh contact etc.. The

results also show that the body mass supported by the seat is lowest for no back support

postures and highest for the inclined back support postures.

Table 3.1: Mean and standard deviation of the percent of body weight supported by the
seat under different seated postures.

Hand position LAP SW
Seat-dependent

. Seat Height
posture (defined in
Figure 2.6) H1 H2 H3 H1 H2 H3
NVF 84.8+ 6.4 79.5+54 734141 834+78 78.1+4.5 73.0+33
BVF 857+ 5.7 81.6+40 772429 835%5.1 793+4.1 752126
BIF 88.7£5.5 82.6+41 77.1£30 851%58 79.81+4.0 743%+2.6
NVP 80.7+4.5 78.1+4.1
BVP 82.2+£4.0 79.7£3.5
BIP 82.8+4.1 79.1+39
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3.2.3 Influence of pan angle on APMS

The seats employed in automobiles and commercial vehicles exhibit considerable
variations in the inclination of their pan. The measured data acquired for 0° and 7.5°
inclinations are analyzed to study the inﬂuence of seat pan angle on the biodynamic
response. The results presented in Table 3.1 reveal very little difference in the static
APMS observed between the postures involving inclined and flat pans, such as NVF vs.
NVP, BVF vs. BVP and BIF vs. BIP (measured only for seat height H2). Figure 3.5
illustrates a comparison of mean APMS magnitude responses of 27 subjects obtained for
different postures involving flat and inclined pans of mediﬁm seat height (H2: 460 mm)
and exposure to 1.0 m/s”> rms. the results show negligible effect of the seat pan variations

considered in this study, irrespective of the hands position and the seat-dependent

posture.
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Figure 3.5: Effect of seat pan inclination on the mean APMS magnitude response of
27 subjects for different postures (height: 460mm; excitation: 1.0 m/s” rms).
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In view of the above results, the seat-dependent postural variations can be
reduced from six to three for the subsequent analysis. These include the variations in the
backrest inclination or support condition, such as NVF, BVF ‘and BIF. Considering the
two hands position, a total of six sitting postures are considered for a given seat height in

the subsequent analysis.

3.2.4 Statistical analysis method

Since the strong influence of body mass on force-motion biodynamic function has
been recognized, as discussed in previous section, the analysis of covariance
(ANCOVA), a combination of regression analysis with an analysis of variance, is used
when a response variable y, in addition to being affected by the treatments, is also
linearly related to another variable x [84]. The use of the analysis of covariance design
was prompted by a desire to sharpen the analysis by reducing within-treatment
variability. The use of ANCOVA with the body mass as covariant could thus permit the
analysis of influences of contributing factors other than the body mass, such as hands
position, back support condition and seat height.

ANCOVA performed in this study, considered the individual subject’s responses
at selected discrete frequcncies over the frequency range 0.5-40 Hz. The significance
values of main and interaction effects of postural variable were extracted from the
corresponding analysis. Pairwise comparison procedures followed with ANCOVA
analysis were further conducted to check the effects of each two postural variations with

other factors fixed.
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| 3.2.5 [Influence of the back support condition and hands position on APMS

As shown in Table 3.1, the body mass supported by the seat with hands on

| steering wheel is lower than that with the hands in lap postures, irrespective of the seat
height. The percent body mass supported by the seat pan for the posture involving a
vertical backrest is higher than that for no back support, but lower than that for the
inclined backrest support for all three seat heights. Figure 3.6 shows a comparison of
mean magnitude responses of 27 subjects obtained for six different postures involving a
flat pan. The mean magnitude responses attained for no back support (NVF), and support
against a vertical (BVF) and an inclined backrest (BIF) are compared for two different
hands position in Figure 3.6 (a). The effect of hands position on the mean magnitude

response for each back support condition is further shown in Figure 3.6 (b).

The results show that the hands position becomes relevant only for postures
involving back support conditions. The APMS response of subjects seated without back
support exhibits relatively sharp resonant response for both hands positions. Under the
hands in lap position, the bandwidth of the peak response increases when the back is
supported. This bandwidth increases further when the back is supported by an inclined
backrest (BIF). The response under sitting postures with back supported and hands on the
SW shows an increase in the system damping associated with the first mode alone, which
tends to be more significant for the inclined back support. Back supported on an inclined
backrest coupled with hands on SW yields a more pronounced secondary mode near 10
Hz. This secondary mode has also been observed in a reported study [40]. The effect of
hands position on the magnitude response, however, is not evident at frequencies above

12 Hz.
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Figure 3.6: Influence of hands position and back support condition on the mean APMS

magnitude response of 27 subjects (seat height: 460mm; excitation: 1.0 m/s?
rms.)

Two factors ANCOVA followed by multiple comparisons were performed to
analyze the statistical significance of the influence of hands position and back support

conditions over the measured frequency range. Tables 3.2, 3.3 and 3.4 provide the
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detailed results on the influence of hands position and back support condition on the

mean APMS responses.

The results attained from the pairwise comparison of hands position (LAP vs
SW), summarized in Table 3.2, show that the frequency range of significant p value with
respect to three postures is more or less consistent irrespective of the seat height. The

~mean APMS response would be relatively insensitive to the hands position when seated
‘without backrest support (p > 0.05), as it is also evident from Figure 3.5 (b). The hands
position is observed to be signiﬁcant around primary resonance (p < 0.005) in the 5.125
to 7 Hz frequency range, when seated with vertical back support (BVF). For the inclined
backrest (BIF), the hands position is strongly significant at the primary resonance around
6 Hz (p < 0.0001), and somewhat significant around the second resonant mode near 10
Hz (p < 0.05).

For the comparison between vertical back support (BVF) and unsupported back
(NVF), the results presented in Table 3.3 indicate that significant differences in the mean
APMS response start to occur at relatively lower frequencies for the hands in lap position
(LAP) than for the hands on the steering wheel (SW) position, namely 6 Hz for LAP
position, and 6.875 Hz for SW position. The range of significance in both cases ends at a
frequency more or less close to 18 Hz. The results shown in Table 3.4 for the comparison
between the inclined back support (BIF) and vertical back support (BVF) also indicate a
similar trend, although the frequency effect is relatively smaller.

It may be concluded that the hands position influences the APMS response only

when the back is supported on an inclined backrest and at frequencies within the primary
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Table 3.2: p values derived from pairwise comparison of LAP vs SW, extracted from
two-way ANCOVA with respect to three seat heights.

Frequency H1 H2 H3
(Hz) BIF BVF NVF BIF BVF NVF BIF BVF NVF
1 + - - - - - - - -
3,4,5 - - - - - - - - -
5.125 - + - - - - ++ - -
5.375 + + - - - - + + -
5.625 ++ ++ - + - - ++ + -
5.75 +++ ++ - ++ + - ++ + -
5.875 +++ ++ - ++ + - +++ ++ -
6 +++ ++ - 4+ + - +++ ++ -
6.125 +++ ++ - 4+ + - +++ + -
6.375 -+ ++ - +++ ++ - - + -
6.875 +++ + - +++ + - +++ + -
7 -+ + - -+ + - +++ - -
7.375 -+ - - A+ + - ++ - -
7.875 + - - ++ - - - - -
8 ‘ - - - + - - - - -
9 - - - - - - - -
10 + - - + - - ++ - -
11 + - - + - - + - -
12,15,20,40 - - - - - - - - -

1>0.05 -; p<0.05 +; p<0.005 ++; p<0.0001 +++

Table 3.3: p values from pairwise comparison of BVF vs NVF, extracted from two-way
ANCOVA with respect to three seat heights.

Frequency LAP SW
(Hz) Hl H2 H3 Hl1 H2 H3
1 - - - R - -
2 - - + - - -
3 - - - ++ + +
4.625 - - - + - -
4.875,5,5.125, - - - + + +
5.375 - - - - - +
5.875 + - . R . .
6 + + + - - -
6.125 o + + - - -
6.375 ++ ++ + - - -
6.875 +++ +++ ++ + + -
7.375 4+ +++ + + + +
7.875 ++ +++ ++ + +++ ++
8 ++ +++ + ++ ++ ++
9 ++ ++ + +++ ++ +++
10, 11 - + + + +++ ++ -+
12,15 + + + ++ + +
16,17 + + + + - +
18 + - + - - -
20 - - + - - -
22,40 - - - - - _

7>0.05 -; p<0.05 +; p<0.005 ++; p<0.0001 +++
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Table 3.4: p values derived from pairwise comparison of BIF vs. BVF extracted from
two-way ANCOVA (Hands by Seat) under three seat heights.

Frequency LAP SW

(Hz) Hl H2 H3 H1 H2 H3
1-5 - - - - - -
5.625 - - - - + +
5.75 - - - - - +
5.875 - - - - + +
6, 6.125 - - - - - +
7 + - - - - -
7.375 + + - - - -
7.875, 8 +++ ++ - + - -
9 ++ + - A+ ++ +

10 +++ + + +++ A+ +++

11 +++ + + -+ +++ ++
12,13 ++ + + +++ ++ ++
14, 15 ++ + + ++ + ++
16 ++ ++ + ++ ++ ++
17,18 ++ ++ + ++ ++ +
20 + + + + + -
22 - + - - + -
32, 40 - - - - - -

p>0.05 -; p<0.05 +; p<0.005 ++; p<0.0001 +++

resonant frequency range. Furthermore, the influence of back support, irrespective of
hands position, is significant generally after the primary resonance to 18 Hz. The
apparent mass magnitudes tend to increase with the back support within this frequency

range.

3.2.6 Influence of seat height on APMS

The seated height affects the sitting posture and the portion of the body weight
supported by the seat. As shown in Table 3.1, a higher seat height leads to higher percent
of body mass supported by the seat, irrespective of the sitting posture and hands position.
Figure 3.7 illustrates a comparison of the mean APMS magnitude responses of 27

subjects measured on seats with three different heights considered in the study. The
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results are presented for three different seat-design postures and two hands positions. For

a given posture, the effect of seat height on the primary resonant frequency is observed to

be minimal. The peak magnitude response, however, tends to be slightly higher under a

higher seat height, which may be attributed to the increased body mass supported by a

higher seat. A lower seat height generally yields lower magnitude response over most of

the frequency range.
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Figure 3.7: Effect of seat height on the mean APMS magnitude response of 27 subjects
for different postures (excitation: 1.0 m/s” rms).
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Table 3.5 shows the results of one-way ANCOVA with the body mass as the
covariate. Further multiple comparisons between three seat height levels reveal that a
significant difference (p < 0.005) of magnitude response can be found between the H1
and H3 in most of the frequency range except in the narrow frequency range just after the
peak response under all six postures. However the pairwise comparisons of H1 vs H2, H2
vs H3 did not shbw a significant difference within the frequency range considered.
Referring to Table 3.1, it can be seen that the body mass supported by the seat on the
average increases by approximately 5% when seat height is increased from H3 to H2 or
from H2 to H1 for all postures considered. The corresponding increase when the seat
height increases from H3 to H1 is of the order of 10%. These results suggest that a 100
mm difference in the seat height would result in around 10% difference in body mass
supported by the seat, and thus affect the APMS magnitude response significantly, while
a difference of 50 mm or less may have negligible effect.

The results shown in Table 3.5 also show that the level of significance arising
from the seat height for the inclined backrest support posture (BIF) is higher than that for
other postures. This is attributable to relatively larger difference of body mass supported
by the seat under an inclined backrest posture when compared with no back or vertical

back support postures, as evident from Table 3.1.

3.2.7 Peak response variations on APMS
The measured data are further analyzed to identify the influences of postural
variations on the peak APMS responses and the primary resonance. A strong linear

correlation (R*> 0.8), between the peak apparent mass magnitude and the body mass
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Table 3.5: p value obtained from three seat height dependency test (ANCOVA) subject
to six postures.

Frequency NVF BVF BIF
(Hz) LAP SW LAP  SW LAP SW
1,23 +++ +++ +++ -+ -+ +++
4 ++ + +++ ++ -+ +++
4.375 + + +++ + -+ ++
4.625,4.875 + + ++ + +++ +++
5 + + ++ + +++ ++
5.125 + + ++ - +++ -
5.375 - - + - +H+ ++
5.625 - - - - +++ ++
575 - - - - ++ ++
5.875,6,6.125 - - - - ++ +
6.375 - - - - + -
6.875,7,7.375 - - - - - -
7.875 - - - - - +
8 - - - - - ++
9 + - + + +++ +++
10 + + ++ ++ -+ +++
11 + - ++ + ++ ++
12,13 + - + + +++ +++
14,15,16 + + + + +++ +++
17 ++ + + + +++ +++
18 ++ + ++ ++ +++ ++
20 ++ ++ ++ ++ 4+ ++
22 + + ++ ++ + ++
25 + + + + + ++
32 + + ++ + + +
40 - + - - + -

p>0.05 -; p<0.05 +; p<0.005 ++; p<0.0001 +++

under different postures is clearly evident in Figure 3.8, irrespective of the postural
factors considered (hands position, back support condition and seat height). Such a
correlation between the body mass and the primary resonant frequency, however, was not
’observed. Furthermore, the regression results suggest that the rate of change of peak
APMS magnitude with body mass tends to vary with the sitting postures; the larger
variations occur under higher seat and hands on steering wheel posture.

Three factors analysis of covariance and variance were performed to analyze the
effects of sitting posture on the peak magnitude and primary resonance, respectively. The

results presented in Table 3.6 indicate that the main effect of seat height ( p < 0.0001) on
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peak magnitude is quite strong, while the influence on primary resonance is not
significant ( p > 0.05). The strong effect of seat height on peak APMS magnitude can
also be observed from Figure 3.8, where a relatively higher linear correlation (R? > 0.9)

was revealed under the lower seat height H3 compared with the other seat heights.

Since the significant interaction ( p < 0.005) between two hands position and
three back support conditions were obtained from the analysis (Table 3.7), the multiple
comparisons with Sidak adjustment followed by three factor analysis are employed to

reveal the effects of two hands position and three back support condition on the peak
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Figure 3.8: Dependence of peak APMS magnitude on the body mass under different

sitting postures.
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Table 3.6: p values obtained from three factor statistical analysis, HP=hands position
(LAP, SW), B=back support conditions (BIF, BVF, NVF), SH= seat height

(H1,H2,H3).
*
HP B SH ~ HP*B HP*SH B*SH oD
Peak 0.000 0.000 0.000 0.004 0.267 0.789 1.000
magnitude
Primary 0.003 0.027 0.312 0.000 0.965 0.364 0.973
resonance

Table 3.7: p values obtained from pairwise comparison of two hands position
corresponding to different seat heights and back support conditions.

Hi1 H2 H3
BIF BVF NVF BIF BVF NVF BIF BVF NVF

Peak 0.000 0.000 0122 0.004 0012 069 0004 0015 0772
magnitude
Pimary 5010 0656 0923 0002 0981 0555 000/ 0791 0782
Resonance

Table 3.8: p values obtained from peak magnitude pairwise comparisons corresponding
to different seat heights and hands positions.

H1 H2 H3
LAP SW LAP SW LAP SW
BIF vs. BVF 0.866 0.526 0.360 0.177 0.215 0.076
BVF vs. NVF 0.208 0.001 0.852 0.013 0.839 0.012

magnitude and primary resonance responses. The results (Table 3.8) show that the effect
of hands position on peak APMS is consistent for all postures in view of the peak
magnitude as well as the primary resonance. Under no back support condition, no
difference could be found between two hands position, while a significant difference

exists between the two hands position for both the peak magnitude ( p < 0.005), and the
primary resonance (p <0.05) under an inclined back support. The posture involving
vertical back support revealed significant difference ( p < 0.05) between the two hands

position for peak magnitude, while the difference for primary resonance was
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insignificant. The results from the pairwise comparison presented in Table 3.8 also show
that back support condition is consistent for hands in the lap position. No significant
difference could be observed when the seated occupants altered their sitting posture from
no back support to vertical back support, or from vertical back support to inclined back
suﬁport. A significant difference between the no back and vertical back support, however,

was evident for all three seat height levels ( p < 0.005), when the hands are placed on the

steering wheel.

Considering that the primary resonance is not greatly influenced by the seat
height, the resonant frequency is further characterized using descriptive statistics (mean
values and their standard deviations) and analysis of variance for the six sitting postures.
As shown in Figure 3.9, hands in lap posture coupled with inclined backrest support
yields primary resonance, which is 0.6 Hz larger than that attained with hands on the SW.
This value is significant ( p < 0.0001). This difference was not observed for the vertical
back support and no back support. For the hands in lap position, the BIF posture yields
primary resonance that is 0.4 Hz higher than that with the BVF posture, while the
primary resonance of the BVF posture is approximately 0.13 Hz higher than the NVF
posture. With the hands on steering wheel, no significant difference of primary resonance

could be observed for the BVF vs NVF, or BVF vs NVF postures.

It may be concluded that the peak APMS magnitude is strongly affected by the
hands position and seat height, while the primary resonance is affected only by the hands
position. The main effect of back support condition for either peak magnitude or primary

resonance is relatively smaller.
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Figure 3.9: Mean and standard deviations of the primary resonant frequency under six
different sitting postures.

3.2.8 Effect of gender on APMS

In this study, the influence of gender on the APMS response is investigated
through analysis of selected data pertaining to male and female subjects with similar
mean body mass in an attempt to reduce the contributions due to differences in body
masses. The APMS data attained for a total of 10 subjects, including 5 male (mean body
mass = 71.4%7.4kg) and 5 female (mean body mass = 71.7+ 3.0kg), were thus selected
from the ensemble of 27 subjects. Figure 3.10 illustrates comparisons of mean APMS
magnitude responses of the selected male and female subjects for different postures. The
results show the presence of a more clear second resonance in the frequency range above
15 Hz, and higher APMS magnitude response at higher frequencies for the female
subjects. An ANCOVA analysis of 27 subjects on the gender dependency also revealed
that gender effect could be observed only in the frequency range above 15 Hz for all

postures ( p < 0.05).
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Figure 3.10: Influence of gender (5 male, 5 female) on the mean APMS magnitude
response (seat height: 460mm; excitation: 1.0 m/s’ rms)

3.2.9 Effect of magnitude of vertical vibration excitation on APMS

Most studies have concluded that the APMS response depends upon the vibration
magnitude, and a “softening’ of the body with increasing excitation magnitude
[34,36,41,43-45]. The effect of magnitude of excitation on the biodynamic responses of
occupants seated assuming a typical automotive posture was observed to be
slightly more impdrtant for the passenger posture (hands in lap) than for the driving
posture (hands on steering wheel) [48]. The comparisons of mean magnitude response of
27 subjects exposed to two different magnitudes of vibration excitation, employed in this
study, corresponding to six seat dependent postures shows that hands in lap postures are

relatively more sensitive to vibration excitation magnitude (Figure 3.11). The APMS
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magnitudes in general tend to decrease with an increase in excitation magnitude. The

body “softening” effect tends to be more apparent under no back support posture,

irrespective of the hands position. In this particular case, the results shown in Figure 3.12

indicate that the primary resonance reduces by 0.5-0.6 Hz with increasing excitation

magnitude from 0.5 to 1.0 m/s> rms, which is found to be significant ( p < 0.005). The

corresponding reductions in primary resonance under vertical back and inclined back

support postures were found to be in the order of 0.3 Hz ( p < 0.05) and less than 0.2 Hz

(p>0.05).
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Figure 3.11: Influence of excitation magnitude on the mean APMS magnitude response

(seat height: 460mm).
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Figure 3.12: Influence of excitation magnitude on primary resonance for different
postures (seat height: 460mm).
3.3  The role of seat geometry and posture on the absorbed power properties
The measured data are further analyzed to compute the biodynamic responses
using the methodology described in section 2.4. The absorbed power characteristics are

thoroughly evaluated to study the influence of seat geometry and postures.

3.3.1 Absorbed power response characteristics

Figure 3.13 illustrates, as an example, the variations in the absorbed power
computed from the measured force-motion responses of 27 subjects seated on the
medium height seat (H2), with flat pan and back supported on the inclined backrest (BIF)
under two different hands positions (LAP and SW), while exposed to 1.0 m/s* rms
vertical white-noise excitation. The results derived in the third-octave frequency bands
show considerable scatter in the computed absorbed power over most of the frequency

range, specifically in the 4-16 Hz frequency bands. Despite the significant variations in
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the data acquired for different subjects, the maximum amount of energy absorption

occurs in the frequency bands centered around 5 to 16 Hz bands for both hands positions.
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Figure 3.13: Comparison of absorbed power responses of 27 subjects (a) hands in lap;
and (b) hands on steering wheel (BIF posture; seat height: 460mm;
excitation: 1.0 m/s? rms).

The frequency corresponding to peak response, however, is higher for the hands on
steering wheel posture, as has also been observed in the previous APMS responses. The

scatter in the absorbed power data appears to be more than that observed in the APMS
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responses reported in many studies [36,46,48]. Moreover, the frequencies corresponding
to the peak power responses are also slightly higher than those corresponding to the peak
APMS responses. Similar scatter of absorbed power were also observed from the data
attained for different sitting posture and seat height combinations. The total amount of
vibration energy absorption in the 4-16 Hz frequency bands, derived from the summation
of the energy in the individual bands, was observed to be in the order of 80 % of the total
energy absorption measured over the entire frequency range (0.5-40 Hz) for all the
sitting posture and seat height combinations considered.

The dispersion in the data presented for a particular seat height and posture
(Figure 3.13) is believed to be caused by variations in the individual anthropometric
variables, particularly the body mass. The strong effect of body mass on the APMS
magnitude has been widely reported [36,48],while a few studies have also shown the
effect on the absorbed power [43,44]. Apart from the body mass, variations in seat
geometry, seat height and sitting postures strongly affect the energy dissipation properties
of the vibration exposed body, while little is known on the nature of the dependence of
the absorbed power on these factors. The acquired data is thus analyzed to study the
correlations between the absorbed power and factors related to anthropometry and sitting

posture as a function of the excitation frequency.
3.3.2 Absorbed power vs. excitation magnitude
Theoretically, the energy absorption depends upon the input auto-spectral density,

as defined for the indirect method in Equation (2.23). The reported studies [43,44]

consistently concluded that the total absorbed power increased approximately in
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proportion to the square of the excitation magnitude. The results shown in Figure 2.11 for
a single subject also reveal that the peak absorbed power density is linearly dependent
upon the square of the excitation level. The results also exhibit that the peak absorbed
power density occurs in the 5-5.875 Hz range. The frequency corresponding to the peak
response tends to decrease with increasing vibration magnitude, suggesting a softening
trend that has been widely observed from the APMS responses [36]. The APMS
responses of the seated body under vertical vibration, however, show relatively small
effect of vibration magnitude, and thus do not provide information relevant to severity of

the vibration exposure.
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Figure 3.14: Comparisons of mean absorbed power responses of 27 subjects under
different excitation levels (BIF posture; seat height: 460mm).
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Figure 3.15: Comparisons of mean total absorbed power of 27 subjects under different
excitation levels (BIF posture; seat height: 460mm).

The strong effect of vibration magnitude on the mean absorbed power is further
shown in Figure 3.14. The Figure illustrates comparisons of the mean absorbed power
density responses of 27 subjects attained under 0.5 and 1.0 m/s® excitations, while seated
on the medium-height (H2) seat assuming BIF posture with two different hands positions.
The mean magnitudes of the absorbed power density are significantly smaller than those
obtained for the single subject (Figure 2.13) under the same levels of rms accelerations. It
should be noted that the results presented in Figure 3.14 correspond to 0.5 and 1.0 m/s
rms accelerations based upon white noise random kexcitations in the 0.5 to 40 Hz band,
while those presented in Figure 2.11 correspond to excitations in the 0.5-20 Hz band.
The effective overall rms accelerations of excitations with flat power spectral density in
the 0.5 to 40 Hz range is approximately one-half of that in the 0.5 to 20 Hz range.
Consequently, the power density magnitudes of the single subject data are almost 4 times
those of mean responses for a given level of rms acceleration. The mean total absorbed
power is further computed for both excitation levels and same postures, and compared in

Figure 3.15. Comparisons suggest that the total absorbed power under 1.0 m/s* rms
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excitation is approximately 4 times that attained under 0.5 m/s® rms excitation within the
frequency range considered, irrespective of the hands position. The results clearly show
that the peak absorbed power density and total energy absorption of seated human body
increases nearly quadratically with the exposure level, while hands on steering wheel

posture (SW) yields slightly lower power absorption.

3.3.3 Absorbed power and anthropometry

The computed data are analyzed to study the influence of some of the
anthropometry related parameters, such as body mass, body mass index, standing height
and body fat percentage, on the total absorbed power. The total absorbed power in the
entire frequency range is evaluated under different sitting postures through summation of
energy values within individual one-third octave bands, having center frequencies from
1.25 Hz to 31.5 Hz. The relationships between the total absorbed power and selected
anthrdpometn'c variables were also explored through a series of linear regression

analyses.

Table 3.9 shows the coefficients of determination (R-Squared values) obtained
from single-factor regression analyses between the total absorbed power and the selected
anthropometric variable, and the corresponding p values derived from the single-factor
ANOVA. The results summarized in the table have been derived from the datasets
obtained for the 12 sitting postures, medium seat height (H2: 460mm) and 1.0 m/s? rms
acceleration excitation. The total absorbed power exhibits highest correlation with the
body mass (R2>0.94), irrespective of the sitting posture and hands position. While the

correlation with the standing height is relatively poor (0.32<R%<0.43), the subject height
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was observed to be a significant factor (p<0.0001) in view of the total absorbed power.
The correlation of the total absorbed power with the standard BMI, which represents the
ratio of body mass to the square of the standing height, is observed to be excellent
(R>>0.84), irrespective of the sitting posture and hands positions (p<0.0001). Lowest
correlation is observed with the body fat (0.18<R*<0.26) with p<0.05. The datasets
obtained for other seat height and excitation level combinations also revealed identical
trends. The results in general revealed that the larger body mass and body mass index
generally yields much greater total absorbed power. Higher standing body height and
percentage of body fat also revealed relatively larger energy absorption within the seated
human body. As an example, Figure 3.16 illustrates the strong linear dependence between
the total absorbed power and the body mass, and the BMI, obtained for medium seat
height (H2), two hands positions (LAP and SW) and BIF (inclined back support and flat
pan) posture. The figure shows excellent correlation of the total power with both selected
variables under both the applied excitation levels. The total absorbed power within the
body increases linearly with the body mass as well as BMI for both the excitation levels.
Table 3.9: R-Square values (%) obtained from single regression analysis between total

absorbed power (1.25-31.5Hz) and anthropometric variables, and
corresponding p values (Seat height: 460mm,; excitation 1.0 m/s* rms).

Anthropomelric variables Posture

LAP W

_BIF BIP BYF  BYP NVF NVP BIF BIP BYF BVP NVF  NVP

Body mass {kg) 945% 974 961>  974% 938 961* 95T 9T60 95T 969° 960* 974
Body mass index (kg/'m) 846 921 BT 9LS e 9LIF &S 1P 847 %0 86T 99t
Standing height {cm) 08 354" 4 %00 W om g8 316 426 6t 04
Body fat (%) 28 B F N 19T 264 06 AL IBE 5T 19T B5F

Note: Values are coefficient of determination with the unit %.
Superscript: a: p<0.0001; b: p<0.005; c¢: p<0.05;
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Figure 3.16: Linear dependence between total absorbed power in the frequency range
considered and subjects’ body mass and body mass index.

The rate of increase in total power with respect to body mass under the larger excitation
(1.0 m/s* rms) is approximately four times that obtained under the lower excitation (0.5
m/s” rms), irrespective of the hands position. The ratio of rates of increase in power with

the BMI under the two levels of excitation is also of the same order. The results further
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show that energy absorption of seated human body is increasing quadratically with the
exposure level. Owing to the strong dependence of the power with the exposure level, the

absorbed power could serve as an effective measure of the vibration ‘dosage’.

3.3.3 Absorbed powér and sitting posture

The sitting posture assumed by a subject depends upon the seat geometry
(inclinations of the pan and backrest), seat height, and back support condition, as
described in section 2.2.4. The measured data are analyzed to assess the influence of
sitting posture as determined by the seat geometry, height and hands position on the
power absorption characteristics of the seated human body exposed to vertical vibration.
Owing to the strong dependence of the absorbed power on the body mass and body mass
index, the analyses are performed for a subset of datasets containing the data acquired for
a smaller subject population of comparable body mass and BMIL. For this purpose, the
data acquired for a total of 10 subjects with body mass ranging from 70.5 to 78 kg
(mean= 73.7 kg; standard deviation =2.96 kg) and BMI ranging from 22.2 to 25.7 kg/m?,
(mean= 24.5 kg/m?; standard deviation=1.23 kg/m®) are selected from the ensemble of 27
subjects in order to examine the influence of postural factors variations. The analyses
based on this selected subset of data are expected to eliminate the strong inter-subject
variability arising from variations in the anthropometric variables, such as the body mass
and BMI. The effects of postural variations arising from the pan angle, seat height,

backrest support condition and hands position are discussed below.
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3.3.4 Influence of pan angle on absorbed power

The reported studies on biodynamic responses of seated human occupants
exposed to vertical vibration, with only one exception, have considered seats with flat
pans [36,43,46]. The influence of seat pan angle on absorbed power characteristics is
evaluated through analyses of the data acquired for 0° and 7.5° inclinations of the seat
pan. The results showed minimal influence of the pan angle on the spectral distribution of
the absorbed power. Figure 3.17 illustrates comparisons of the mean total power
responses attained for 10 subjects seated on the medium-height seat assuming different
postures involving flat and inclined pans, namely NVF vs. NVP, BVF vs. BVP and BIF
vs. BIP, and exposed to 1 m/s” excitation. The results show negligible effect of the seat
pan variations considered in this study, irrespective of the hands position and the seat-
dependent posture. The seat-dependent postural variations can thus be reduced from six
to three for the subsequent analysis, as it was observed for the APMS analysis. These
include the variations in the backrest inclination or support condition, such as NVF, BVF
and BIF. Considering the two hands positions, a total of six sitting postures are

considered for a given seat height.

3.3.6 Influence of hands position and seat geometry on absorbed power

Figure 3.18 shows comparisons of mean absorbed power responses in the third-
octave frequency bands, derived from data acquired for 10 selected subjects assuming six
different postures (NVF, BVF and BIF coupled with two hands positions) and exposed to
1 m/s® rms excitation. The mean responses attained for the two hands positions are

presented in Figure 3.18 (a) for the no back support (NVF), and support against a vertical
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Figure 3.17: Effect of seat pan inclination on the mean absorbed power response of 10
subjects for different postures (seat height: 460mm; excitation: 1.0 m/s*
rms).

(BVF) and an inclined backrest (BIF). The effect of hands position for each back support
condition is further shown in Figure 3.18 (b). For the NVF and BVF postures, the peak
energy absorption oécurs in the 6.3 Hz frequency band, while that for the BIF posture it is
shifted to the 8 Hz band. All the three postures coupled with hands on the steering wheel
(SW) also yield a secondary peak in the 10 Hz band, while the response for the NVF
posture exhibits rapid decline in magnitude in frequency bands following the frequency
band of peak response (6.3 Hz). Irrespective of the hands positions, the unsupported back
bosture (NVF) results in higher energy absorption in the lower frequency bands prior to
the resonance (considered to be the center frequency of the band corresponding to peak
magnitude), while less energy absorption occurs for the inclined backrest posture (BIF).
However, the seated body tends to absorb more energy with the inclined backrest in the
frequency bands beyond the resonant frequency, which is attributed to the presence of the

secondary resonance around 10 Hz. The results also show that the hands position

becomes relevant in the frequency bands close to the resonance, irrespective of the back
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support condition; the hands in lap postures (LAP) cause higher energy absorption in the

vicinity of the resonant frequency.
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Figure 3.18: Influence of back support condition and hands position on mean absorbed
power responses of 10 subjects (seat height: 460mm; excitation: 1.0 m/s?
rms).
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To further examine the influence of hands position and back support condition,
the total absorbed power responses derived for the 10 selected subjects are synthesiZed.
Figure 3.19 illustrates the mean and standard deviation of the total absorbed power
quantity under six postures. The results further show that hands in lap postures yield
higher power absorption within the body, irrespective of back support condition.
Meanwhile irrespective of the hands position, inclined backrest support tends to absorb
less energy than the vertical back support condition, while no back support condition
causes highest energy absorption. It may thus be concluded that the inclined back support
condition with hands on steering wheel would cause the least amount of energy

absorption within the body, despite the presence of the secondary resonant peak.

NVF
BVF
BIF

0.2 0.22 0.24 0.26 0.28 0.3
Total absorbed power (Nm/s)

Figure 3.19: Mean and standard deviations of the total absorbed power computed for the
10 subjects under six different sitting postures.

3.3.7 Influence of seat height on absorbed power

The seated height affects the sitting posture and the proportion of the body weight
supported by the seat. A higher seat leads to a higher percentage of body mass supported
by the seat pan (Table 3.1). Figure 3.20 illustrates comparisons of the mean absorbed
power responses of the 10 subjects in the third-octave frequency bands, synthesized from

the data acquired for three different heights considered in the study. Similar to APMS
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magnitude responses (Figure 3.7), the effect of postural variation arising from seat height
is more notable for inclined backrest support (BIF) than for other postures. The BIF
posture thus reveals relatively larger differences in absorbed power under three seat
heights, especially around the resonant frequencies. Figure 3.21 further illustrates the
effect of seat height on the mean total power absorbed by the body under six different
sitting postures. The results show that the total absorbed power under BIF posture with

hands in lap tends to be higher than those attained for BVF and NVF postures.

3.3.8 Peak absorbed power response variations

The computed data are further analyzed to identify the influences of postural
variations on the peak absorbed power response. A strong linear correlation (R* > 0.74),
between the peak absorbed power magnitude and the body mass under different postures
is clearly evident in Figure 3.22 (a), irrespective of the postural factors considered (hands
position, back support condition and seat height), meanwhile a strong linear correlation
(R” > 0.62) between the peak absorbed power magnitude and the body mass index is also
evident in Figure 3.22 (b). Furthermore, the regression results suggest that the rates of
change of peak absorbed power with both body mass and body mass index tend to vary
with the sitting postures. A larger variation occurs under hands on steering wheel posture,
irrespective of the seat height and back support condition. It may thus be concluded that

the peak-absorbed power is strongly affected by the hands position.
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Figure 3.20: Effect of seat height on the mean absorbed power response of 10 subjects
for different sitting postures (excitation: 1.0 m/s* rms). (a) NVF&LAP; (b)
NVF&SW; (c) BVF&LAP; (d) BVF&SW; (¢) BIF&LAP; (f) BIF&SW
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Figure 3.21: Effect of seat height on the mean total absorbed power response of 10
subjects for different sitting postures (excitation: 1.0 m/s” rms).

Table 3.10 summarizes the results attained from single linear regression between
the peak absorbed power and selected anthropometry variables, body mass and body
mass index. The results suggest that peak energy absorption rates with body mass
(mW/kg) and body mass index (mW/kg/m?) vary with the sitting posture and seat height.
Results suggest that an inclined back support condition tends to reduce the peak energy
absorption rate, irrespective of the hands positions, when compared to those for the NVF
and BVF postures. Hands on SW posture cause less energy absorption rate at the primary
resonance, irrespective of the seat height and back support condition. The NVF posture
yields largest energy absorption rate near primary resonance, while the effect of hands
position is very small. The results also show that back supported postures yield lower
energy absorption rate with higher seat, while this trend is evident for the medium seat

height for the NVF posture.
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Figure 3.22: Dependence of peak absorbed power on body mass and body mass index
under different sitting postures. (a) Peak absorbed power vs. body mass; (b)
Peak absorbed power vs. body mass index.
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Table 3.10: Energy absorption rate (mW/kg) obtained from single regression analysis
between the absorbed power at the primary resonance and body mass under
different postures. (Excitation: 1.0 m/s*rms).

Hand position LAP SwW
. Seat Height
Sitting Posture H1 H2 H3 H1 H2 H3
NVF 0.700 0.676 0.771 0.684 0.646 0.699
BVF 0.616 0.704 0.762 0.460 0.503 0.568
BIF 0.533 0.589 0.767 0.337 0.445 0.550

34 Discussions about absorbed power on whole body vibration

The concept of power absorbed by the human body when exposed to seat—
transmitted vibration was first proposed in the mid-1960s by Lee and Pradko [85] in
order to evaluate the health, safety and comfort of occupants of military vehicles. Since
the 1970’s, the absorbed power concept has been extensively applied to study the human
hand-arm responses under hand-transmitted vibration arising from the operation of hand-
held power tools [86-91]. The studies on hand-arm vibration in terms of absorbed power
have established that the energy point of view encompasses a greater complexity of the
biological effects of vibration than the measure of acceleration alone, as it can partly
account for the influence of many potential stressors, such as grip and push forces, hand-
arm posture and the magnitude of vibration [87]. Another study has established a strong
correlation between the subjective annoyance data and energy absorbed into the hand-
arm system under vibration [89]. Furthermore, an epidemiological study has shown that
the prevalence of vibration induced white fingers is related to the amount of energy
absorbed by the operators [90]. While the investigations on the hand-arm response to
vibration have demonstrated the vibration energy absorbed in the hand and arm may offer

a superior means of assessing the vibration-induced injuries and “Hand Arm Vibration
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Syndrome” [90], only a few studies have explored the similar potential of energy
absorption under WBV.

The human body, comprising a complex combination of visco-elastic properties
of muscles, bones, joints etc., responds to whole-body vibration in a highly complex
manner. The biological system consumes the vibratory energy by means of relative
motions between the visco-elastic tissues, muscles and the skeletal system. Exposure to
large motions occurring over a prolonged duration may cause physical damage or
modification of the musculoskeletal system. The motion of the musculoskeletal system
and the inherent damping behavior that results in energy absorption within the body,
could be assessed in terms of absorbed power, or alternatively mechanical energy
absorption.

It has been suggested that the energy absorption characteristics of seated human
body exposed to WBYV are related to both the human anthropometry and nature of
vibration [43,44]. The principal vertical mode resonance of the seated body around 5Hz
has been consistently identified from two different measures (STHT and APMS) [10,11].
Manstield and Griffin [45] simultaneously measured the APMS response at the driving-
point, and the vibration transmitted to various locations on the body surface, namely, the
upper and lower abdominal wall near L3, over the posterior superior iliac spine and the
iliac crest. Vertical motion of the lumbar spine and pelvis showed small magnitude
resonant peaks at about 4 Hz, while large magnitude responses were observed in the 8 to
10 Hz range. El-Khatib er al. [92] investigated the seat-to-vertebrate-transmissibility of

human cadavers by making simultaneous measurements at the trunk and throughout the
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lumbar spine. The study observed the first lumbar transmissibility peak around 6.3 Hz,
and around 7 Hz for the thorax.

It may thus be concluded that the vibration transmissibility characteristics of
different segments of the musculo-skeletal structure of the seated human body are more
sensitive to vibration in the 4-16 Hz frequency range. The majority of the vibration
energy absorption by the seated body also occurs in the same frequency range. The
results attained in this study suggest that over 80% of the total absorbed power occurs in
the 4-16 Hz range. The absorbed power thus directly related to the resonant motions of
the upper body, and could serve as a better method for investigating the vibration induced
injuries.

The results suggest that the mechanical energy absorption characteristics of seated
occupants exposed to vertical vibration require appropriate considerations of postural
differences arising from variations in hands position, seated height, and inclinations of
the backrest, while fhe role of seat pan orientation appears to be negligible. The back
support conditions (back not supported, and supported against vertical and inclined
backrests) were found to contribute to notable differences in power absorption. Under the
same hands positions, back not supported posture (NVF) results in higher energy
absorption in the lower frequency bands prior to the primary resonance, while the
inclined backrest posture (BIF) causes less energy absorption. However, the inclined
backrest posture (BIF) result in higher energy absorption beyond the primary resonant
frequency, which is attributed to the presence of the secondary resonance around 10 Hz.
The results also support the earlier findings on the influence of back support on the basis

of the apparent mass magnitude, which was observed to be significant at frequencies
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ranging from primary resonance to 18 Hz [93], irrespective of the hands position. Within
this frequency range, the apparent mass magnitudes tend to increase when the back is
supported.

Placing the hands on the steering wheels tends to Slightly reduce the portion of
body mass supported by the seat, when compared to that for the hands in lap postures.
This difference tends to be larger with the inclined backrest than for the vertical backrest.
The hands in lap postures with slightly larger portion of body mass supported by the seat
could account for slightly larger total amount of absorbed power, as observed in Figures
3.18 and 3.19. The hands position, however, affects the absorbed energy only when the
back is supported. This trend has also been observed for the seated body apparent mass
magnitude response [93]. It may be concluded that for the inclined back support postures
the hands position influences the interactions of the seated body with the seat pan, which
results in considerable variations in the biodynamic responses. This may also explain the
noticeable differences caused by the seat height on absorbed power around the primary
resonance, only when inclined back support is employed.

Since absorbed power could be computed indirectly from the imaginary APMS,
the absorbed power may also hold the advantage of APMS, namely relatively smaller
measurement and inter-subject variabilities [10,36], as opposed to the STHT
measurement [11]. Moreover, the absorbed power response characteristics could be
applied to obtain an estimate of the cumulative energy dissipated by the exposed body
over a given exposure duration. The absorbed power can thus serve as a better measure
for assessing the health and safety risks associated with exposure to whole-body vertical

vibration.
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3.5 Summary

Owing to the severe health and safety risks posed by the exposure to WBYV,
considerable efforts have been made in reducing the magnitudes of transmitted vibration
in vehicular applications, and in characterizing the seated human occupant response to
vibration. Postural differences in vehicular situation mainly arise from variations in seat
geometry, like seated height, inclinations of the seat pan and the backrest, and back
support conditions. Besides hands positions also constitute another source of postural
variations. For the purpose of examining the role of seat geometry and hands positions on
the force-motion biodynamic functions, measureménts were performed for 13 male and
14 female subjects exposed to whole-body vertical vibration. The APMS responses were
initially derived, and then absorbed power quantity were computed using the indirect
method described in section 2.4.

Owing to the strong dependence of the apparent mass response on the body mass,
the statistical analyses are performed with body mass as a covariant in an attempt to
eliminate the contributions due to body mass. From the results, it is concluded that an
increase in seat height yields higher peak magnitude response attributed to larger portion
of the body mass supported by the seat. The measured data revealed negligible effect of
variations in the seat pan orientation on the apparent mass response. The subsequent
analyses were thus limited to six sitting postures, realized from two hands positions and
three back support conditions (back not supported, and supported against vertical and
inclined backrests). The primary resonant frequency and bandwidth of the biodynamic
responses were strongly influenced by the combined effects of hands position and back

support condition, while the peak magnitude was further affected by the seat height.
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Furthermore, the hands position was found to influence the APMS response only when
the back is supported with an inclined backrest and at frequencies within the primary
resonant frequency range. The influence of back support, irrespective of hands position,
was generally significant at the frequencies ranging from primary resonance up to 18 Hz.
Within this frequency range, the apparent mass magnitudes tend to increase when the
back is supported. The data further revealed that the APMS magnitude response at
higher frequencies is also affected by the gender.

From the computed absorbed power responses, the results show that the absorbed
power is strongly influenced by excitation magnitude and individual anthropometry
variables (body mass, body mass index). Owing to the strong effects of the inter-subject
variability, the analyses were further performed by selecting 10 subjects from the
ensemble of 27 subjects in an attempt to eliminate the contributions due to individual
anthropometry variables. The computed data revealed negligible effect of variations in
the seat pan orientation on the absorbed power response. Similar to APMS responses, the
subsequent analyses were thus limited to six sitting postures, realized from two hands
positions and three back support conditions (back not supported, and supported against
vertical and inclined backrests). It was found that when the hands position was on the
steering wheel, the rate of change of energy absorption within the human body is strongly
influenced by the back support condition. The hands in lap postures tend to absorb more
energy than those with hands on steering wheel postures when combined with the
inclined backrest support. The back supported postures tend to reduce the energy
dissipation by the body at low frequencies, and increase the absorption at frequencies

above resonance, irrespective of the hands position.
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CHAPTER 4

APPARENT MASS AND SEAT-TO-HEAD TRANSMISSIBILITY
CHARACTERISTICS

4.1 Introduction

Seated occupant response to WBV has been widely evaluated using two
methodologies. These include the measurement of transmission of vibration to different
body segments, and measurement of force-motion relationships at the body-seat interface.
The former method involves the study of ‘motion-motion’ vibration transmissibility
through the body. The latter method invoives the study of forces developed at the body-
seat interface as well as the dynamic interaction of seated body with the seat. The
apparent mass, computed as the ratio of the force to the acceleration, is directly
proportional to the static mass of the human body supported by the seat and it provides
measures of resonant frequencies of the biological system. The épparent mass of the
human body is more frequently used to characterise the human biodynamic response to
vertical or horizontal vibrations, since it permits greater convenience for performing the
necessary corrections to account for inertia force due to the seat structure [36].

Epidemiological studies have established definite associations between the WBV
exposure encountered in vehicles and the symptoms of LBP among the professionai
drivers [3,4]. A few studies have suggested the use of vibration transmission through the
body to enhance the understanding of the adverse effects of whole body vibration. These
studies have thus investigated the nature of vibration transmitted to the head, lumbar
(L1,L3,LS), thoracic (T1,TS5,T10) and cervical spine [42]. By using skin mounted

accelerometers, it has been shown that the relative motions of the skin with respect to the
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bone could modify the true responses [75]. The reported transmissibility responses at
these locations generally show large inter-subject variabilities, which can be attributed in
part to limitation of the measurement methods and to anthropometric differences among
the subjects [42,75-77]. Moreover, the vibration transmission characteristics measured at
L1, L2, L3 and L4, reported in different studies, namely by Sandover and Dupuis [77],
Pope et al. [75], Magnusson [42] and Panjabi et al. [76] showed extremely large
differences in both the peak values and the corresponding frequencies.

Alternatively, seat-to-head transmissibility (STHT), which describes the
transmission of vibration through the body, has been used to gain a better understanding
of transmission of vibration through the seated body [10,11]. It has also been shown that
STHT can be directly related to the normalized APMS response to WBV, when the
response can be characterized by that of a single-degree-of-freedom system [73]. The
vast majority of the reported studies have focused on the STHT responses to vertical
vibration excitation, while a few have also measured the head responses along the three
translation and rotational axes [35, 55-57]. Demic [49] reported the STHT responses to
vertical, fore-and-aft and combined vertical and fore-and-aft vibration at the seat.

Considerable differences among the reported datasets, however, have been
observed due to the wide range of test conditions used in different studies, such as sitting
posture, frequency and amplitude of vibration excitation, number and physical
characteristics of subjects [10,11]. The ranges of the idealized values of APMS and
STHT of seated body bioaynamic response under vertical vibration have also been
proposed in ISO-5982 [12] on the basis of a synthesis of various datasets reported under

comparable test conditions. However, the ranges of idealized values presented in ISO-
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5982 [12] are not intended to characterize the biodynamic response of seated human
occupants under automotive postures and vibration conditions, since they are based upon
data acqﬁired with no back4 support and under relatively high magnitudes of vertical
vibration. Paddan and Griffin [35,55-57] studied the effect of a rigid vertical backrest
support on STHT under translational and rotational vibration at the seat applied
independently, while the responses at the head were measured along the six directions.
Under vertical excitation, they reported a decrease in the inter-subject variability with a
backrest but an increase in the head vibration, especially in the mid-sagittal plane in the
5-10 Hz frequency range, when compared to those observed for the no back support.

Although both the APMS and STHT response functions relate to the seated
occupant responses to whole-body vibration, the two responses have shown some
differences, particularly in the resonant frequencies [10,11,73]. Such differences may be
inherent to the biological systems response to vibration or may be attributed to the
differences in the methods used to characterize the two measures. Compared to the
APMS responses, relatively fewer studies have investigated the motion-motion response
in terms of seat-to-head transmissibility [10,12,74]. Moreover, the two measures have
been acquired either by different investigators or during different test sessions that may
also involve different subjects. Simultaneous measurements of the two functions could
thus yield considerable insight into the differences, if any, moreover, the characterization
of both motion-motion and force-motion response characteristics would provide a better
understanding of human response to WBYV and its adverse effects.

Apart from the above, the characterization of both APMS and STHT functions is

essential for deriving effective seated body models for assessing the responses to WBV
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and for applications to seating dynamics. The knowledge of two target response data sets
would facilitate the identification of more feasible values for the uncertain parameters of
the biological system.

In this chapter, the apparent mass and seat-to-head transmissibility response
characteristics are derived through simultaneous measurements of forces at the seat base
and backrest and motions on the seat base and head using 12 male subjects under postural
and vibration conditions representative of those applicable to automobile drivers aﬁd
passengers. The measurements are performed to establish the influence of back support
condition, hands position, vibration excitation magnitude on the seated body biodynamic
responses. On the basis of these results, the target values of both force-motion and
motion-motion biodynamic responses of seated occupants are derived for development of

mechanical equivalent models.

4.2  Seat-to-head transmissibility characteristics

The acceleration data acquired on the seat and subjects’ head under the selected
test conditions are analyzed to derive the vertical and fore-and-aft STHT magnitudes and
phases. The biodynamic response characteristics and its influential factors are described
in the following sub-sections. Multi-factor ANOVA was conducted using the SPSS
software to verify the statistical significance level of the main faétors upon the vertical
and fore-and-aft STHT responses. These included the three back support conditions

(NBS, VBS and IBS), two hands positions (LAP and SW) and three excitation levels.
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4.2.1 Vertical and fore-and-aft STHT responses

Figure 4.1 illustrates magnitudes of vertical (7F,) and fore-and-aft (7F,) STHT
responses of 12 subjects seated assuming three different back support conditions and
hands in lap posture, while exposed to 1 m/s? rms acceleration excitation along a vertical
axis. The corresponding mean curves with standard deviation of the mean as the error
bars are presented in Figure 4.2. Despite considerable scatter between the STHT

magnitude responses of different subjects, the peak moduli of STHT in both vertical and
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Figure 4.1: Inter-subject variability in the vertical and fore-and-aft STHT responses
measured at 1.0 m/s” rms excitation with three back support conditions and
hands in lap posture.
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Figure 4.2: Mean curves and mean + standard deviation scatters of the vertical STHT
and fore-and-aft STHT measured for 12 subjects under 1.0 m/s?> rms
excitation and three back support conditions with hands in lap posture.

fore-and-aft axes occur in the 4 to 5 Hz frequency range for all subjects, irrespective of
the back support conditions, often referred to as the primary resonant frequency of the
seated body [10,12,22,23,34,36,41,42]. Similar degrees of scatter and consistent trends in
the data were also observed for the other test conditions involving different excitation

magnitudes and hands on steering wheel (SW).
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The results further show considerable effects of the back support conditions on
the magnitudes of acceleration transmitted to the head along both the vertical and fore-
and-aft directions. At frequencies below the primary resonance, a larger dispersion of the -
moduli of the TF, was observed for the no and vertical back support conditions than with
the inclined back supported posture. The magnitudes of fore-and-aft STHT responses also
exhibit considerable dispersion in the measured data as in the case of the vertical STHT,
while the trends are somewhat different. A relatively larger dispersion of the moduli of
TF, around 2 Hz was revealed for the inclined back supported posture, which was
observed to be the smallest in 7F, for the same posture. This is most likely caused by the
body mode around 2 Hz in the fore-and-aft direction, which has been observed in APMS
under horizontal vibration [94].

At frequencies around the primary resonance, both the vertical and fore-and-aft
STHT responses Witﬁ the inclined back support exhibit the smallest scatter, while
relatively larger variations were observed under the no back support condition. The inter-
subject variations in the moduli of 7F; tend to be significantly higher, which could be
attributed to differences in individuals’ anthropometry and mﬁscles tension. For the NBS
posture, the coefficient of variation of 7F, modulus is in the vicinity of 15% near the
primary resonance, which reduces to néarly 12% and 7% for the VBS and IBS postures.
The coefficient of variations of the 7F, modulus exceeds 30% for the NBS and VBS
postures, and is in the order of 25% for the IBS posture.

The vertical STHT responses exhibit the presence of a second resonance in the 9-
11 Hz range. The second resonant peak was noticeable only for some subjects when

sitting without back support, and is thus not very clearly evident in the mean curve.
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However, the magnitude of this secondary peak becomes apparent for the back supported
postures, while the vertical and inclined back supports cause higher corresponding
frequencies when compared to that from the NBS response. As indicated in Figure 4.1, at
frequencies above 10 Hz, the inter-subject variability in vertical STHT magnitude is
relatively smaller for the no back support in contrast with the back supported postures.
For the fore-and-aft STHT responses, a second resonant peak is clearly evident under the
inclined back supported posture. A number of reported biodynamic response studies have
also suggested the presence of this secondary. Matsumoto and Griffin [42] found the
second peak between 6 and 9 Hz for vertical vibration transmissibilities of seat to L4 and
to the pelvis under the no back sitting posture. Similarly, Mansfield and Griffin [45]
found the second resonant peak in the 8-10 Hz range, while investigating the seat to spine
and pelvis acceleration transmissibilities under vertical WBYV. Rakheja et al. [48]
reported the second resonance frequency occurring in the vicinity of 11 Hz under the
inclined back support and hands on steering wheel posture on the basis of the measured
APMS biodynamic responses. Nawaysch and Griffin [51] also observed the presence of a
second resonance peak of relativély small magnitude in the 10-15 Hz range in the fore-
and-aft APMS response measured at both the seat and the backrest, which was considered
to be consistent with the rotational mode of the pelvis and the lower upper-body (T11-
L3).

The results show significant magnitudes of fore-and-aft acceleration of the head,
even though the seated subjects are exposed to vertical vibration alone. This could be
attributed to the angular motions of the upper body and the head, which have also been

observed in a few reported studies [35,51]. The results suggest strong coupling between
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the angular and vertical motions of the seated body. The peak magnitudes of TF, are
observed to be either comparable or larger than those of the TF,. The peak mean
magnitude of TF,, however, is greater than that of 7F, for the NBS posture, which can be
attributed to relatively larger angular motion of the unsupported upper body. The mean
magnitudes of 7F, for the two béck supported postures are only slightly larger than those
of TF,. The magnitudes of TF, also exhibit primary peak in the 4-6 Hz fréquency range,
while sitting against the inclined back support yields a relatively small peak around 2 Hz.
This peak is most likely attributed to the upper body response to component of vibration
excitation along the fore-and-aft axis encountered at the inclined backrest. A few studies
conducted on the biodynamic responses of seated occupants exposed to fore-and-aft
vibration have also suggested the presence of this peak around 2 Hz, which has been
attributed to considerable interactions of the upper body with the inclined backrest [94].
Figure 4.3 illustrates comparisons of the vertical STHT phase responses of
individual subjects for the three back support conditions, while sitting with hands in lap.
The figure also illustrates the mean responses and standard deviations of the means as the
error bars. These responses also show similar degree of variability but consistent trends.
The inclined back support posture yields relatively smaller dispersion in the data, as
observed in the 7F, moduli data. Correspondingly, STHT phase resﬁonses show the

similar results while placing the hands on the steering wheel.
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Figure 4.3: Comparison of vertical STHT phase responses of 12 subjects exposed to 1.0
m/s”> rms acceleration excitation and seated assuming three back support
conditions and hands in lap posture: (a) Phase responses of 12 subjects; and
(b) mean and standard deviation of the phase responses.

As an example, Figure 4.4 illustrates the strong correlation between the seat and
head acceleration signals for the condition with hands in lap posture. In the vertical
direction, the coherence is close to 1 over the entire frequency range. In the fore-and-aft

direction, the coherence is low in the low frequency range (below 2 Hz) due to relatively

small motions of the head in that direction.
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Figure 4.4: Coherence in the vertical and fore-and-aft STHT measured at 1.0 m/s* rms
with no back support condition and hands in lap posture.

Prior to the subsequent analysis, the influence of body mass on the measured
‘vertical STHT” and ‘fore-and-aft STHT” responses was checked first. The results have
invariably shown little effects of body mass, which was consistent with the published

~ studies, as reviewed in section 1.3.1.

The results presented in Figures 4.1 and 4.3, however, suggest that the back
support condition strongly affects the STHT in both the vertical and fore-and-aft
directions. Furthermore, the hands position and vertical vibration magnitude may also
influence the STHT responses, while little has been reported in the literature on the
influences of such factors. The measured data were thus statistically analyzed to study the
effects related to different experimental conditions considered in this study. The
interpretations of these statistical results are presented on the basis of mean responses
comparisons, which is justifiable in view of consistent tendencies in terms of peak

response magnitudes and the corresponding frequencies.
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4.2.2 Effect of vibration magnitude on STHT

The effect of vibration magnitude has been widely reported in terms of driving-
point biodynamic functions {36,45,51,52]. Most studies have concluded that the primary
resonance frequency decreases as the magnitude of vibration is increased. This
phenomenon is known as a ‘softening effect’ or ‘non-linearity’ of the human body, while
subjected to WBV. Unlike the driving-point biodynamic responses, only minimal efforts
have been made to study the influence of excitation amplitude on the STHT responses of
the seated human body. Mansfield and Griffin [45] demonstrated the nonlinearity of the
seat vibration transmitted to various body segments of the seated body, namely the
viscera, pelvis and lumbar spine. Figure 4.5 illustrates comparisons of mean vertical and
fore-and-aft STHT responses attained under three different vertical vibration magnitudes:
0.25, 0.5 and 1.0 m/s? rms acceleration.

The results presented for the three back support conditions distinctly reveal that
the primary resonance tends to shift to a lower frequency with increasing vibration
magnitude. Similar trends were also observed for the phase response. The same trend is
also evident for the fore-and-aft STHT, while the shift in frequency is more evident for
the back supported postures. The broad secondary resonant frequency in the vertical
STHT response, which is more evident with the vertical and inclined back supports, also
decreases with increasing vibration magnitude. The results suggest that the mean primary
resonance for the inclined back support posture decreases by approximately 0.85 Hz
(from 5.55 Hz to 4.7 Hz), when vertical excitation magnitude is increased from 0.25 to

1.0 m/s’. Besides, it is also observed that increasing of the excitation magnitude causes a
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difference of approximately 0.3 Hz for the first resonance frequency around 2 Hz that

occurs in the fore-and-aft direction with an inclined back support.
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Figure 4.5: Influence of excitation magnitude on mean STHT responses of 12 subjects
with hands in lap; —1.0 m/s” rms; — 0.5 m/s? mms; ~-0.25 m/s>rms.

Tables 4.1 and 4.2 summarize the results attained from ANOVA of the vertical
and for-and-aft STHT data, respectively, considering three main factors: back support
condition B (NBS, VBS, IBS); excitation magnitude E (0.25m/s?, 0.5m/s’, 1.0m/s%); and
hands position H (LAP, SW). The tables present the p values corresponding to each main
factor and their interactions at selected discrete frequencies. The results suggest

significant effects of excitation magnitude (p <0.05) on the fore-and-aft STHT responses
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in the frequency range between the two resonances (5-10.5 Hz). For the vertical STHT
responses, the most significant effects of excitation magnitude (p <0.01) occur from 1-8
Hz, except at 5 Hz, while the significant effects are also evident at frequencies above 11.5
Hz (p<0.05). The influence of excitation magnitude on the primary resonance will be
further discussed in the subsequent sections.

Table 4.1: p values obtained from three factor statistical analysis in view of the vertical
STHT modulus over the frequency 0.5-15 Hz.

Frequency B E H B*E E*H B*H B*E*H
(Hz)
1 0 0 0364 0.880 0.729 0945 0928
1.5 0 0 0.126 0998 0.68  0.178  1.000
2 0 0 0463 0997 0993 0505  0.999
2.5 0 0 0375 0841 0998 0778  0.994
3 0 0 0342 0366 0975 0705  0.969
35 0 0 0.603 0348 0959 0162 0974
4 0.47 0 0.806 0.863 1.000 0344 0976
4.5 0.281 0 0927 0.142 0550 0217  0.858
5 0 0.196  0.302 0 0291 0067  0.752
55 0 0 0.021  0.002 0419 0048  0.982
6 0 0 0.001 0537 0799 0105  0.904
6.5 0 0 0 1 0996 0242  0.861
7 0 0 0 0976 0815 0542  0.960
75 0 0 0 0.854 0294 0.632  0.966
8 0 0.006 0 0.136 0439 0566  0.948
8.5 0 0.577 0 0241  0.089 0590  0.926
9 0 0.734 0 0232  0.064 0.657  0.862
9.5 0 0.570  0.002 0475 0128 0790  0.939
10 0 0.813 0075 0.568 0191 0619  0.994
10.5 0 0989 0537 0461 0326 0436  1.000
11.5 0 0017 0067 0.9 0795 0227  0.822
12 0 0.032 0589 003 0286 0439  0.888
13.5 0 0.038 0.843  0.012 0258 0561  0.935
14 0 0036 0.036 0.838 0879 0.155  0.809

B=Back support conditions (NBS, VBS, IBS);
E=Excitation (0.25 m/sz, 0.5 m/s2, 1.0 m/s? rms);
H=Hands position (LAP, SW).
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Table 4.2: p values obtained from three factor statistical analysis in view of the fore-and-
aft STHT modulus over the frequency 0.5-15 Hz.

Frequency — p E ~ H  B*E E*H B*H B*E*H
(Hz)
1 0 0197 0624 0711 085 0677 0983
15 0 049 0452 0712 0830 002  0.948
> 0 0073 0954 0012 0910 0001 0801
2.5 0 0208 0108 0272 0763 0005 0781
3 0 0583 0012 0461 0876 0042 0841
35 0 0516 0021 0028 0980 0854  0.988
4 0 0783 0015 0025 0802 0844 0978
45 0 0308 0035 0033 0324 0543 099
5 0 0002 0120 0056 0297 0250  0.997
5.5 0 0 0201 0028 0371 0074 0984
6 0 0 0332 0267 0562 0057  0.930
6.5 0 0 0464 0828 0753 0082  0.789
7 0 0 062 0606 0703 0102 0752
8 0 0 0604 0001 0911 0440  0.899
8.5 0 0 0413 0 0972 047 0798
9 0 0 0288 0001 0983 0402 0717
9.5 0 0 0209 0016 0691 0689  0.784
10 0 0002 0185 0228 0468 0.646  0.882
10.5 0 0043 0214 0350 0337 0578  0.883
11.5 0 0867 0473 0732 0383 0164  0.984
13.5 0 0984 0837 075 0497 0037 0990
14 0 0958 0587 0862 0582  0.033  0.990

B=Back support conditions (NBS, VBS, IBS);
E=Excitation (0.25 m/s%, 0.5 m/s%, 1.0 m/s? rms);
H=Hands position (LAP, SW).
4.2.3 Peak variation analysis of STHT

Table 4.3 summarizes the mean values of the primary resonant frequencies
observed from the measured vertical and fore-and-aft STHT responses attained under
different combinations of experimental conditions, together with the standard deviations
on the means. The mean primary resonant frequencies decrease with increasing excitation

magnitude, suggesting nonlinear response and a softening effect, which has been widely

reported [36,45,51,52]. This softening effect seems to be greater for the IBS posture. The
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Table 4.3: Primary resonance frequencies (Mean, SD values) for both vertical and fore-
and-aft STHT responses.

Back support No back support Vertical back Inclined back
condition support support
Excitation

(rn/s2 rms) 025 0.5 1.0 025 0.5 1.0 025 05 1.0
LAP 563 506 4.66 558 494 469 543 483 430

Vertical 0.59 043 043 063 033 036 0.74 047 035
STHT qw 397 525 489 608 522 476 559 497 430
0.58 032 033 086 062 046 0.73 040 0.37

Fore- LAP 489 439 424 554 538 483 555 497 467
and-aft 048 054 048 0.67 044 045 081 046 029

STHT SW 496 459 449 573 554 495 565 514 4.66
0.57 051 047 0.85 0.67 033 0.78 043 0.37

difference in mean primary resonant frequency attained under lowest and highest
excitation amplitude is 1.13 Hz for the vertical STHT with hands in lap and about 0.9 Hz
for the fore-and-aft STHT responses. For the identical back support condition, the SW
posture yields even larger difference compared with the LAP posture except for the fore-
and-aft STHT response under NBS. For the hands in lap posture, the mean resonance
frequency of the vertical STHT generally tends to be highest for the NBS and lowest for
the IBS, while these increase slightly for the SW posture, which may be attributed to
slightly lower effective body mass on the seat [48,54]. The difference in the frequencies
between the LAP and SW postures diminishes under higher excitations, which suggest
greater softening effect of increasing magnitude for the SW posture. The same trends are
- also evident in the mean frequencies of fore-and-aft STHT responses, while the
frequencies for the NBS posture are considerably lower than those observed for vertical

STHT responses.
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The standard deviation on the primary resonance tends to increase as the
excitation magnitude decreases, and it is also decreasing in the order of no back support,
vertical back support and inclined back support. The standard deviations of the means for
both vertical and fore-and-aft STHT frequencies generally tend to be considerably higher
under lower excitation magnitude of 0.25 m/s*, when compared to those under higher
excitations, irrespective of the hands position and back support condition. Moreover,
back supported postures exhibit relatively higher standard deviations of the means
compared to those for the NBS posture. This tendency is opposite to that observed for the
peak transmissibility magnitudes. The above trends observed in the primary resonance
data may suggest that the ‘softening effect’ of the seated body would also be influenced
by the back support condition and hands position.

Table 4.4 summarizes the results attained from three factors ANOVA of the
vertical and fore-and-aft peak transmissibility moduli and primary resonances in view of
the back support condition (B), hands position (/) and excitation magnitude (E), and
their interactions. The results clearly show significant effects (p <0.005) of the back
support condition upon the peak moduli and the corresponding frequencies. Excitation
magnitude was found to have a significant influence (p <0.005) on the fore-and-aft
moduli and resonant frequencies of both responses, while it was insignificant in view of
the vertical STHT modulus. This is also evident from the mean responses presented in
Figure 4.5. The hands position was only found to be significant for the vertical mode
resonance (p <0.005) but relatively less significant for the corresponding peak modulus.

The results further show insignificant interactions among the main factors.
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Table 4.4:  p values obtained from three factor statistical analysis in view of the peak
STHT modulus and primary resonance.

B E H B*E E*H B*H B*E*H
Vertical Peak modulus  0.004 0.243 0.014 0.752 0826 0.015 0.972

Vertical Primary 0 0 0003 0687 0391 052 0938
resonance o :

Fore-and-aft Peak 0 0001 01 0431 0472 0405 0.999
modulus o

Fore-and-aft Primary 0 0 0069 0446 0936 0.867 0.958
resonance '

- B=Back support conditions (NBS, VBS, IBS);

E= Excitation (0.25 m/s%, 0.5 m/s%, 1.0 m/s? rms);
H=Hands position (LAP, SW).
4.2.4 Effect of hands position on STHT

Figure 4.6 coinpares the STHT responses measured with two hands position (in
lap and on the steering wheel) for the 12 subjects while exposed to excitation level of 1.0
m/s” rms. The influences of hands position on the mean STHT responses appear to be
generally small for the postures and excitation level considered. The effects on the
vertical STHT responses can be observed (p <0.05) at frequencies above the primary
resonance (5.5-9.5 Hz). For the fore-and-aft STHT responses, the hands position can be
considered as a slightly significant factor (p <0.05) in the 3-5.5 Hz frequency range. No
significant ’interactions were detected between the hands position and excitation
magnitude as well as among the back support condition, excitation magnitude and the
hands position in both the STHT responses. The hands position reveals relatively larger
differences in the modulus occurring around the primary resonance for the NBS
condition, as opposed to the VBS and IBS conditions (Figure 4.6). For the back
supported postures, the differences in the vertical modulus are observed in the 6 to 9 Hz

frequency range.
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Figure 4.6: Influence of two hands position on mean STHT responses of 12 subjects
under different back supported conditions. — Hands in lap; ——hands on

steering wheel (Excitation: 1.0 m/s>rms).

Unlike the STHT responses, the hands position tends to strongly affect the APMS
response under vertical WBV exposure [48,54,92], particularly when the seated subject
utilizes an inclined backrest support. The reported study utilized relatively lower
magnitudes of white noise vibration in the 0.5-40 Hz range and slightly different steering
column geometry. The observed differences in the effects of hands position on the STHT
and APMS responses could be attributed to the differences in the column geometry and

the excitation level.

4.2.5 Effect of back support condition on STHT
Figure 4.7 and 4.8 illustrates the comparisons of mean STHT magnitude

responses attained for the three back support conditions (NBS, VBS and IBS) under
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exposure to 1.0 m/s” rms excitation and the LAP. Figure 4;8 provides the same as that of
the SW posture. At frequencies around the primary resonance, the variations arising from
the back support conditions appear to be most important for the fore-and-aft STHT 7F,
than that for the vertical STHT TF,, which conforms to the results obtained from the peak
variation analysis. The p values obtained for the back support conditions on the peak 7F,
moduli (p <0.005) are higher than those for the peak TF, moduli (p <0.00001), as evident
in Table 4.4. These results thus suggest that a back support contributes greatly to the fore-
and-aft motion of the body near the primary resonance, most likely the angular motion of
the upper body, when compared with the vertical head moﬁon. The use of a back support
tends to reduce the angular motion of the upper body and thus the fore-and-aft motion of
the head most significantly.

For the vertical 7F, modulus, the primary resonance of the body with IBS occurs
at a lower frequency compared to that with NBS and VBS, this trend is somehow
opposite to that observed from the reported APMS responses [93], which may be
attributed to the differences in seat geometry dependent postures and excitation
magnitudes. The broad secondary resonance for the IBS, on the other hand, occurs at a
relatively higher frequenéy than those for the NBS and VBS postures. The peak modulus
of TF, corresponding to this secondary resonance is significantly higher than those for the
other support conditions, and approaches values near 1.0. The IBS posture also shows
similar effect on the TF, modulus, while the peak value remains below 1.0. In the 1-3 Hz
frequency range, the NBS posture yields a relatively higher value of 7F, modulus. At
frequencies above 10 Hz, both the 7F, and 7F, moduli increase for the back supported

postures.
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Figure 4.7: Influence of three back support conditions on mean STHT responses of 12
subjects. — No back support; — vertical back support;-—-- Inclined back
support (Hands in lap: excitation: 1.0 m/s?rms).

147

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



25

------- Inclined back support
Vertical back support
2 No back support
5
515
-]
o
£
o1y
-
(7]
05
0 i 1 ) L L ! $
3
------- Inclined back support
w25 Vertical back support
.g No back support
3 2
E
-
15
o Y
r
P
21
P
o
205
0 | i
0 5 10 15

Frequency (Hz)

Figure 4.8: Influence of three back support conditions on mean STHT responses of 12
subjects. — No back support; — vertical back support;---—— Inclined back
support (Hands on steering wheel: excitation: 1.0 m/s* rms).

The ANOVA results, summarized in Tables 4.1 and 4.2, reveal rather strong

significance of the back support condition over the entire frequency range 0.5-15 Hz (p

<0.00001), except for the vertical STHT response in the 4-4.5 Hz range, where the effect

of the back support condition is insignificant. The slightly strong interaction between the

back support condition and the hands position (p <0.05) can be observed for the TF,
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modulus in the lower frequency range (1.5-3 Hz). Slight interactions (p <0.05) between
the back support and the excitation magnitude could also be observed for both the moduli
in the small freqﬁency intervals of 5-5.5 Hz and 12-13.5 Hz for the vertical, as well as
3.5-5.5 Hz and 8-9.5 Hz for the fore-and-aft STHT responses.

The STHT biodynamic responses obtained with the use of a rigid backrest may be
compared with those reported by Paddan and Griffin [35]. In that study, the STHT
responses were measured using 12 male subjects, who assumed a comfortable upright
posture or were leaning against an upright backrest, while exposed to vertical WBV. The
study concluded that the backrest increased the rms values of head vibration, and
provided a stiffening effect for the body resulting in an increase in the primary resonance
frequency. The results presented in Figure 4.7 and 4.8 show only a slightly higher mean
primary resonant frequency for the VBS posture when compared to that for NBS posture.
The VBS posture, however, yielded considerably larger magnitude of vertical STHT at
frequencies above 7 Hz, which would yield higher ms values of head vibration, as
reported in [35]. The peak magnitude of TF, is considerably larger for the NBS posture,
when compared to those for the back supported posture. This trend is opposite to that
reported by Paddan and Griffin [35], which may be attributed to the differences in the
measurement system, namely the bite-bar vs. the helmet-strap mounted accelerometer
mounting system.

The results presented in Figure 4.7 and 4.8 also exhibit the highest magnitude of
TF, and TF, for the IBS posture at frequencies above 10 Hz. This is also evident from the

effects of back support on the APMS magnitude and absorbed power [93,95]. These
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studies have shown that both the APMS and absorbed power magnitudes in the vicinity

of the secondary resonance tend to be higher for the back supported postures.

4.3  APMS responses characteristics

Wu et al. [73] performed analyses of STHT and APMS responses and concluded
that for a single-DOF biodynamic model, both meaSures exhibit identical primary
resonance frequencies. Another study on the analyses of various reported models
suggested the frequencies corresponding to peak APMS and STHT magnitudes differ
[19]. Such differences are also evident in the idealized values of STHT and impedance
responses presented in ISO-5982 [12]. Considering that both measures characterize the
response behaviour of the same body, one may expect similar resonance frequencies. On
the other hand, the two measures describe considerably different response characteristics,
and may thus yield some differences by emphasizing different modes. The reported
studies have attributed these differences to a few primary factors [10]. The two measures
have been mostly measured in separate experimental sessions mostly likely involving
different subject population and measurement methods. Simultaneous measurement of
these two measures using identical subjects is thus essential to gain insight into the
similarity of two measures. Moreover, the APMS and STHT measures relate to “to-the
body’ and ‘through-the-body’ characteristics. The data acquired in this study are initially
analyzed to derive the two measures, which are subsequently evaluated to identify the
similarities and differences between them.

The force and acceleration data acquired on the seat are analyzed to derive the

 force-motion biodynamic response in term of vertical apparent mass measured at the seat
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pan, cross-axis apparent mass at the backrest support. The APMS responses measures
acquired under automotive postures, employed in simultaneous measurement, are
discussed in relation to those attained for a commercial vehicle seat posture presented in

previous chapter.

4.3.1 Vertical and cross-axis APMS responses

Figure 4.9 illustrates magnitude and phase responses of vertical APMS (M,)
responses of 12 subjects seated assuming three different back support conditions and
hands in lap posture, while exposed to 1 m/s® rms acceleration excitation along a vertical
axis. The results show mean responses for each subject derived from data acquired for
two repeats under each test condition. The scatter in the M, magnitude response tends to
be higher at lower frequencies prior to the primary resonance, which can be mostly
attributed to variations in the body masses, as illustrated earlier in section 3.2.1. But at
frequencies above the primary resonance, the scatter in the magnitude responses is
relatively small irrespective of the back support conditions. The corresponding scatter in
the phase response, as presented in Figure 4.9, however, shows the opposite trend
compared with magnitude response, irrespective of the back support conditions. Similar
degrees of scatter and consistent trends in the phase data were also observed for other test
conditions involving différent excitation magnitudes and hands on steering wheel (SW).

Figure 4.10 illustrates magnitude and phase responses of ‘cross-axis APMS’
(M,p), responses of 12 subjects seated assuming two different back support conditions
and hands in lap posture, while exposed to 1 m/s* rms acceleration excitation along a

vertical axis. As defined in section 2.3, ‘cross-axis APMS’ was derived from the force
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Figure 4.9: ‘Vertical APMS’ magnitude and phase responses of 12 subjects measured
under 1.0 m/s* rms excitation with three back support and hands in lap
posture.

measured at the backrest and acceleration measured at the seat base. The scatter in the

M,;, magnitude and phase responses under the vertical back support tends to be higher

over the entire frequency range compared with that acquired from the inclined back

support condition, which may partly have resulted from the contact condition between

the upper body and backrest. The seated upper body tends to make full use of backrest in
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an inclined position and maintain a stable relaxed sitting posture, while VBS support
may yield inconsistent interaction with the backrest.

The scatter in the M,; magnitude response under the inclined back support tends
to be higher at frequencies until around 7 Hz, which may be partly attributed to the
variations arising from the static body masses interacting with the backrest, and partly to
the variations in the primary and secondary resonance.. The scatter in the M,; magnitude
response under the vertical back support reveals a different trend, the greatest scatter
occurs around the primary resonance from 5 to 7 Hz. Compared to the inclined back
support posture, the scatter of M,, response at lower frequencies under vertical back
support is relatively small, which may be due to the reduced static body weight supported
by the backrest.

Despite the considerable scatter between the APMS magnitude responses of
different subjects, the peak magnitude of M, occur around 3.75 to 5.5 Hz frequency range
for all test subjects, irrespective of the back support condition, often referred to as the
primary resonant frequency of the seated body [36,41,42,58]. The peak magnitude of M,
occurs at a relatively higher frequency, ranging from 4.5 to 7 Hz.

The ‘vertical APMS’ responses (M,) exhibit a noticeable second resonance in the
7.5-11 Hz frequency range only for some subjects when sitting without back or for
vertical back support. The magnitude responses of all the subjects reveal a distinct second
peak in the 6-8 Hz frequency range under the inclined backrest support. Moreover, the
magnitude of this secondary peak become higher for the back supported postures as

compared with the no back support posture. The ‘cross-axis APMS’ responses (M) also
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Figure 4.10: ‘Cross-axis APMS’ magnitude and phase responses of 12 subjects
measured at the backrest under 1.0 m/s? rms excitation with three back
support and hands in lap posture.

reveal a higher magnitude of secondary peak in the 6-8 Hz frequency range for all the

subjects when sitting against the inclined backrest. However, this second peak was not

observed for the cross-axis responses of 12 subjects under the vertical back support,

although the magnitude responses exhibit relatively larger scatter.
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The mean ‘vertical APMS’ and ‘cross-axis APMS’ responses, where the standard
deviations are shown with error bars, are presented in Figures 4.11 and 4.12, respectively.
For the NBS posture, the coefficient of variation of M, magnitude is in the vicinity of

. 47% near the primary resonance, which reduces to nearly 20% and 22% for the VBS and
IBS postures respectively. The coefficient of variations of the M, magnitude in the
vicinity of primary resonance reaches 83% for the VBS posture, and is in the order of
34% for the IBS posture. Moreover the coefficient of variations of the M,, magnitude is
considerably larger when sitting with upright back support compared with the inclined
back support over the entire frequency range except at frequencies below 3 Hz. Moreover
the coefficient of variations of the M,, phase is considerably larger when sitting with
upright back support compared with the inclined back support over the entire frequency
range. This sﬁggests that a vertical back support may cause considerable inter-subject
variability for the cross-axis APMS responses, and that a vertical back support yields a

less constrained and controlled upper body posture.

4.3.2 Static forces at the inclined backrest

As introduced in chapter 2, the static forces at the backrest have been recorded
before and after each experiment corresponding to different postures to ensure consistent
sitting posture during a trial. The overall mean values of the static forces at the inclined
backrest for all 12 subjects, are obtained as 20.87 kg and 19.27 kg, with standard
deviation of 3.19 and 2.75 kg respectively for hands-in-lap and hands on the steering
wheel positions. The static forces at the inclined backrest are also estimated from the

reported anthropometric data [96]. While sitting against the backrest, the upper body that
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Figure 4.11: Mean curves and mean + standard deviation scatters of the vertical APMS
magnitude and phase responses for 12 subjects measured at 1.0 m/s? rms
excitation under three back support conditions with hands in lap posture.
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Figure 4.12: Mean curves and mean =+ standard deviation scatters of the cross-axis APMS
magnitude and phase responses for 12 subjects measured at 1.0 m/s* rms
excitation under three back support conditions with hands in lap posture.

includes the trunk, head, neck, and arms is interacting with the backrest. The

anthropometry suggests that the human upper body mass, including the masses due to
head, neck, trunk and arms, accounts for nearly 67.8% of the total body mass for the
hands-in-lap position, and 65.6% of the total body mass for the hands-on-steering wheel
position [54]. The normal component of the upper body mass acting on the backrest is
obtained by multiplying the upper body mass with the sine function of inclination angle

(24°). This estimation assumes that the entire upper body is supported against the

backrest. Table 4.5 presents comparisons of the measured static forces at the inclined
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backrest for all the subjects with the estimated values. The table also lists the ratios of the
measured static force to the estimated force for the hands in lap and hands on steering
wheel postures. The resﬁlfs show reasonably good agreement between the estimated and
measured values. The mean values of ratio of static measured to estimated forces are
obtained as 0.98 and 0.99, respectively, for the hands in lap (LAP) and hands on the
steering wheel (SW) postures. The overall percentage values of the body weight
supported by the backrest, computed for all 12 subjects, are obtained as 27% of the total
body mass, with standard deviation of 4.13% for hands-in-lap position; 24.93% with

standard deviation of 3.56% for hands on the steering wheel position.

Table 4.5: Estimated and measured static forces at the backrest.

. |Body Static forces at the backrest (kg)
Subject
D Mass LAP SW
(ke) Measured Computed | Ratio |Measured|Computed | Ratio
1 72 17.29 19.85 | 0.87 | 1691 18.09 | 0.93
2 87 21.54 23.98 | 0.90 | 21.03 21.86 | 0.96
3 74.2 | 19.04 2045 | 0.93 | 18.77 18.64 | 1.01
4 88 24.47 24.26 1.01 | 21.66 22.11 | 0.98
5 772 | 19.65 21.28 1092 | 17.74 19.40 | 091
6 773 | 21.91 21.31 1.03 | 19.31 19.42 | 0.99
7 66.6 | 19.32 18.36 1.05 | 18.68 16.73 | 1.12
8 99.6 | 28.24 27.45 1.03 | 25.62 25.02 1.02
9 79.6 | 22.71 21.94 1.04 | 20.19 20.00 | 1.01
10 |66.4 | 16.73 18.30 | 0.91 | 14.42 16.68 | 0.86
11 | 73.2 | 20.12 20.18 1.00 | 18.19 18.39 | 0.99
12 66 19.38 18.19 1.07 | 18.72 16.58 1.13
Mean | 77.3 | 20.87 21.3 0.98 | 19.27 19.41 | 0.99
Stdev | 10.1 3.19 2.79 1.15 | 2.75 2.54 | 1.08
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4.3.3 The APMS data normalization

Since the force-motion biodynamic functions are strongly dependent upon the
body weight, as illustrated in section 3.2.1, it is often desirable to normalize the
magnitude responses with respect to the seated mass [36,46]. Several methods of
normalization have been used in the reported studies. Fairley and Griffin [36] derived the
“normalized apparent mass” for each subject by dividing the apparent mass of the same
subject measured at a low frequency of 0.5 Hz. Holmlund et al. [46] and Wu et al. [73],
normalized the measured data for each subject corresponding to each posture with respect
to the respective static mass supported by the seat. Both the approaches yield comparable
results, since the APMS response at 0.5 Hz is close to the static mass on the seat. In this
study, the normalization of both ‘vertical APMS and ‘cross-axis APMS’ are carried out
by dividing the magnitude responses by the corresponding values measured at 0.5 Hz.

Unlike the inclined backrest, the static forces at the vertical backrest were not
related to anthropometric characteristics of human body. Also from Figure 4.10 and
4.12, a greater inter-subject variability was generated due to this posture. Therefore, the
subsequent analysis for the normalized cross-axis APMS will exclude this case. Although
in the prévious chapter, the normalized data was not suggested to characterize the various
factors from the postural variation, the dimensionless characteristics would facilitate the
overall analysis of simultaneous biodynamic responses since the seat-to-head
transmissibility is a non-dimensional quantity.

Figure 4.13 illustrates the normalized magnitude responses of ‘vertical APMS’. The

corresponding mean curves with standard deviation on the mean as the error bars are

presented in Figure 4.14. Figure 4.13 clearly reveals that the normalization greatly
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reduces the scatter of the magnitude responses at frequencies below the primary
resonances. Figure 4.14 further shows the coefficient of variation of normalized APMS
magnitude is below 20% after the primary resonances, irrespective of the sitting postures
and excitation magnitudes, which are believed to considerably reduce the scatter among

the data acquired for different subjects compared with the non-normalized APMS data.

NBS

LIRS
,I\

0.5

Normalized APMS magnitude

0 5 10 153
Frequency (Hz) Frequency (Hz) Frequency {Hz)

Figure 4.13: “Vertical APMS’ normalized magnitude responses of 12 subjects under 1.0
m/s’ rms excitation with three back support conditions and hands in lap
postures.

Normalized APMS Magnitude

Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure 4.14: Mean curves and standard deviation scatters of 12 subjects in the normalized
vertical APMS responses under 1.0 m/s? rms excitation with three back
support conditions and hands in lap postures.
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Figure 4.15 illustrates normalized magnitudes of ‘cross-axis APMS’ (M)
responses of 12 subjects seated assuming two hands position with the inclined back
support, while exposed to 1 m/s* rms acceleration excitation along a vertical axis. It is
evident that scatter for the SW posture is much greater than that for the hands in lap

posture, especially around the primary resonance.

25

0.5 |

Normalized Cross-axis APMS magnitude

Fregquency (Hz) Frequency (Hz)

Figure 4.15: ‘Cross-axis APMS’ normalized magnitude and responses of 12 subjects
measured at 1.0 m/s® rms with the inclined backrest.

The cross-axis biodynamic behaviour of the seated body has not been
characterized, only one single study has reported the back supported forces for the
vertical back support with hand in lap [51]. The results presented in Figures 4.15,
however, suggest that the two hands positions may strongly affect the cross-axis APMS
responses.

The results presented in Figure 4.9 suggest that the back support condition
strongly affects the vertical APMS responses. Furthermore, the hands position and

vertical vibration magnitude may also influence the APMS responses, while little has
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been reported in the literature on the influences of such factors. The measured data were
thus analyzed to study the effects related to different experimental conditions considered
in this study.

Owing to the strong dependence of the APMS on the body mass, the analyses are
performed fo; a subset of datasets containing the data acquired for a smaller subject
population of comparable body mass. For this purpose, the data acquired for a total of 6
subjects with body mass ranging from 70.5 to 79.96 kg (mean= 75.58kg; standard
deviation =2.90 kg) are selected from the ensemble of 12 subjects in order to examine the
influence of postural factors variations. The analyses based on this selected subset of data
are expected to eliminate the strong inter-subject variability arising from variations in the
anthropometric variables, such as the body mass. The effects of excitation levels and
posture-related factors are characterized by analyzing the normalized APMS of 6 selected

data sets in the following sections.

4.3.4 Peak variation of APMS responses

Table 4.6 summarizes the mean values of the primary resonant frequencies
observed from the measured ‘vertical APMS’ and ‘cross-axis APMS’ responses attained
under different combinations of experimental conditions, together with the standard
deviations of the means. The mean primary resonant frequencies decrease with increasing
excitation magnitude, as observed in earlier results. This softening tendency seems to be
greater for the VBS posture for both ‘vertical APMS’ and ‘cross-axis APMS’ responses
than that for the other two back support conditions. Only one exception was observed for

the ‘cross-axis APMS’ responses with the inclined back support while hands were
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placing on the steering wheel. The difference in mean primary resonant frequency
attained under lowest and highest excitation amplitude is 1.23 Hz for the ‘vertical APMS’
and about 1.35 Hz for the ‘cross-axis APMS’ responses. For identical back support
condition, the SW posture yields relativeiy larger difference compared with the LAP
posture except for ‘vertical APMS’ response under VBS. The difference in the
frequencies between the LAP and SW postures diminishes under higher excitations for
the inclined back support for both ‘vertical APMS’ and ‘cross-axis APMS’ responses, as
it was observed in the STHT responses. The above findings again suggest greater
softening effect of increasing magnitude for the SW posture.

The standard deviation of the primary resonance tends to increase as the
excitation magnitude decrease for both ‘vertical APMS and ‘cross-axis APMS’
frequencies. The standard deviations tend to be considerably higher for ‘cross-axis
APMS’ frequencies when compared to those for the ‘vertical APMS’, irrespective of the
hands position and back support condition. The same trend was also revealed in vertical
and fore-and-aft STHT responses, as shown in Table 4.3.

Table 4.6: Primary resonance frequencies (mean and SD values) for both ‘vertical
APMS’ and ‘cross-axis APMS’ responses.

Back support No back support Vertical back | Inclined back
condition support support
Excitation
(m/s2 rms) 025 0.5 1.0 025 05 1.0 025 05 1.0

LAP 561 499 476 592 519 469 529 470 422

Vertical 048 069 046 0.60 048 043 048 042 0.28
APMS sw 78 511 484 626 577 507 551 491 423
045 059 036 076 0.73 043 0.63 0.51 031

LAP 635 568 534 593 517 5.16

Cross-axis 0.68 071 070 122 074 0.64
APMS SW 6.60 596 525 682 585 536

077 0.75 0.54 1.05 0.83 0.50
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4.3.5 Effect of excitation magnitude on APMS

Figure 4.16 compares the normalized vertical APMS responses measured with
hands in lap for the 6 subjects while exposed to three excitation levels under three back
support conditions. The results shown in Figure 4.16 distinctly reveal that the primary
resonance tends to shift to a lower frequency with increasing vibration magnitude,
irrespective of the back support condition. Similar trends were also observed for the
phase response, while the shift in frequency is more evident for ‘the back supported
postures. The secondary resonant frequency in the vertical APMS response, which is
more evident with the vertical and inclined back supports, also decreases with increasing
Vibratioﬁ magnitude. The shift in the secondary resonance frequency for the IBS was
larger than that of VBS posture. The results also suggest that the mean primary resonance
for the inclined back support posture decreases by approximately 1.01 Hz (from 5.29 Hz
to 4.22 Hz), when vertical excitation magnitude is increased from 0.25 to 1.0 m/s* rms.
The same trends are also observed in the STHT responses (Figure 4.5).

The ‘softening effect” of the seated body is also evident for the ‘cross-axis
APMS’ under the inclined back support posture with the two hands positions, as shown
in Figure 4.17. The results suggest that the mean primary resonance decreases by
approximately 0.77 Hz and 1.46 Hz for the hands in lap and hands on the steering wheel,

respectively, when vertical excitation magnitude is increased from 0.25 to 1.0 m/s” rms.
4.3.6 Effect of hands position on APMS

Figure 4.18 compares the normalized vertical APMS responses measured with

two hands position (in lap and on the steering wheel) for the 6 subjects while exposed to
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Figure 4.16: Influence of excitation magnitude on mean vertical APMS responses of 6
subjects with hands in lap posture: —1.0 m/s” rms; — 0.5 m/s* rms; -

0.25 m/s* rms.
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Figure 4.17: Influence of excitation magnitude on mean cross-axis APMS responses of 6
subjects with hands in lap posture: —1.0 m/s* rms; — 0.5 m/s* rms; -~

0.25 m/s* rms.

excitation level of 1.0 m/s? rms. The hands position reveals relatively larger differences

in the normalized APMS magnitude occurring around the primary resonance for the NBS

condition, as opposed to the VBS and IBS conditions (Figure 4.18). For the back

supported postures, the differences in the normalized APMS magnitude are observed in
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the 6 to 9 Hz frequency range. Figure 4.18 also compares the normalized cross-axis
APMS responses measured with two hands position (in lap and on the steering wheel) for
the 6 subjects while exposed to excitation level of 1.0 m/s* rms. The hands position
reveals relatively larger differences in the magnitude occurring around the primary
resonance. Hands on the steering wheel posture result in a higher peak magnitude and
primary resonance. This may suggest that the hands position strongly influences the
cross-axis APMS under the inclined back support, and due to the manner in which the
upper body interacts with the backrest, while the hands position on ‘vertical APMS’ was

considered to be negligible.

NBS

VBS i IBS

- Normalized APMS magnitude

0 5 10 15 0 5 10 150 5 10 15
Frequency (Hz) Frequency (Hz) Frequency (Hz)

s IBS

Normalized cross-axis APMS
magnitude

Frequency (Hz)

Figure 4.18: Influence of hands position on mean vertical and cross-axis APMS
responses of 6 subjects under different back supported conditions:

—Hands in lap; hands on steering wheel (Excitation: 1.0 m/s*
rms).
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In the previous Chapter, the hands position tends to strongly affect the APMS and
absorbed power response under vertical WBV exposure, particularly when the exposed
subject utilizes an inclined backrest support. The observed differences in the effects of
hands position on the simultaneous force-motion and motion-motion responses as well as
the single driving-point force-motion could be attributed to the differences in the column

geometry and the excitation level.

4.3.7 Effect of back support condition on APMS

Figure 4.19 illustrates the comparisons of mean normalized APMS magnitude
responses attained for the three back support conditions (NBS, VBS and IBS) under
exposure to 1.0 m/s” rms excitation and the LAP posture. For the vertical APMS (M,), the
primary resonance of the body with IBS occurs at a lower frequency compared to that
with NBS and VBS, this trend is somehow opposite to that observed from the reported
APMS responses [93], which may be attributed to the differences in seat geometry
dependent postures and excitation magnitudes. The secondary resonance for the IBS, on
the other hahd, occurs at a relatively higher frequency than those for the NBS and VBS
postures. The peak normalized magnitude of vertical APMS (M,) corresponding to this
secondary resonance is significantly higher than those for the other support conditions. In
the 0.5-3 frequency Hz range, the NBS posture yields relatively higher value of
normalized APMS modulus. The results presented in Figure 4.19 also exhibit the highest
modulus of M, for the IBS posture at frequencies above 9 Hz. At frequencies above 9 Hz,
the normalized APMS magnitude increase for the back supported postures. The same

finding was also revealed in the vertical STHT magnitude, as shown in Figure 4.7.
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Figure 4.19: Influence of three back support conditions on mean APMS responses of 6

subjects; No back support; Vertical back support; “— Inclined

back support (Hands in lap; excitation: 1.0 m/s* rms).
Similar to single-driving point force-motion biodynamic responses [93,95], those
studies have shown that both the APMS and absorbed power magnitudes in the vicinity
of the secondary resonance tend to be higher for the back supported postures. The same

conclusion was also established in simultaneously measured APMS and STHT responses.

4.3.8 Comparison of vertical APMS responses of body seated on two different
seats

As introduced in Chapter 2, the single force-motion and simultaneously
biodynamic characterizations have employed two different rigid seats. The former test

seat represents a commercial seat geometry, while the latter represents an automobile seat
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structure. In order to investigate the effect of seat design factors on the biodynamic
responses, the mean APMS responses were derived for both two seats. For the
commercial seat, the data acquired for a total of 7 subjects with body mass ranging from
72.2 to 78 kg (75.1+£2.38 kg) were selected from the ensemble of 27 subjects. The
subjects were exposed to 1.0 m/s” ms in the 0.5-40 frequency Hz with the lowest seat
height (410 mm). For the automobile seat, the data acquired for a total of 6 subjects with
body mass ranging from 70.5 to 79.96 kg (75.58+2.90 kg) were selected from the
ensemble of 12 subjects. The subjects were exposed to 1.0 m/s*> rms in the 0.5-15
frequency Hz. Considering the different steering column configuration employed in two
fneasurements, only hands in lap posture responses were selected. It should be noted that
effective excitation for the commercial seat is considerably small that employed for the
automobile seat du¢ to differences in the excitation frequency bands.

Figure 4.20 illustrates comparisons of the mean vertical APMS magnitude
responses derived for the two test seats. Corresponding to each back support condition,
the peak magnitudes of APMS could be considered comparable. The responses, however,
in the primary resonances, exhibit notable differences, which became larger with the back
supported postures. With the inclined backrest support, the primary resonance observed
from the peak APMS response for the automobile seat, in the order of 4.25 Hz, increases
to nearly 6Hz acquired for the commercial seat. This may be partly attributed to the
difference in the excitation magnitude. However, the contributions due to seat design

| factors, such as differences in backrest inclination and seat height can not be neglected.
The comparisons thus suggest that the biodynamic response characterization of the seated

body exposed to WBYV necessitates considerations of the seat design factors.
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Figure 4.20: Comparison of vertical APMS magnitude responses acquired from the
different seats under three back support conditions with hands in lap
posture; 7 subjects seated in commercial seat (Backrest inclination:

12°; seat height: 410 mm; excitation: 1.0 m/s* rms and 0.5-40 Hz); =6

subjects seated in automobile seat (Backrest inclination: 24°; seat height:
220 mm,; excitation: 1.0 m/s® rms and 0.5-15 Hz).
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4.4

Relationship between the simultaneously measured APMS and STHT

responscs

Figure 4.21 provides the comparisons of the normalized vertical APMS and

vertical STHT moduli measured under hands in lap posture with 1.0 m/s? rms excitation.

It is evident, that for all the back support conditions, the primary resonances are nearly

identical.

Modulus

Modulus

For the no back support posture, the measured modulus of STHT tends to be

Frequency (Hz)
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Frequency (Hz)
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Figure 4.21: Comparison of STHT and normalized APMS moduli responses (excitation:
1.0 m/s” rms): (a) Hands in lap; (b) Hands on the steering wheel.
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relatively higher than measured normalized APMS magnitude over the entire frequency
range. For the two back support postures, similar trends occur only from 0.5-6 Hz, which
cover the first primary resonance. At higher frequencies, there are quite large differences
betweén ‘the normalized VAPMS and STHT magnitudes for the two back supported
postures; It could be clearly observed that the STHT responses are more sensitive to the
secondary resonance compared to the APMS responses.

Figure 4.22 further shows the good agreements between the normalized APMS
and STHT as far as the primary resonances are concerned. For both APMS and STHT
responses, standard deviations of primary resonance is relatively larger for the no back
support posture with the values of 0.43 Hz and 0.46 Hz respectively, the smallest
standard deviations in the primary resonance were observed for the inclined back support
posture, which were 0.28 Hz for APMS responses and 0.35 Hz for STHT responses. This
may suggest that the subjects tend to maintain a more stable sitting posture with the use
of backrest.

Figure 4.23 reveals a similar trend in both vertical STHT modulus and normalized
vertical APMS moludus for the three back support conditions. The results suggest the
same important role of seat geometry on simultaneously measured force-motion and
motion-motion biodynamic responses. Wu et al. [73] have investigated the relationship
between the APMS and STHT based upon the models validated using the APMS
measurement. A close agreement between the normalized APMS and STHT functions
was also established in terms of the magnitudes and the primary resonant frequency of

the seated body. However the models used in that study do not describe a direct
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biomechanical representation of the head. Therefore, the estimation of STHT in that

study was under-evaluated, and caution must be exercised in interpreting these results.
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Figure 4.22: Comparison of primary resonance frequency derived from the STHT and
APMS (excitation: 1.0 m/s* rms), (a) Hands in lap; (b) Hands on the steering
wheel.
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vertical STHT responses of 6 subjects; —— No back support; - vertical
back support;----- Inclined back support (Hands in lap: excitation: 1.0 m/s>
rms).
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4.5  Comparison with ISO 5982

As stated in Chapter 1, the STHT responses of vibration-exposed seated human
subjects show extreme variabilities. The data reported in different studies show most
significant inter- and intra-subject variabilities, which are greatly attributable to
differences in the experimental conditions [11], apart from the measurement and data
analyses methods. The reported datasets may thus be applicable only for the chosen
experimental conditions. The syntheses of the reported datasets therefore must involve
careful considerations of the test conditions.

ISO 5982 [12] presents the ranges of STHT responses on the basis of a synthesis
of datasets reported under somewhat comparable conditions that were considered to
represent those applicable for vehicle driving. Owing to the lack of data for the back
supported postures, the dgta synthesis was limited to only no back support postures. The
reported synthesis thus resulted in significantly smaller variabilities than those reported
by Paddan and Griffin [35]. Figure 4.24 shows comparisons of the mean “vertical STHT’
responses acquired for the three back supports with hands in lap posture and exposure to
1 m/s® excitation with the standardized range. The results show good agreement with the
standardized range in view of the primary resonance, while the peak moduli tend to be
closer to the upper bound of the standardized values, irrespective of the back support
condition. While the magnitude response for the NBS posture remains well below the
lower bound at frequencies above 6 Hz, the response for the IBS posture exceeds the
upper bound at frequencies above 12 Hz. The magnitude response for the VBS posture
remains within the bounds in the entire frequency range, except in the vicinity of 6.5 Hz,

although the standardized values are considered applicable only for the NBS posture.
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Figure 4.24: Comparison between the idealized ranges of STHT responses provided in
ISO 5982 with the mean responses of 12 subjects under three back support
conditions and hands in lap posture (excitation: 1.0 m/s” rms).

Considering that the standardized values were derived from the synthesis of only

a few datasets, a number of which were acquired under relatively higher levels of
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vibration, further efforts in acquiring the STHT responses would be desirable to deduce
more reliable ranges. Moreover, the vehicle seats are invariably designed to provide
enhanced support for the occupant back through an inclined backrest, which poses
constraints on the upper-body movements, and thereby tends to limit the angular and
fore-and-aft motions of the upper body in the vicinity of the primary resonance.
Additionally, an inclined backrest serves as a supplementary source of horizontal
movement to the upper body and thus alters the body interactions with the seat pan and
the backrest. Additional data on the nature of vibration transmission with an inclined
back support under representative vibration excitations would be highly desirable to
assist in the standardization efforts.

Figure 4.25 shows comparisons of the mean ‘vertical APMS’ responses acquired
for the three back support conditions with hands in lap and exposed to 1 m/s* mms
excitation with the standardized range. The results show reasonaﬁly good agreement with
the standardized range in view of the primary resonance, while the peak moduli tend to
be closer to the upper bound of the standardized values for no back and vertical back
postures. While the magnitude response for the IBS posture remain beyond the upper
bound at frequencies above 7 Hz, The magnitude response for the NBS and VBS postures
remain within the bounds in the entire frequency range, except in the vicinity of 6.5 Hz,
although the standardized values are considered applicable only for the NBS posture.

Unlike the magnitude responses, the phasé responses tend to be closer but out of
the lower bound of the standardized values for VBS and NBS postures at frequencies

above 9 Hz. At frequencies above 8 Hz, the phase response falls between the mean and
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upper bound for the IBS posture, and at the frequency interval of 5-8 Hz, the phase

response is beyond the upper bound for IBS posture.
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Figure 4.25: Comparison between the idealized ranges of APMS responses provided in
ISO 5982 with the mean responses of 12 subjects under three back support
conditions and hands in lap posture (excitation: 1.0 m/s* rms).

178

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.26 reveals the difference between the normalized APMS response and
STHT response of the ISO 5982. At frequencies above 5 Hz, the modulus of STHT is

much higher than that of APMS, and even around the primary resonance, the difference is
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Phase (Degrees)

120 +

M50 A
0 5 10 15 20

Frequency (Hz)

Figure 4.26: Comparison of modulus and phase responses of STHT and normalized
APMS magnitude and phase responses (derived from ISO 5982).
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observed for two biodynamic responses. The phase difference between two responses
was evident over the entire frequency range. Although the datasets selected in ISO-5982
were mainly for the no back support condition, the differences between two responses
were much higher than those derived from the simultaneous measurements conducted in
this study. This may suggest that simultaneous measurements of force-motion and
motion-motion biodynamic functions would be significant for enhancing understanding
and characterization of biodynamic responses, and model development of seated human
body subject to WBV would be more constructive based upon the simultaneous

measurements.

4.6  Summary

Simultaneous measurements of the apparent mass and seat-to-head vibration
transmission characteristics of seated occupants exposed to whole-body vertical vibration
were investigated through measurements performed with 12 adult male subjects. A strap-
mounted accelerometer was employed to measure the vertical vibration transmitted to the
head. The proposed approach to measuring the head motion could facilitate the
adjustment and monitoring of the accelerometer orientation, while reducing the
discomfort caused by a ‘bite-bar’ system, and the inertial force contributions arising from
the helmet-mounted measurement systems. Measured seat-to-head biodynamic response
in both vertical and fore-and-aft directions were further statistically characterized to
examine the effects of three main factors: back support condition (no back, vertical back,
inclined back support), excitation magnitude (0.25, 0.5, 1.0 m/s> rms white noise in the

frequency range 0.5-15 Hz) and two hands position (Hands in lap and hands on the
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steering wheel). The measured data suggest that the back supported postures generally
yield lesser inter-subject variability of the data in the vicinity of the primary resonance.
The secondary resonant peak becomes apparent for the back supported postures, which
occurs in the 9-11 Hz range. The results show significant magnitudes of fore-and-aft head
acceleration even though the vibration excitation is limited to the vertical axis alone,
which is most likely attributed to pitch motions of the upper body. The peak magnitude of
fore-and-aft STHT tends to be considerably higher than that of the vertical STHT for the
no back support posture. The peak magnitude of fore-and-aft ’STHT for the back
supported postures are comparable with the vertical STHT magnitude. The results also |
suggest that backrest tends to constrain the upper-body movements, which alters the body
interactions with the seat. The peak magnitude of fore-and-aft STHT in the vicinity of the
primary resonance is most significantly affected by the back support conditions. The use
of an inclined back support can help suppress the fore-and-aft motion of the head most
notably near the primary resonance. This support, however, causes significantly higher
vertical and fore-and-aft motion of the head near the secondary resonant frequency. The
results of the ANOVA have further shown the strong influence of the three back support
conditions on both vertical and fore-and-aft STHT responses over the entire frequency
ranges. Both the vertical and fore-and-aft STHT responses exhibit the non-linearities. The
- influence of hands position on both vertical and fore-and-aft STHT was considered to be
negligible in this study.
‘Vertical APMS’ and ‘cross-axis APMS’ responses were analyzed to reveal the
dynamic interaction between the seated body and seat for the back supported conditions.

Without back support, only ‘vertical APMS’ responses were obtained. Owing to the
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strong effects of the body mass, the analyses of measured APMS responses are performed
on a subset of data attained for 6 subjects with body mass 70.5 to 79.96 kg. The results
reveal the non—lineaﬁtes for both ‘vertical APMS’ and ‘cross-axis APMS’ responses, as
widely reported in force-motion biodynamic responses. The hands position yields
relatively larger differences in peak magnitude and primary resonant frequency on ‘cross-
axis APMS’ magnitude responses, while the hands position on ‘vertical APMS’
responses was considered to be negligible. The results also reveal that the vertical APMS
magnitudes in the vicinity of the secondary resonance tend to be higher for the back
supported postﬁres.

Simultaneously measured APMS and STHT responses showed good agreements
as far as the primary resonances are concerned irrespective of the back support condition,
while the considerable differences between the normalized APMS and STHT magnitudes
were found in the secondary resonance range for the back supported postures. The
following rhodel development will emphasize the effects of back support condition on the

force-motion and motion-motion biodynamic responses.
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CHAPTER 5

DEVELOPMENT OF SEATED HUMAN BODY MODEL

51 Introduction

The human body is a complex active dynamic system, the physical, biological and
mechanical properties of which vary from moment to moment and from one individual to
another. The vibration performance of a seat relies upon the biodynamic behavior of the
seated body. Considerable efforts have thus been made to develop mechanical-equivalent
models of the seated body to facilitate analyses of the coupled occupant-seat system. The
development of the seated body model necessitates thorough knowledge of whole-body
Biodynamics. Considerable efforts are also being made in developing anthropodynamic
manikins for effective experimental assessments of seat-occupant system [64]. The
construction of a mechanical dummy generally relies on the biodynamic responses of
models which derived under particular sitting conditions. A lumped-parameter
mechanical-equivalent biodynamic model coupled with the seat model could serve as
effective assessment and suspension design tool.

The reported biodynamic responses, in terms of force-motion (APMS/DPMI) and
motion-motion (STHT) relationships, have invariably shown resonant behavior of the
body, and extreme variations with vibration excitation and seating conditions, as
observed in the previous chapters. The development of a biodynamic model is thus a
complex task to reflect adequately the complexity of human biodynamics. A number of
lumped-parameter seated human models, comprising interconnection of masses, springs
and dampers, have been proposed on the basis of the measured biodynamic responses

[71]. The parameters of these models have been identified from either measured
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mechanical impedance or vibration transmissibility response characteristics of the seated
human subjects exposed to whole-body vertical vibration. The vast majority of those
models, with only a few exceptions [54,71], consider the data acquired for the subjects
seated without a back support. A few studies have also attempted to derive models to
satisfy both measﬁres, APMS and STHT [8,9,71], in order to identify more réliable
model parameters. These studies, however, employed the APMS and STHT data acquired
in different laboratories and most likely acquired under different conditions.
Consequently, these models revealed poor agreement with the measured STHT, while
good agreement with APMS was evident [8,9,71].

The important influences of anthropometric variables and sitting postures on the
biodynamic responses have been widely recognized. Furthermore, the role of seat
geometry on the biodynamic response has been thoroughly characterized in this
dissertation. The results clearly show that the back support conditions contribute
tremendously to both force-motion (APMS) and motion-motion (STHT) biodynamic
functions. The development of biodynamic models of seated body thus needs to consider
the contribution arising from the back support condition so that the dynamic interaction
between the seated body and seat could be fully revealed. Since the contribution due to
back support are more clearly evident in the STHT responses, it is desirable to consider
both STHT and APMS datasets for model development. Moreover, consideration of the
two datasets is expected to identify more reliable model parameters.

In this chapter, modeling the seated body applicable to automotive environment
was investigated with consideration of the seat geometry, particularly the use of backrest.

Both one-dimensional and two-dimensional analytical models are proposed to satisfy
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both APMS and STHT responses which were simultaneously measured under vertical
vibration, as described in the previous chapters. The model formulation also considers the
dynamic interactions of the upper body with the back support. A constrained optimization

based identification approach was applied to identify the model parameters.

5.2 One-dimensional modeling

Seat-to-head transmissibility (STHT) and mechanical impedance (APMS/DPMI)
characteristics of seated human body exposed to vertical WBV have been widely
measured. The measured data generally reveal two peaks in the magnitude responses in
the concerned frequency range. Some researchers have thus employed as little as two-
degrees-of-freedom models to fit these frequency response functions [25,65]. Other
studies have employed higher degrees-of-freedom of lumped parameter models to match
the measured responses [9,19,28,66,69].

Majority of the models proposed in the literature are one-dimensional lumped-
parameter models with little consideration of the body anatomy. Only a few models, such
as those proposed by Boileau [19], Mertens [28], Payne and Band [66], Amirouche and
Ider [69], were defined with the consideration of biomechanical properties of the human
bod&. However, the validity of none of these models with the exception of Mertens’
model, was verified by satisfying both vibration transmissibility and mechanical
impedance biodynamic responses, however, has not been demonstrated with the
exception of the model proposed by Merten [28].

A biodynamic model should not only describe the essential features of the data on

which it is based, but also reflect some attributes of anatomical parts of the body. For
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example, it is desired the model derived to satisfy the seat-to-head transmissibility
response, at best, provide the representation of the human head. Since the biodynamic
measurements are still predominantly conducted under one directional excitation, the
biodynamic data mainly represent the human response in the direction along the

excitation.

In this section, a relatively simple one-dimensional model structure is proposed
for simulating the vertical APMS and STHT biodynamic responses under vertical WBV.
The model parameters are identified on the basis of the mean normalized vertical APMS

and vertical STHT magnitude data that will be further described in section 5.2.2.

5.2.1 One-dimensional 4-DOF model

Figure 5.1 illustrate the structure of the proposed one dimensional model, which is
formulated upon the consideration of the seated body anatomy in the vertical direction
only. The proposed model comprises five masses, coupled by linear elastic and damping
elements. Similar to Payne and Band model [66], a simple dynamic representation of the
viscera mass is applied in the model. The model components can be related to anatomical
structures of the human body. Specifically, m; represent the head; m, represent the
viscera mass, m; and m; may represent lower and upper body torso respectively. The
lower mass my represents the body portion in contact with the seat pan. The model

neglects the dynamic interactions between the upper body and back support.
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Figure 5.1: Proposed one-dimensional four-DOF seated body biodynamic model.
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Assuming linear properties of the elastic and damping elements, the motions of
the masses along the vertical direction can be described by the following differential
equations of motion:

(%, + e (3 — %)+ &y (x, —x)+cy(k — %)+ ky () -x,)=0

my%, + ¢, (% — )+ ky (x, —x)+c3(%, — i3 )+ ks (x, - x,)

y +e4(hy = 14) + kg (x, —x,) =0 (5.1)
myy + ¢y (5 — 1)+ k(1 — x,) = 0

My +Cy (g = %y )+ Ky (4 = x,) = 0

.

Where m;, ¢;, and k; (i=1,2,3,4) are the masses, damping coefficients and stiffness

coefficients respectively. The above equations could be rewritten in the matrix format as.

[p Yiip+[CHa+ [k Ku}={q) (5:2)
Where [M ] is (4%4) mass matrix; [C] and [K ] are (4x4) damping and stiffness
matrices, respectively. {u} is vector of response coordinates, such that:
{”} = {xl,xz,x3,x4}T
Where ‘T” designates the transpose;

In the above equation, {q} represents the forcing vector, given by:
{g}={kx+cx,0, 0,0}
Applying the Laplace transform, and assuming zero initial conditions, equation

(5.2) could be rewritten as:
(IS KHU ()} = {oe0)} (53
Where s is Laplace variable; {U (s)} and {Q(s)} are Laplace transforms of {u(t)}

and {q(t)} respectively, given by:
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U)}=1{X,(5), X, (), X5 (), X, ()} ; and {O(s)}={(k, +¢,5)X (5),0, 0,0}

Equation (5.3) is solved to yield the transfer function vector, H(s), as:

X,(8)/ X (s) os+k
_1%R@xe|_ ) 0
O oyxe [EOTY g (5:4)
X, (/X (5) 0

Where the system matrix Z(s) is derived from (5.3), such that:
Z(s) = s’ [M ]+ s[C]+ [K] » (5.5)
The STHT responses of the to excitation X(s ) is directly obtained from the

transfer function, such that:

T(S) — X3(S)

Yo (5.6)

Where T(s) is the transfer function relating the motion of the head Xz(s) to the

motion at the seat X(s).

The resultant force developed at the human-seat interface can also be computed

from the equation of motion for the base mass my:
m055+c1(5c—5c1)+k1(x—x1)=F 5.7
Equation (5.1) and (5.7) yield the following relationship for the resulting force:
F=myX +mX +myX, + mx; + myx, (5.9)
The Laplace transform of the above equation yields APMS and STHT functions

of model could be derived as:

M(s)= f’(s) =my +mH (s) +m,H,(s)+ myH;(s) + m,H ,(s) (5.9
s°X(s)
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X,y (s).

 Hy(s) =T(s) = 238),

X(@s) " X(s)

Where Hl(s)=—)§1—(%); ()= "2

The above relationship reveals that the APMS response of the seated body M(s) is
directly related to STHT function, 7¢(s).

By substituting for s = jo in equations (5.6) and (5.9), the APMS and STHT
function could be expressed by their magnitude and phase in the frequency domain.

The normalized APMS response of the model can also be computed from:

M(s) = ml[m0 +myH\(5) +myH () + myHy(s) + myH o (5) ] (5.10)

5

Where M (s) is the normalized APMS, m; is sitting weight of the human body

derived from the mechanical equivalent model, and can be expressed as:
4
my =) m, (5.11)
0

The mass values for the proposed model are expressed as fraction of the total
body mass M, on the basis of anthropometric data for male subjects [96]. The normalized

five masses corresponding to the different body segments are thus expressed as:

H; =m; /Mt (l = 091929394) (512)

5.2.2 Identification of a target data set

Force-motion and vibration transmission properties of seated body have been
characterized by performing the simultaneous measurements that involve differences in
subjects’ mass, posture arising from back support condition and hands position, and
excitation frequency and magnitude. Since the reported biodynamic models of seated
occupants [19,73] have been mainly derived on the basis of mean response of a

population of subjects, where the individual subject masses are known to vary within a
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certain range. These models may thus be shown to provide a close estimate of the mean
response of occupants whose masses correspond to mean mass of groups of subjects
employed in the test. Moreover, majority of the reported one-dimensional models are
based upon the data acquired with the hands in lap posture, and under relatively high
magnitude of vertical vibration. Owing to the important contribution of the magnitude of
vibration, sitting posture and body mass, it is desirable to develop a nonlinear model that
may predict the biodynamic responses within the ranges of important variations. This
task, however, would be extremely complex due to nonlinear effects of various
contributory factors. It would thus be reasonable to consider the model developments for
different body masses, representing 5%, 50 and 95% percentile population. The model
development in this study, however, is limited in the vicinity of 50™ percentile
population, while the total body mass is fixed to 75.58 kg on the basis of the available
measured data. Furthermore, the magnitude of vibration is limited to 1.0 m/s* rms, which
is close to that of vibration encountered in many road vehicles, such as urban buses,
trucks and low-spaced earth moving machinery [97-99]. The methodology can be further
applied to derive models for different body masses and excitation levels. This is quite
convenient since the model masses are considered to represent a particular body segment,
while each mass is expressed by its fraction of the total body mass. Considering the most
significant influence of back support conditions, the model developmént is undertaken for
all the three conditions, namely, no back support (NBS), vertical back support (VBS) and
the inclined back support (IBS), while the hands position are considered to be in the lap.
The corresponding target datasets comprising both APMS and STHT responses, used in

the model development, have been illustrated in Figure 4.21 (a).
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5.2.3 4-DOF model parameters estimation

The parameters for the proposed 4DOF model are‘ identified through minimization
of a weighted error function of the model and measured ‘vertical APMS’ (M) and
‘vertical STHT’ (7F;) responses using the optimization function finincon available within

MATLAB [98]. The weighted error function is defined as:
E(y) =min[a E ypys(2) + B Egrpr ()] (5.13)

Where y = {-,uo,ul,uz,u3,u4,k1,k2,k3,k4,cl,c2,c3,c4} is the model parameters
vector to be identified. E(y) is the total error function, and E pp(y) is the error function
arising from the APMS response, and Esryr(y) is the error function in seat-to-head
transmissibility response. & and B are the weighting factors used to ensure comparable
contributions of the error functions, Espuys(x) and Esrar(x) , and two factors satisfy the

following relationship :
a+p=1 (5.14)

E4pus(x) and Egrgi(y) are the squared errors resulting from APMS and STHT
responses respectively, taken at various discrete frequencies in the 0.5-15 Hz range, given
by:

2

N N
Eursus(00) = Y MM @) - M @) + Y lp (@)~ (@)
=l = (5.15)

N . 2 N . 2
Esr (1) =), [T (@) =T(@) + X w3lp" (@) - (@)
i=1 i=1

Where M "(@;) and M (w,) are the moduli of normalized apparent masses derived

from the model and the measured data, respectively; ¢(w,) and ¢(w,) are the
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corresponding APMS phase responses; T *(col.) and T (a)l-) are the moduli of STHT

derived from the model and the measured data, respectively; ¢ (@) and ¢(w) are the
corresponding STHT phase respoynses. All the above magnitude and phase responses are
corresponding to discrete frequency w,, and N is the number of discrete frequencies
selected in the 0.5 to 15 Hz frequency range. 4, (i =1,2) and y, (i =1,2) are the weighting
factors applied to attain comparable contributions of the magnitude and phase errors,
respectively, in the error functions of E.pus(¥) and Esrur(y). Table 5.1 provides the
selectéd weighting factors for each error function. These weighting factors assume higher
values around the primary resonance than those in the remaining frequency range in order
to attain a better agreement within the primary resonance range for both APMS and
STHT magnitude functions. As observed from the measured data (Figure 4.22), the
normalized APMS and STHT reveal good agreements in the vicinity of the primary
resonances, irrespective of the back support conditions and excitation conditions. It
should be nbted that the weighting factors were selected on the basis of solutions attained
with various values of weighting factors. The selected weighting factors resulted in
consistent values of the error functions and th¢ model parameters, when different values

for the staring vector were considered.

Table 5.1: Weighting factor values used in the error minimization.

2,=100 (3.5 <f < 6.125 Hz)
A=1 (£<3.5; £>6.125 Hz)
v (i=12) |, =1(0.5sf<15Hz)

2,3 =1,2)
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The error function in equation (5.13) was minimized subject to a number of
inequality constraints imposed on the model parameters. Irrespective of the back support
conditions, the head mass is ensured to maintain around 6.88% of the total body mass
[96]; The seated upper body (trunk, head, neck, arms and visceral mass) is maintained
around 67.8% [96], while the total model mass is close to the sitting mass for each back
support condition. The above anthropometric limit constraints were defined to allow
thése masses to vary within a narrow band of + 4%, such that:

-

0.066 < u, <0.0716

4
0.65< ), <0.705

i=1

4
70.72< Z“i <0.78 ; fornoback support (5.16)

i=0

4
0.74 <" p; £0.80 ; for vertical back support
i=0

4
0.745< )" u; <0.805 ; forinclined back support
| i=0

The error minimization problem is also subjected to additional inequality

constraints for the stiffness and damping coefficients, such that:

k>0, k,>0; ky >0k, >0
{1 2 R3 4 (5.17)

>0;,¢,>0; ¢5>0;¢,>0
The parameter vector y corresponding to each back support condition is

identified through the error function defined in equation (5.13). The minimization
problem was solved using a nonlinear parameter search method (fmincon) provided by

MATLAB. Weighting factors (& and ) in equation (5.13) together with the starting
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values were varied systematically, and the resulting function values were thoroughly
examined to identify a more reliable and consistent parameter set.
The solutions were initially obtained on the basis of the target APMS response by

letting & =1 and S =0. The solutions based on STHT response alone were also attained
by letting @ =0 and B =1. Finally, @ and 8 values were determined arbitrarily such that
parameter vector would provide an overall fit to both the target responses. For this
purpose, the solutions were obtained for many different values of & and B . The

following section illustrates the solutions attained for different values of weighting

factors imposed on the two biodynamic functions.

5.2.4 Model parameters analysis and discussions

Table 5.2 summarizes the model parameteré identified for the no back support
conditions, when either APMS (a =1, B éO) or STHT (o =0, B =1) target function is
considered. The table also presents the parameters values when both target functions are
considered in the weighted error (o =0.3, B =0.7). The results show considerable
differences in some of the model parameters identified for different target functions,
although a number of model parameters converge to comparable values. Figures 5.2 to
5.4 provide comparisons between the measured target data and model responses for the
two functions subject to different weighting factor combinations. Although the
differences in parameters can be clearly observed for the single objective function
(o =1, =0; and o =0, B =1). It may be concluded that the identification based upon
either APMS or STHT biodynamic function could lead to model parameters set that

could provide reasonably good agreement in both the two biodynamic functions. The
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results, however, suggest that consideration of APMS target function alone yields
relatively larger error in STHT responses (Figure 5.3). Consideration of both the response
functions in the weighted error sum yields better agreement in APMS as well as STHT
response magnitudes (Figure 5.4). The phase responses show reasonably good
agreements, irrespective of the target function considered. The results thus suggest that
the minimization of the weighted composite error function could result in identification
of more reliable model parameters.

Table 5.2: Model parameters identified on the basis of APMS, STHT and both
biodynamic functions (no back support condition).

unctions
APMS only | STHT only Ag'll\‘/iIST&
Parameter

mo (kg), up | 5.77(0.076) | 5.03(0.067) | 4.53(0.06)
my (kg), u; | 21.03(0.278) | 19.56(0.259) | 17.45(0.231)
m; (kg), uz | 16.68(0.221) | 17.66(0.234) | 19.96(0.264)
ms (kg), us | 4.99(0.066) | 4.99(0.071) | 4.99(0.066)
my (kg), us | 10.48(0.139) | 10.20(0.135) | 10.20(0.135)
ki (kN/m) 151.46 151.4 201.25
ks (kN/m) 43.80 43.77 43.60
ks (kN/m) 300.24 3024 300.83
ks (kN/m) 16.65 17.28 22.55
c; (Ns/m) 836.46 1160.5 1015.2
¢y (Ns/m) 979.93 954.57 1029.7
c3 (Ns/m) 799.7 786.96 800
¢4 (Ns/m) 506.51 500.08 575.62
Weighting a=1 a =0 a =0.3

factor B =0 B =1 B =0.7
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Figure 5.2: Comparison of the computed moduli and phases responses of apparent mass
and seat-to-head transmissibility with the measured data (a=1; #=0; No back
support).
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Figure 5.3: Comparison of the computed moduli and phases responses of apparent mass
and seat-to-head transmissibility with the measured data (a=0; f=1; No back

support)

198

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2
APMS STHT
157 ~wMeasured | | e Measured
” —— Computed | ] —— Computed
=
2 19 T
o
=
0.5+ 1 ~
0 | T T T : T T T T } T T T T T T T T ; T T T T I T T T T
0 5 10 15 0 5 10 15
Frequency (Hz) Frequency (Hz)
0 -
1 APMS 1 STHT
-30 + +
- | - Measured - Measured
$ 60l —Computed | | —— Computed
=
S ]
e 4 i
. i)
& -90 + +
N -]
=
o | |
-120 + T
-1 50 T T T T : T T T T I T T T T T T T T : T T T T ! T T T T
0 5 10 15 0 5 10 15
Frequency (Hz) Frequency (Hz)

Figure 5.4: Comparison of the computed moduli and phases responses of apparent mass
and seat-to-head transmissibility with the measured data (a=0.3; $=0.7; No
back support)
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Table 5.3 summarized the model parameters derived on the basis of target data
sets for the vertical back support conditions using the same three sets of weighting factors.
Figures 5.5 to 5.7 provide comparisons between the measured data and computed data for
the two functions subject to different weighting factors combinations. Table 5.4, in a
similar manner, summarizes the model parameters identified for the inclined back support
conditions. The resulting model responses are compared with the target responses in
Figures 5.8 to 5.10, respectively for (@ =1, 8 =0); (a =0, =1) and (& =0.3; =0.7).
The parameter values summarized in Table 5.2 and 5.3 for the back support conditions
again reveal notable differences depending upon the target function or weighting
considered, as observed for the no back support condition. The result again confirm that

consideration of APMS target data alone (& =1, 8 =0) can provide good agreement only

in APMS, while considerable error in STHT response is evident (Figures 5.5 and 5.8).
The magnitude of error between the model and target STHT response can be substantially
reduced when the model parameters are identified on the basis of STHT target data alone
(Figures 5.6 and 5.9). A better compromise in errors in both the functions can be attained
when the weighted composite error function (@ =0.3, 8 =0.7) is minimized, as séen in
Figures 5.7 and 5.10.

Since the APMS and STHT data characterize response behaviors of the seated
body exposed to vertical WBYV, it would be appropriate to expect that mechanical
equivalent model satisfy both the biodynamic responses. The results clearly suggest that
consideration of either one function alone yields appreciable errors in the other response
function. The model parameters identified on the basis of either APMS or STHT target

data thus can not be considered reliable. This is particularly apparent for the back
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supported postures. For the two back supported conditions, the model parameters

identified on the basis of APMS error alone show considerably larger errors in the STHT

magnitude response, particularly at frequencies above the primary resonant frequency

(Figures 5.5 and 5.8). The models derived through minimization of STHT error alone

yield better agreement in STHT response but larger errors in the APMS response (Figures

5.6 and 5.9).
2
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Figure 5.5: Comparison of the computed moduli and phases responses of apparent mass
and seat-to-head transmissibility with the measured data (a=1; =0; Vertical

back support).
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Table 5.3: Model parameters identified on the basis of APMS, STHT and both

biodynamic functions (vertical back support condition).

unctions

APMS only | STHT only A;’%“HST&
Parameter:

my (kg), up 7.01(0.11) 5.03(0.06) 4.53(0.06)
my (kg), u; | 21.03(0.278) | 19.56(0.245) | 22.30(0.295)
m;y (kg), u; | 16.18(0.214) | 17.66(0.228) | 13.60(0.180)
ms3 (kg), us | 4.99(0.066) | 4.99(0.066) | 4.99(0.066)
my (kg), uy | 10.48(0.16) | 10.20(0.16) | 10.2(0.135)
k; (kN/m) 147.29 154.2 181.11
k> (kN/m) 74.68 64.17 42.65
ks (kN/m) 300.77 300.9 303.38
ky (kN/m) 15.19 19.39 20.0
c; (Ns/m) 750.11 1100 969.62
¢z (Ns/m) 1250 1250 1210
c3 (Ns/m) 800 800 802.5
¢4 (Ns/m) 399.61 326.00 325.00
Weighting a=1 a =0 a=0.3

factor B =0 B =1 B =0.7

Table 5.4: Model parameters identified on the basis of APMS, STHT and both

biodynamic functions (inclined back support condition).

unctions
APMS only | STHT only A;,,II\,/{_IST&
Parameter

mo (kg), ug | 4.54(0.06) | 4.53(0.06) | 4.53(0.06)
my (kg), u; | 23.59(0.312) | 22.34(0.296) | 20.85(0.276)
my (kg), uz | 14.98(0.198) | 12.80(0.169) | 15.18(0.202)
ms (kg), us | 5.37(0.071) | 4.99(0.066) | 4.99(0.066)
my (kg), us | 9.80(0.13) | 11.71(0.155) | 11.71(0.155)
ki (kN/m) 171.13 193.5 180.00
k (kN/m) 41.55 37.33 39.55
ks (kN/m) 302.6 302.7 303.75
k4 (kN/m) 21.65 21.07 19.89
c; (Ns/m) 902.96 1167.2 814.25
¢z (Ns/m) 1200 1106.1 1200
c3 (Ns/m) 800.24 865.88 800
c4 (Ns/m) 274.12 237.8 273.06
Weighting a =1 a =0 a =03

factor p =0 B =1 p=0.7
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Figure 5.6: Comparison of the computed moduli and phases responses of apparent mass
and seat-to-head transmissibility with the measured data (a=0; f=1; Vertical

back support)

203

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2
APMS STHT
15 1 e M@ @SUrEd T = MEasured
0 ] — Computed — Computed |
=3 4
3 14 T
3 ]
=
05 + 1
0 i T T T I T T T I T T T T ] T T } T T T T : T T T T
0 5 10 15 0 5 10 15
Frequency (Hz) Frequency (Hz)
0 oy
1 APMS STHT
=30 + 4+
- e Measured - Neasured
§ 60 - — Computed | | ~— Computed
(=]
g _
=
o -90 + +
©
= i
o 4 4
120 + +
50—
0 5 10 15 ¢ 5 10 15
Frequency (Hz) Frequency (Hz)

Figure 5.7: Comparison of the computed moduli and phases responses of apparent mass
and seat-to-head transmissibility with the measured data (a=0.3; $=0.7;
Vertical back support)
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Figure 5.8: Comparison of the computed moduli and phases responses of apparent mass
and seat-to-head transmissibility with the measured data (a=1; #=0; Inclined

back support).
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Figure 5.9: Comparison of the computed moduli and phases responses of apparent mass
and seat-to-head transmissibility with the measured data (a=0; f=1; Inclined
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Figure 5.10: Comparison of the computed moduli and phases responses of apparent mass
and seat-to-head transmissibility with the measured data (a=0.3; $=0.7;
Inclined back support).
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The model parameters attained for the three back support conditions are compared
in Table 5.4. There are larger differences between the STHT and normalized APMS
magnitude responses for the two back supported postures at frequencies above 6 Hz. The
difference, however, is relatively small for the no back support postures, as observed in
the experimental data. The model parameters identified for the three back support
condition are also observed to be considerably different. The APMS and STHT responses
of the models thus also differ, and confirm the trends observed from the measured data
(Figure 4.21) on the role of back support.

The mass parameters attained form the three postures suggest that the masses (1
and my3); attributed to buttocks and the head, respectively, remain unchanged irrespective
of the back support conditions. The stiffness and damping properties of elements
coupling the head to the upper body torso also remain quite similar for all these back
support conditions. The effective mass representing the upper body torso (m;), however,
decreases considerably when a back support is introduced. The effective masses due to
lower body (m;) and viscera (m,) however, increase with the back support. The two back
supported postures yield quite comparable values of the model masses. The model results
show that the back support postures yield relatively lower stiffness of the lower and upper
body torso and viscera component (k;, k2, k4 ). This suggests that seated upper body tends
to stiffen in the absence of back support. The model results also particularly show the
damping element coupling the lower body and the buttocks (c;) and varies considerably
as the back support condition changed. Without back support, this damping element
reveals a relati?ely higher value compared to that of back supported postures. The

inclined back support results in the lowest damping coefficient (c;). This may be
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attributed to relatively higher movement of the unsupported torso. This is further
supported by the lower absorbed power density of the back supported postures near the
primary resonance (Figures 5.15 to 5.17). Moreover, it is found that the back support
condition yields considerably lower damping coefficient (c,) of the viscera component of
upper body. The two back supported postures yield quite closer values of the damping
coefficients.

Table 5.5: Model parameters identified on both APMS and STHT biodynamic functions
under three back support conditions.

Postures
NBS VBS IBS
Parameter

mg (kg), up | 4.53(0.06) | 4.53(0.06) | 4.53(0.06)
my (kg), u; | 17.45(0.231) | 22.30(0.295) | 20.85(0.276)
m; (kg), u; | 19.96(0.264) | 13.60(0.18) | 15.18(0.201)
ms (kg), us | 4.99(0.066) | 4.99(0.066) | 4.99(0.066)
my (kg), ug | 10.58(0.135) | 10.2(0.135) | 11.71(0.155)
ki (kN/m) 201.25 181.11 180.00
ky (kN/m) 43.60 42.65 39.55
ks (kN/m) 300.83 303.38 303.75
ks (kN/m) 22.55 20.0 19.89
c; (Ns/m) 1015.2 969.62 814.25
¢z (Ns/m) 1029.7 1210 1200
c3 (Ns/m) 800 802.5 800
c4 (Ns/m) 575.62 325.00 273.06

The results presented in Figure 5.1 through 5.10 show reasonably good validity of
the model for the three back support conditions, when both the biodynamic target data
sets are considered. The models, however, are derived for mean body mass of 75.58 kg in
the vicinity of the 50 percentile male population. Owing to the strong influence of the
back support condition, it is essential to derive models applicable to a particular back

condition. The validated models can be effectively applied for design and assessment of
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coupled occupant seat system. Moreover, the validated models may find application in
absorbed power prediction for the seated body, which is introduced in the subsequent

section.

5.2.5 Prediction of absorbed power distribution

The vibration energy absorbed within the exposed seated body, has been
suggested as a potential measure for assessing the risk of injury due to whole body
vibration. As described in Chapter 2, the absorbed power may not only be derived from
the ‘Co-spectrum direct method’, but also indirectly from the force-motion biodynamic
functions (APMS/DPMI). The suitability of the proposed mechanical equivalent models
in estimating the absorbed power is thus investigated. For this purpose, the absorbed
power characteristics of seated subjects exposed to vibration in the applied excitation
direction were directly derived from force-motion measures performed in simultaneous in
measurements the frequency range 0.5-15 Hz.

Owing to the strong effect of body mass on the force-motion relationships, the
data acquired for six subjects with body mass ranging from 70.5 kg to 79 kg alone are
considered. Moreover, the force-motion data acquired under 1.0 m/s® ﬁns acceleration
excitation and three back support condition are applied to derive the mean absorbed
power responses. Figures 5.11, 5.12 and 5.13 illustrate the absorbed power density
measured for the six subjects seated with no back, vertical back and inclined back support,
respectively. The figures also show the mean absorbed power responses corresponding to

each back support condition. The results suggest that peak power absorption occurs in the
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vicinity of the primary resonant frequency, as observed from the data presented in section

3.3.3. The significant effect of the back support condition is evident from the results.

0.25

02 |

0.1 |

0.05 | f

Absorbed power density(Nm/s)/Hz

Frequency (Hz)

Figure 5.11: Comparison of measured absorbed power density responses of 6 subjects

and corresponding mean values;
response (No back support posture).

individual responses; “ mean
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Figure 5.12: Comparison of measured absorbed power density responses of 6 subjects

and corresponding mean values; —— individual responses; “ mean
response (Vertical back support posture).
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Figure 5.13: Comparison of measured absorbed power density responses of 6 subjects

and corresponding mean values; —— individual responses; = mean
response (Inclined back support posture).

The proposed one-dimensional models are ﬁirther applied to compute the total
power absorbed within the rﬁodel for different back support conditions. Moreover, the
model can also be applied to obtain relative power absorption of the body segments
employed in the model. Such analysis can provide considerable insight into the
distribution of absorbed power within the body, and may provide additional guidance on

the health and safety risks of vibration exposure.
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Figure 5.14: Spring-mass-damping unit in lumped parameter model structures

The f)ower absorbed or distributed by the model can be formulated through
consideration of a typical spring-mass-damping unit in widely used lumped parameter
model structures, as illustrated in Figure 5.14. Where ;=% —x,_; is the relative

velocity across the viscous element, and ¢; is the damping coefficient. The damping force

developed by the linear viscous element is given by:

Fy=c(, (5.18)
The dissipated power can be expressed as:
P=F, % —ol? (5.19)

Under stochastic excitation, the mean square value of the relative velocity is related to

the relative velocity transfer function and the excitation power spectral density, such that:

. o 2
&2 = [ |1 Go) S:(Go)do (5.20)
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Where §; (jw)is the auto-spectral density of excitation velocity at the human
seat interface. H Z, (jw) is the complex relative velocity transfer function.
The velocity spectral density,S; (jw), is related to the auto-spectral density of

excitation acceleration S;(j) at the hutrian seat interface [14], such that :
. S;:(Jjo
S;0) =222 (5.21)

Furthermore, for linear system the transfer function, H ¢ (jo), can be expressed
I

by the displacement transfer function, such that;
. . . 2 8;(jo
s, (o) =l o)~ ,Gof 22 522

Where H,(jw) is the complex displacement transfer function relating the
human seat interface motion (x) to that of body mass m; (x;).
The absorbed power density of each damping element in a lumped parameter

model can thus be expressed as:

pi(@)=c; lHi (jo)— Hi—l(ja))|2 icgzw_) (5.23)

The total absorbed power density of the model is the sum of those due to each

damping element, and expressed as:

NC
Proar(®) = pi(o) (5.24)
i=1

Where NC is the total number of damping element in the model.
On the basis of the above finding, the validated one-dimensional models were

applied to predict the total absorbed power density of the seated body and local absorbed
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power density distributed in each viscous damping element, which may represent
particular body segments. Figures 5.15 to 5.17 illustrate comparisons of total absorbed
power density estimated from the model with the measured mean ébsorbed power density
of six subjects under 1 m/s® rms excitation, and three back support conditions,
respectively. The energy dissipated by each viscous element was further computed to
gain some insight into thei distribution of absorbed power within the body. The results
revealed very small energy dissipation due to c; coupling the head and neck to the upper
torso mass m;. The figure thus present the dissipated energy due to ¢; coupling the lower
torso to the buttocks, c; coupling the upper and lower torso, and ¢, coupling the upper

torso to the viscera mass.

0.2
-~ Absorbed power density in damper c1

—— Absorbed power density in damper ¢2

- Measured 1 —— Absorbed power density in damper ¢4
— Predicted

0.15 1

Absorbed power density (Nm/s)/Hz

0 5 10 15 0 5 10 15
Frequency (Hz) - Frequency (Hz)

(2) (b)

Figure 5.15: Prediction of absorbed power density from the model derived for no-back
support condition: (a) Comparison between measured mean absorbed power
density of six subjects and predicted total absorbed power density of the 4-
DOF model; (b) Prediction of localized absorbed power density (1m/s® rms
acceleration excitation).
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(2)

Frequency (Hz)

(b)

Figure 5.16: Prediction of absorbed power density from the model derived for vertical
back support condition: (a) Comparison between measured mean absorbed
power density of six subjects and predicted total absorbed power density of
the 4-DOF model; (b) Prediction of localized absorbed power density (1m/s

rms acceleration excitation).
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Figure 5.17: Prediction of absorbed power density from the model derived for inclined
back support condition: (a) Comparison between measured mean absorbed

power density of six subjects

and predicted total absorbed power density of

the 4-DOF model; (b) Prediction of localized absorbed power density (1m/s*

rms acceleration excitation).
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The results, in general, show reasonably good agreements in the total power
derived from the model and the mean measured power for all three back support
conditions. The model, however, yields an overestimate of the peak power density in the
vicinity of the primary resonance for the inclined back support posture (Figure 5.17). The
results further suggest that a large portion of the power is dissipated by c, coupling the
upper and lower torso, irrespective of the back support condition. The absorbed power
density due to energy dissipated within the torso is in the order of 60% of the total power
density. The> no back support posture yields highest' proportion of dissipated energy
within the torso, which can be attributed to relatively larger motion of the unsupported
torso. The energy dissipated within the.viscera is also considerable and the peak absorbed
power density ranges from nearly 20% for NBS posture to nearly 30% for the IBS

posture.

53 Two-dimensional 5-DOF model

The seated human body exhibits motions in two dimensions (in the mid-sagittal
plane) under the WBV vertical vibration [42], which may arise from angular motion of
the upper body and upper body interactions with the backrest. Moreover, the occupant-
seat system represents multiple driving points formed by the buttock-pan, upper body-
backrest, hands-steering column, and feet-pedal interfaces. Studies on biodynamic
responses to vibration, however, have invariably considered the single driving-point
formed by the seat pan-buttock interface, with only one exception [54]. Those studies
would be applicable for NBS posture, hands in lap and negligible contribution due to

feet-pedal/floor interactions. However, the interactions with the back support may be
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relatively significant, since the backrest supports nearly 30% of the total body wéight
[54]. Moreover, the dynamic interactions of the upper body with the béckrest have been
clearly observed from the measured data presented in section 4.3 in terms of cross-axis
apparent mass.

Since the biodynamic forces developed at the backrest interface occur along a
direction normal to the back support, the one-dimensional model fonﬁulated in the
previous section would not be applicable. The same would also apply to the reported one-
dimensional biodynamic models [19]. Zhang [54] introduced sliding visco—elastic
elements between the upper body masses and the back support to study the biodynamic
response reflected at the second driving-point (backrest). The study showed significant
dynamic interactions between the upper body and the back support, as it was observed
from the measured data. A two-dimensional model would thus be desirable in order to
provide an appropriate description of the biodynamic behavior of the seated human body
with the back support.

A two-dimensional model of the seated human body is formulated upon
consideration of the anatomical structure and anthropometry, as it was described for the
one-dimensional model‘ in section 5.2.1. The major assumptions associated with the

model formulation are listed below:
@) The upper body is assumed to constitute four lumped masses constrained to slide
along a massless ro d oriented along the direction parallel to the back support. The

four centered masses represent the head, upper torso, lower torso and viscera

mass, as shown in Figure 5.18.
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(ii) It was assumed | that the upper-body structure is coupled with the greater
trochanteric point ‘o’ [96] through a revolute joint with rotational viscosity and
elasticity.

(i) It was assumed that the upper body is always in contact with the backrest, and
there is sufficient frictional force at the contact zone.

(iv) The body part contacted with the seat pan is attached to the seat pan, and is

constrained to move along the vertical axis only.

Base upon the above assumptions, a two-dimensional 5-DOF model structure is
formulated, as shown in Figure 5.18, to account for dynamic interactions of the seated
body with the backrest while exposed to vertical vibration. Owing to negligible
interactions of the upper body with a vertical backrest [51], the modeling task is carried
out for the inclined back support posture alone. The model structure also incorporates the
geometric parameters of ‘the s>eated body against an inclined backrest. The rotational
stiffness and damping characteristics of the body are introduced to describe the two-
dimensional motion of seated body or cross-axis biodynamic response. The entire upper
body structure thus undergoes vertical as well as rotational motions.

The model comprises 5 masses,’ similar to the one-dimensional model. The mass (m;3)
may be considered to represent head and neck mass, while m; and m, are due to lower
and upper torso, respectively, m, may be attributed to the viscera, and my is the mass due
to buttocks and pelvis in contact with the seat. The maéses m; to my, are constrained to
move along the direction parallel to the back support. The coordinates r; to r, define the

motions of four masses, respectively, with respect to the origin, considered as the greater
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trochanteric point. Parallel combinations of elastic and viscous elements are introduced
for coupling the lower and upper torso masses with the backrest, as shown in Figure 5.18.
Compared with the 4-DOF model shown in Figure 5.1, the proposed 5-DOF model
merely introduce one more rotational degreéof-freedom. The five massed in the model
still maintain the same anthropometry characteristics as described for the one-
dimensional 4-DOF model. Geometric characteristics of four upper body segments are
also introduced in the 5-DOF model. The distances from the greater trochanteric point to
each mass (m;, m, ms m,) are represented by a, b, ¢, and d resbectively. The inclination
of the backrest is given by angle ¢ with respect to the horizontal axis. The distance from
greater trochanteric point to the center of force generated at the backrest is given by L.
The masses and geometric parameters of the model were determined from the
anthropometric data by Winter [96], for male population of 75.58 kg body mass and

1.76m standing height.

5.3.1 Equations of motion of 5-DOF model

The equations of motion for the proposed five-degree-of-freedom model are

derived by using the D’Alembert’s principle using the r - @ coordinates, where 0O
describes the rotational motion of entire upper-body about “O”, and #,,7,,7,and r, are

the relative motions of four masses to “O” respectively. The equation of motions for the

model are summarized as follows:
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Figure 5.18: Structure of the proposed 5-DOF two-dimensional seated human
biodynamic model.

221

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(J6+Co+K'0= —(ma +myb +myc +myd )z cos¢
myii + (¢, + Cpfi —CoFy + Uk + k)1 — ko, =—myZsin g
JmaPy +(Cy + 03+ ¢ )y —CoF = O35 —cyfy

+(ky + k3 +ky)ry —kyp — kyry — kg1, = —m,yZsing

MyFy + 373 — iy +kary —kyry, =—m,Zsing

(5.25)

My + CyFy — CyFy + iyt —kyry = —m,Zsing

J'=ma® +m,b* +myc? +m,d?

Where 1C'=C, +C,,a° +C,,b* (5.26)
K'=K, +K,a* +K,,b*

Equation (5.26) describes the effective mass moment of inertia, rotational

damping element and rotational stiffness, respectively, of upper-body structure.

Equation (5.25) could be rewritten in the matrix form as:

J 00 0 0(d) [c o o o o lf6
0 m 0 0 0 I 0 ¢+c c, 0 0 |4
0 0 m 0 0 RAH+|0 =y cy+e3te, —c3 —cy Riyp
0 0 0 m 0 ||A 0 0 —c Cs 0 ||
0 0 0 0 m i) |0 0 —cy 0 cy |4
K0 0 0 0 |fe ()
0 Kk+k, -k 0 ||n q,
+0 —ky kytkstky —ky -k, {rt=3q¢ (5.27)
0 0 —ks k; 0 (|5 94
0o 0 —k, 0 ky |Ua) (95

q, = —(ma+m,b+myc+m,d)cos¢

q, =—m;sin¢

Where 19, =—m, sing ‘ (5.28)
g, = —mysing

gs =—m,sing
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Then above equation could be written as:
v ap+[clu}+[KKul={q} 2 (529)
Where [M] is (5%5) mass inatrix; [C] and [K] are (5%5) damping and stiffness
matrices, respectively. {u} and {g}the generalized position coordinate and consultant
vectors, given by: is vector of response coordinates, such that:
l=0.nmm0) s {0} =100000 45.9.45)"
Where T designates the transpose.

Applying Laplace transform, and assuming zero initial conditions, then Equation

(5.29) could be rewritten as:

(s’ [M]+s[Cl+ [KD U )} =5*2(s){g} (5.30)

Whére U(s)} ={0(s), R, (s), R, (5), Ry (s), R, ()} ; Z(s) and ©(s) are Laplace
transform of z() and 6(¢) , respectively, Ri(s) is that of (), i=1,2,3,4.

Then transfer function vector for the system is further derived from equation

(5.30), and such that:
(Hy(s)]  [©(s)/Z(s) ] (4]
H,(s) R (8)/Z (s) q,
{H$))={Hy(s) | = Ry(5)/Z() | = 5* [s*[M ] s[C]+ [K] S g5 b (5.31)
Hiy(s) Ry(5)/Z(s) ~ 94
H, (S), R, (S)/Z(S)J 45 )

The vertical component of force generated at the human-seat interface, F, can be

by derived by using the D’ Alembert’s principle, such that:
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4 .
F - Zmi Z—(ma+mb+m,c+m,d)cos¢b
i=0

—(m, ¥ +m, ¥, +m, ¥, +m, ¥, )sing =0 (5.32)

F, = %[J'é'+ CO+K.0+(ma+mb+mc+m,d)cosd ] (5.33)

~ Vertical and cross-axis APMS responses of the model are derived as:

M, (s) N sva(S)

4
=Zmi+(m1a+m2b+m3c+m4d)H9(s)-cos¢+

0

- my H(s)+my H,(s)+my Hy(s)+myH ,(s) (5.34)
F},(s) ~ (ma+mb+myc+md)cosd 1 C, K

s2Z(s) L ) Hy(s) (5.35)

M, (s)=

Where M, and M,,;, are the vertical and cross-axis APMS.
The ‘vertical STHT’ response of the model is derived upon consideration of

resulting vertical motions of the head and neck mass as:
T(s)=14c H,(s)cos¢+ H,(s)sin¢ (5.36)

Similarly the ‘fore-and-aft STHT’ response of the model is derived upon

consideration of horizontal motions of the head and neck mass as:

T, (s)=H;(s)cos¢p — cHy(s)sing (5.37)

5.3.2 Model parameters identification

Similar to the one-dimensional model, the model parameters are identified on the
basis of the target data representing the biodynamic responses of the seated male subjects
with mean body mass of 75.58 kg, which is close to that of 50 percentile population,

while exposed to vertical random vibration of 1.0 m/s? rms acceleration (0.5-15Hz), and
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seated with hands in lap posture. The ‘target biodynamic functions are ‘vertical STHT”,
and ‘vertical STHT’, as described for the one-dimensional model. Apart from these, a
third target function in ‘cross-axis APMS’ is introduced fo ensure model applicability for
back supported posture. The ‘cross-axis APMS’ target dataset has been illustrated in
Figure 4.17. Considering the considerable inter-subject variability revealed in the “fore-
and-aft STHT’ responses, as illustrated in Figure 4.2, the parameter identification is
performed upon excluding the ‘fore-and-aft STHT’.

The parameters for the proposed 5-DOF model are identified through
minimization of a weighted error function of the model and measured ‘vertical APMS’
(M,), ‘vertical STHT’ (TF,) and ‘cross-axis APMS’ (M,;) magnitude and phase
responses. The weighted error function is thus formulated as:

E(n) =min[a Eyps(M) + B Esrr M) +Y EygaprisM)] (5.38)

Where 7 :{”0:/‘tl’4u2’:u3,u4=kl’kz’k3sk4acl=025039c4’kb1’kb2’kt’cblﬂcb2’ct} is
the model parameters vector to be’identiﬁed. E(n) is the‘ total weighted error function,
and Ey.pus(n7) relates to the error arising from the ‘vertical APMS’ response. Similarly,
Esrar(n) and Eypeeus () relate to the error functions in vertical seat-to-head transfer
function and ‘cross-axis APMS’ respectively. The coxistants o, B and y are the
wéighting factors used to ensure comparable contributions of the error functions
InEpens(n), Estrr(n) and Eysipus(n), and three factors satisfy the following relationship:

a+B+y=1 (5.39)

Evarus(n), Estar(n) and Epg.pus(n7) are the squared errors resulting from vertical

APMS, vertical STHT and cross-axis APMS responses, respectively, taken at various

discrete frequencies in the 0.5-15 Hz range, and are expressed as:
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[ 2

¢v‘ (wi) "¢ v(wi )

N — . _ 2 N
Epaps () = 2 3| M " (@) =M, (@) + v,
i=1 i=l1

3 Esrar (X) =zlz T*(wi) _T(wi)lz + ZWZl(p*(wi) _(P(wi)|2 (5.40)
i=1 i=1 ’

Yoo — N .
Epnars (1) = 2 M’ @) =M, @) +Ywslby" @)~ (@)
L i=] i=1

Where M, (w,) , M,(#,), M,, (0,) and M ,(w,) are the moduli of normalized
apparent masses derived from the model and the measured data, respectively; q)v*(a),.) ,
¢, (0,),9"w(,)and ¢ (w,)are the corresponding APMS phase responses; 7" (w;) and
T (a)i) are the moduli of STHT derived from the model and the measured data,

respectively; ¢ (w) and ¢(w) are the corresponding STHT phase responses. All the
above magnitude and phase responses are attained corresponding to discrete frequency
®;, and N is the number of discrete frequencies selected in the 0.5 to 15 Hz frequency
range. 4,(i=1,2,3) and y, (i =1,2,3) are the weighting factors épplied to attain the
comparable contributions of the magnitude and phase errors in the error functions of
Eviens(), Esrrr(n7) and  Eygseas(y7). The weighting factors were selected using the
methodology described for the one;dimensional model. Table 5.6 provides fhe selected
weighting factors for the magnitude responses of each error function. These weighting
factors assume higher values around the primary resonance than those in the remaining

frequency range in order to attain a better agreement within the primary resonance range

for both APMS and STHT functions.
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Table 5.6:  Weighting factor values used in the error function for the 5-DOF model.

2,=100 (3.5 <f < 6.125 Hz)
A,=1 (f<3.5; £>6.125 Hz)
w,(i=123) | v, =1(0.5<f<15 Hz)

A=123)

The error function in equation (5.38) was minimized subject to a number of limit
and inequality constraints imposed on the model parameters. The limit constraints
imposed on the model masses are identical of those described for the one-dimensional 4-
DOF model, corresponding to the inclined back support condition. The minimization
problem in equation (5.38) was also subjected to the same inequality constrains on the
model stiffness and damping coefficients. |

The minimization problem was solved using the nonlinear parameter optimization
method (fmincon) provided in MATLAB. Several solutions were obtained for different
values of weighting factors. The resulting model parameters and the error function were
examined to attain weighting factors that yield consistent parameter vector and an overall

fit to the target dataset. The weighting factors (a =0.3; 8 =0.4; and ¥ =0.3) provide a

better fit with all thé target functions. The identified parameter values are summarized in
Table 5.7. The Table 5.7 also lists the parameter values for the one-dimensional model
applicable to the inclined back support condition, as derived in session 5.2.2 .

The results show that solution of equation (5.38) for the two-dimensional model
converges to nearly identical parameter values of the one-dimensional model, when
common parameters are considered. The damping property of the viscera, however,
forms the only exception, which tends to be lower when interactions with the back

support are considered. This is most likely attributed to the additional rotational degree-
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of-freedom and damping properties of the rotational and backrest interface damping
elements.

Table 5.7: Comparison of model parameters for the one- and two-dimensional models
for the inclined back support condition.

Valves | pg IBS
Parametor (5-DOF) (4-DOF)
my (kg), ugp 4.53(0.06) 4.53(0.06)
m; (kg), u; | 20.85(0.276) | 20.85(0.276)
my (kg), u; | 15.18(0.201) | 15.18(0.201)
ms (kg), uz | 4.99(0.066) | 4.99(0.066)
my (kg), uy | 11.71(0.155) | 11.71(0.155)
k; (kN/m) 175.80 180.00
k> (kN/m) 37.55 39.55
k3 (kN/m) 302.72 303.75
ks (kN/m) 19.49 19.89
c1 (Ns/m) 725.25 814.25
¢z (Ns/m) 1150 1200
c3 (Ns/m) 800 800
¢4 (Ns/m) 225.25 273.06
ky1 (N/m) 9182.9
kb2 (N/m) 4917.7
k; (Nm/rad) 8894
cp1 (Ns/m) 133.4
Cp2 (Ns/m) 265.1
¢t (Nms/rad) 146.1

5.3.2 Model validation

The validity of the identified model is examined by comparing the model
responses with the mean measured APMS and STHT responses, as illustrated in Figures
5.19-5.21. The responses of the models show reasonably good agreements with the mean
measured data for the inclined back support. Although some deviations are observed at

the frequencies above 6 Hz for all moduli and phase responses, which were most likely
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attributed to the relatively high inter-subject variations around the secondary resonance.

Relatively larger deviation in the frequency corresponding to peak is also evident in

Figure 5.21. This is most likely attributed, in part, to the variations in backrest contact

condition between the seated human subjects.

15+

Modulus

05 4+

0 5 10 15 0
Frequency (Hz)

5 10 15
Frequency (Hz)

Figure 5.19: Comparison of the computed modulus of vertical apparent mass and seat-to-
head transmissibility with the measured data under the inclined back

support: —Computed, —~Measured.
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Figure 5.20: Comparison of the computed phase responses of vertical apparent mass and
seat-to-head transmissibility with the measured data under the inclined back

support: —Computed, ——Measured.
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Figure 5.21: Comparison of the computed responses of cross-axis apparent mass with the
measured data under the inclined back support: —Computed;—Measured.

The model was further evaluated to derive the fore-and-aft STHT transmissibility
magnitude. The result is compafed with the mean measured data in Figure 5.22, which
show very poor agreement between the model results and the measured data. Extreme
difference in the peak magnitude and corresponding frequency are clearly evident.
Moreover, the measured data reveals relatively higher transmissibility magnitude at
frequencies beyond 7 Hz (>0.5), while the model response diminishes at higher
frequencies. Such great discrepancy in the fore-and-aft STHT response can be mostly

attributed to the lack of consideration of the pitch flexibility of the head and neck.
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0 5 10 15
Frequency (Hz)

Figure 5.22: Mean curves and mean * standard deviation scatters of the fore-and-aft
STHT measured for 6 subjects under 1.0 m/s* rms excitation with hands in
lap posture. Measured data, —— Computed data.

5.3.4 Prediction of absorbed power of the two-dimensional model

The validity of two-dimensional model is also examined by computing its
absorbed power response with the measured response, as described in section 5.2.5 for
the one-dimensional model. The model is further analyzed to compute the local absorbed
power density distributed in each viscous damping element in two-dimensional 5-DOF
model. Figure 5.23 (a) illustrates a comparison of total absorbed power density estimated
from the model with the measured mean absorbed power density of six subjects under 1
m/s® rms excitation. There results reveal reasonably good agreement between the two,
while notable deviation are evident near the primary resonance, as it was observed for the
one-dimensional model. Figure 5.23 (b) illustrates the distributed absorbed power density
or energy dissipation by the individual viscous elements, namely, c;, c; and ¢, The

energy dissipated by the element coupling the head and neck to the upper body torso is
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not presented due to is very low -magnitude. The results also revealed very small energy
dissipation due to, ¢y, ¢p2, ¢;. Therefore, the predicted responses for the two-dimensional

model are quire similar to those attained for the one-dimensional model.

0.15

- Absorbed power density in damper ¢1
— Absorbed power density in damper ¢2

- Measured 1 — Absorbed power density in damper c4
- Predicted

0.1 1

0.05 +

Absorbed powerdensity (Nm/s)/Hz

0 5 10 15 0
Frequency (Hz) Frequency (Hz)

(a) (b)

Figure 5.23: Prediction of absorbed power density from the model derived for inclined
back support condition: (a) Comparison between measured mean absorbed
power density of six subjects and predicted total absorbed power density of
the 5-DOF model; (b) Prediction of localized absorbed power density (1m/s
rms acceleration excitation).

54  Summary

The biodynamic response characteristics of seated occupants under whole-body
vehicle vibration have been described in terms of either force-motion relationship at the
human-seat interface, or motion-motion relationship through the body. The seated
occupant models are derived to characterize both force-motion and motion-motion
relationships under a set of representative postural and vibration conditions.

Since the role of seat geometry on both force-motion and motion-motion dynamic

responses of seated vehicle occupants exposed to whole-body vibration have been
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thoroughly characterized, it is necessary for the mechanical equivalent models to provide
the reasonable explanations for the observed biodynamic reSponses. One-and two-
dimensional models are formulated to simulate the APMS and STHT responses to
emphasize the effects of back support conditions. The target biddynamic responses are
limited to those representing mean body mass of 75.58 kg in the excitation of 1m/s? rms
acceleration (0.5-15 Hz) with the hands in lap posture. Specifically, the one-dimensional
4-DOF model is developed using simultaneously measured vertical APMS and STHT
response. The model parameters are identified for the three back support conditions
respectively. The model parameter analysis suggest that both the force-motion and
motion-motion measures need to be satisfied in order to obtain a more reliable model
parameter set. The two-dimensional 5-DOF model was developed to describe the cross-
axis APMS responses encountered with the inclined backrest support. This allows for the
consideration of the upper body dynamic interaction with the backrest. The identified
models show good agreements with the measured target responses in APMS measured at
the seat pan and the backrest, and vertical STHT.

The model f/alidity is further demonstrated in terms of the absorbed power
property of the seated body. Considering that the physical responses of the tissues are
more directly related to localized responses, alternate methods that can predict the
distributed absorbed power property in body segment are realized in both one-
dimensional and two-dimensional models.

In combination with the synchronizing experimental studies, the developed models
in this study would provide a better mathematical representation of force-motion and

motion-motion biodynamic behaviors of seated human body under vertical whole body
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vibration. The validated models would provide an essential basis for an enhanced

anthropodynamic manikin.

234

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 6

CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORK

6.1  Highlights and contributions of the Study

The primary focus of this dissertation research is on the study of vertical whole-
body vibration biodynamic response characterization of seated occupants through
measurements and model. development. The dissertation research is conducted in five
systematic phases including: (i) Measurement of the vertical apparent mass response
characteristics under vehicular vibration environment with different seat geometry-
dependent postures; (ii) Characterization of role of seat geometry on biodynamic
responses of seated occupants in terms of both apparent mass and absorbed power. (iii)
Simultaneous measurements of apparent mass and seat-to-head transmissibility
characteristics under vehicular vibration environment with different seat geometry-
dependent postures; (iv) Characterization of seat geometry on simultaneous biodynamic
responses of seated occupants in terms of both apparent mass and seat-to-head
transmissibility; (v) Development and validation of biodynamic models of the seated
occupant in one- and two dimensions. The major contributions and highlights of this
investigation are summaries below:

a) The apparent mass (APMS) respbnses of seated vehicle occupants are measured
and characterized in relation to several contributory factors, which include
anthropometric features, variations in hands position (in lap and on steering
wheel), three seat heights, and seat design factors involving two different pan
orientations and three different back support conditions (no support, and support

with vertical and inclined backrest), and excitation magnitude. The measurements
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were taken at a single driving point, the force at the human-seat interface was
measured in the applied excitation direction.

b) The absorbed power chafacten'stics of the seated body exposed to vertical WBV
was analyzed was performed in frequency domain. The relationship between the
absorbed power and apparent mass (driving point mechanical impedance) was
revealed. The validity of the indirect method for computing absorbed power was
demonstrated.

¢) Thorough anaiyses of the measured APMS data were performed to identify
significant factors influencing the biodynamic responses, such as body mass, pan
orientations, back support conditions, hands positions, seat heights, excitation
magnitude and gender effect.

d) Thorough analyses of the computed absorbed power data were performed to
identify significant factors affecting the power absorption, such as body mass,
body mass index, body fat, pan orientations, back support conditions, hands
positions, seat heights and excitation magnitude.

e) A light weight head-strap measurement system was developed to measure the
vibration transmitted to the seated subjects head in a more accurate and repeatable

manner.

f) The apparent mass (APMS) and seat-to-head transmissibility (STHT) responses
of seated vehicle occupants were measured simultaneously and characterized in
relation to several factors, which included variations in hands position, three
different back support conditions and excitation magnitudes. The head

acceleration was measured in both vertical and fore-and-aft directions. The force

236

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



measurements were taken at two driving-points, formed the upper body backrest
and buttock-pan interface, as opposed to the single driving-point, invariably
considered in previous studies. The ‘vertical STHT’, ‘fore-and-aft STHT’,
‘vertical APMS’, and ‘cross-axis APMS’ were thus derived from the measured
data.

g) Thorough analyses of the measured ‘vertical STHT’, ‘fore-and-aft STHT’,
‘vertical APMS’, and ‘cross-axis APMS’ data were performed to identify
significant factors contributing to these biodynamic responses.

h) The relationship between the simultaneously measured APMS and STHT

responses was established with the consideration of role of seat geometry.

i) A four degree-of-freedom biodynamic one-dimensional model was developed to
simulate ‘vertical STHT” and ‘vertical APMS’ responses for three different back
support conditions. The target datasets are limited to those representing mean
body mass of 75.58 kg (in the vicinity of 50 percentile population) in the

excitation of 1m/s” rms acceleration (0.5-15 Hz).

j) The 4-DOF model parameter analysis was performed by satisfying single
biodynamic response (APMS or STHT) and both corresponding to three different

back support conditions.

k) The identified 4-DOF model parameters were discussed with the consideration of
anthropometry aspects both corresponding to three different back support

conditions.

1) Analytical method that can predict the distributed absorbed power property in

lumped parameter models was derived.
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m) The identified 4-DOF model was further validated by predicting the energy
dissipation in body segments corresponding to three different back support

conditions.

n) A 5-DOF two-dimensional model was developed for the consideration of the

seated upper body interactions with the inclined backrest support.

0) The identified 5-DOF two-dimensional model satisfied the measured target

responses in APMS measured at the seat pan and the backrest, and vertical STHT.

p) The 5-DOF two-dimensional model was further validated by predicting the total

and distributed power property into the body segments.

6.2  Conclusions
On the basis of the results attained in this dissertation, the following major

conclusions are drawn;

a) From the study of reported biodynamic characteristics of seated body exposed to
vertical WBYV, it is apparent that the DPMI/APMS and STHT are influenced by
many factors related to subject characteristics, such as body mass and test

conditions, excitation magnitudes and postural variations.

b) The absorbed power characteristics of the vibration-exposed body can be

effectively derived from the force-motion biodynamic functions, such as APMS

or DPMI.

¢) Measured vertical apparent mass characteristics at the single driving-point
generally exhibit relatively higher primary resonant frequencies when compared

238

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



to those widely reported 5 Hz, irrespective of sitting postures. This difference is
attributed to the relatively smaller excitation magnitude applied in this study (0.5,
1.0 m/s* rms in the frequency range 0.5-40 Hz). The non-linear nature of the

APMS response can thus be concluded.

d) Measured vertical apparent mass characteristics at the driving-point reveal a
secondary resonance in the 10 -12 Hz frequency range. This secondary peak could
be vaguely discerned for the no back supported postures, while it is more

pronounced for the inclined back supported posture.

e) The absorbed power is strongly dependent upon the individual’s anthropometry
characteristics than APMS/DPML The absorbed power is strongly correlated with
body mass and body mass index, and less strongly correlated with body fat, and

body height.

f) The majority of the power absorption in all postures could be attributed to the
motion of the upper body. The results further revealed that about 60% of the total
absorbed power appears in the lower frequency range of 4-16 Hz.

g) The absorbed power is extremely sensitive to excitation magnitude, while the
APMS responses exhibit slight increase in primary resonant frequency with
increasing by increasing the excitation magnitude. The APMS responses thus may
not be adéquate for assessing the risks associated with vibration exposure.
However, the absorbed power increases approximately quadratically with the

excitation magnitude.
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h) From the single driving-point force-motion biodynamic data, it is concluded that
seat pan orientation considered in this study has negligible effect on the APMS

and absorbed power responses.

i) The seat height affects the sitting posture and the portion of the body weight
supported by the seat. The results suggest that the body mass supported by the
seat increases with increasing seat height, while the higher seat ileight yields
larger variations in the seated mass for all postures as observed from the standard
deviations. The peak APMS magnitude is thereby strongly affected by the seat

height.

J) Placing the hands on the steering wheels tends to slightly reduce the portion of
body mass supported by the seat, when compared to that for the hands in lap
postures. The hands position was found to influence the APMS response only
when the back is supported with an inclined backrest and at frequencies in the
vicinity of the primary resonant frequency. The hands in lap postures tend to
absorb more energy than those with hands on steering wheel postures. This
difference tends to be larger with the inclined backrest than for the vertical

backrest.

k) The APMS and absorbed power responses out of single driving-point force-
motion measurement are strongly affected by the back support condition. At
frequencies prior to primary resonance, the APMS magnitude with no back
support is higher than that of back supported postures. At the frequencies above
the primary resonance to 18 Hz, the APMS magnitude is increasing in the order of

no back support, vertical back support and inclined back support. Similarly, the
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back supported postures tend to reduce the energy dissipation by the seated body
at frequencies prior to primary resonance, and increase the energy absorption after

the primary resonance to 18 Hz.

1) A strap-mounted accelerometer was employed to measure the vertical vibration
transmitted to the head. The proposed methodology could facilitate the adjustment
and monitoring of the accelerometer orientation, while reducing the discomfort
caused by the widely-used ‘bite-bar’ system, and the inertial force contributions
arising from the helmet-mounted measurement vsystems. Compared to the reported
STHT responses, the results attained in this study greatly reduce the inter-subject
variability.

m) ‘Non-linearities’ of the human body is distinctly observed for both ‘vertical
STHT’ and ‘fore-and-aft STH’f’ responses irrespective of the back ;uppoﬂ

condition, which is also observed in the vertical and cross-axis APMS responses.

n) The measured STHT data suggest that the back supported postures generally yield

lesser inter-subject variability of the data in the vicinity of the primary resonance.

0) Significant magnitudes of fore-and-aft head acceleration are shown even though
the vibration excitation is limited to the vertical axis alone, which is most likely
attributed to pitch motions of the upper body. The peak magnitudes of fore-and-
aft STHT tend to be considerably higher than those of the vertical STHT for the
no back support posture. The peak magnitudes of fore-and-aft STHT for the back

supported postures were comparable with the vertical STHT magnitude.
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p) The ‘cross-axis APMS’ response data provide important quantitative information
on the upper-body interactions with the backrest. The frequency corresponding to
peak magnitude occurs relatively larger than that of ‘vertical APMS’ under the

same test condition.

q) The second resonance peak could be observed in the 9-11 Hz from the “vertical
APMS’ and ‘vertical STHT” responses. This peak becomes more apparent for the

back supported postures.

r) Motion-motion biodynamic response out of simultaneous measurement revealed
the strong effect of back support condition over the entire frequency range. The
peak magnitude of fore-and-aft STHT in the vicinity of the primary resonance is
most significantly affected by the back support condition. The use of an inclined
back support can help suppress the fore-and-aft motion of the head most notably
near the primary resonance. This support, however, causes significantly higher
vertical and fore-and-aft motion of the head near the secondary resonant

frequency.

s) Similar to the single driving-point force-motion biodynamic responses, the
vertical APMS magnitudes in the vicinity of the secondary resonance tend to be

higher for the back supported postures.

t) The comparison between the normalized vertical APMS modulus and vertical
STHT showed identical primary resonances for all the back support postures, the
primary resonances are identical. For the no back support posture, the measured
modulus of STHT tends to be relatively higher than the measured normalized

APMS magnitude over the entire frequency range. For the two back support
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postures, similar trends occur only from 0.5-6 Hz, which cover the primary
resonance range. At higher frequencies, there are quite larger differences between
the APMS and STHT for the two back supported postures. The STHT responses

tend to emphasize the secondary resonance compared to the APMS responses.

u) The hands position yields relatively larger differences in peak magnitude and
primary resonant frequency on ‘cross-axis APMS’ magnitude responses, while the
hands position on vertical APMS and STHT responses as well as fore-and-aft

STHT responses is considered to be negligible.

v) Comparison of vertical APMS responses of body seated on two different seats,
namely the commercial seat vs. automobile seat, suggest that the biodynamic
response characterization of the seated body exposed to WBV necessitates

considerations of the seat design factors.

w) The one-dimensional 4-DOF model parameters analyses suggest that both the
force-motion and motion-motion measures need to be satisfied in order to obtain a

more reliable model parameter set.

x) The one-dimensional 4-DOF model results show that the back support postures
yield relatively lower stiffness of the lower and upper body torso and viscera
component. It suggests that seated upper body tends to stiffen in the absence of

back support.

y) The one-dimensional 4-DOF model results show the damping element coupling
the Jower body and the buttocks and varies considerably as the back support

condition changed. Without back support, this damping element reveals a
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relatively higher value compared to that of back supported postures. Moreover, it
is found that the back support condition yields considerably lower damping
coefficient of the viscera component of upper body. The two back supported

postures yield quite closer values of the damping coefficients.

z) The identified two-dimensional 5-DOF model show good agreements with the
measured target responses in APMS measured at the seat pan and the backrest,

and vertical STHT.

aa) The predictions of the total absorbed power density derived from the one-and
two-dimensional models show reasonably good agreements with the mean

measured power for all three back support conditions.

bb) The predictions of power distribution in body segments suggest that nearly 60%
of total power is absorbed within the viscous elements coupling the upper and
lower body torso. The energy dissipated within the viscera is also considerable
and the peak absorbed power density ranges from nearly 20% for NBS posture to

nearly 30% for the IBS posture.

6.3  Recommendations for the future work

Owing to the considerable complexities associated with the seated human and
occupant-seat systems, the present study is considered to constitute an important attempt
toward quantifying the whole body vibration responses under typical vehicular sitting
postures, and the role of various seat design factors. Further efforts need to be undertaken

to fully quantify the biodynamic responses in terms of the STHT, APMS and absorbed
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power of seated occupant exposed to whole-body vibrations, and the influence of various
environmental and postural factors. Although ar vast number of fundamental explorations
are needed for measurements, analyses, and interpretations of the biodynamic responses
in view of risk assessment or injury potentials, and seat design factors, some of the
important steps for further research are suggested below:

® Number of subjects: current study considered only 12 male subjects for
simultaneous measurement, it is recommended to perform the study with a larger
sample of subjects to enhance interpretation of the biodynamic responses, and to
quantify the body mass and gender effects more accurately. This would be
important considering the large inter-subject variability of the data, and strong
dependence of the responses on the body anthropometry.

. Multi-driving point measurements: The biodynamic measurements at different
vibration entry points, like the hand-steering wheel, feet platform, are vital for
understand the multi-driving point biodynamic behavior, and entry absorption
prdperties of the seated body. The forces along three-axis at each driving point
should be acquired in order to fully characterize the biodynamic responses.

* Analyses of multi-axis force-motion and motion-motion biodynamic responses
under multi-axes vibration excitations would be extremely important to
characterize the human responses to realistic vibration environment of vehicles.

* While force-motion responses relate to the biodynamics at the point of entry, the
motion-motion response could yield considerable insight into the nature of

" vibration transmitted to different body segments. It is thus recommended to
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characterize the nature of vibration transmitted to various body segments, namely,
the lumbar, thoracic and cervical region of spine.

* EMG: the seated human exposed to whole vibration displays diverse
psychological and physiological reactions. It is recommended to analyze the
spinal muscle-activities under vibration environment along with the force-motion
and motion-motion biodynamic functions to develop a correlation among the
musculoskeletal loading and biodynamic response.

» Posture: the present study suggests strong contributions due to inclination of the
backrest. It is recommended that the role of backrest under different inclinations
of the backrest and pan should be thoroughly investigated to identify the design
guidance for seats.

* Further studies in two-dimensional model may consider the pitch flexibility of
head and neck in order to better describe the fore-and-aft STHT responses.

* Further studies in the seated human body modeling are desirable to consider
multi-axis and motion-motion biodynamic response measurements. The
consideration of development of anthropodynamic manikins may be brought
together with the modeling issues. Moreover, multi-body modeling approach

would be beneficial to study three-dimensional dynamic responses.
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