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By Guangtai Zheng

The apparent mass of the seated human body and the transmissibility to the upper-body (i.e., the
spine and the pelvis) during vertical vibration excitation have been reported to have resonance
frequencies around 5 Hz. With fore-and-aft excitation the apparent mass shows a first peak
around 1 Hz and second mode around 2 to 3 Hz. Little is known about how the motion of the
upper-body during excitation in one direction is affected by the addition of vibration in an
orthogonal direction (i.e., the cross-axis coupling). The principal objective of the research
reported in this thesis was to identify how the resonances in the apparent mass and
transmissibility, and their association, depends on the magnitude of the inline vibration excitation
and the addition of an orthogonal vibration excitation. The research was also designed to
investigate the characteristics necessary in mathematical models that represent the cross-axis
coupling and nonlinearity evident in the biodynamic responses of the human body.

The movement of the body (over the first, fifth and twelfth thoracic vertebrae, the third lumbar
vertebra, and the pelvis) in the fore-and-aft and vertical directions (and in pitch at the pelvis) was
measured in 12 seated male subjects during random vertical vibration excitation (over the range
0.25 to 20 Hz) at three vibration magnitudes (0.25, 0.5 and 1.0 ms™ r.m.s.) and during fore-and-
aft vibration excitation over the same frequency range and at the same three vibration
magnitudes. At the highest magnitude of vertical excitation the effect of adding fore-aft excitation
(at 0.25, 0.5, and 1.0 ms? r.m.s.) was investigated. Similarly, at the highest magnitude of fore-
and-aft excitation the effect of adding vertical vibration (at 0.25, 0.5, and 1.0 ms™ rm.s.) was
investigated. The forces in the fore-and-aft and vertical directions on the seat surface were also
measured so as to calculate apparent masses. The subjects adopted a normal upright posture,
an erect posture, and a slouched posture. Resonance frequencies in the apparent mass and
transmissibility during vertical excitation decreased with increasing magnitude of vertical
excitation and with the addition of fore-and-aft excitation. The modulus of the first peak in the
apparent mass and transmissibility during fore-and-aft excitation decreased with increasing
magnitude of fore-and-aft excitation and with the addition of vertical excitation. Complex vibration
modes in the upper-body appear to be responsible for the resonances in both the vertical and the
fore-and-aft apparent masses. Compared to the normal upright posture, the erect posture tended
to increase the resonance frequency in the apparent mass and transmissibility associated with
vertical excitation but decrease the resonance frequency in the apparent mass and
transmissibility associated with fore-and-aft excitation. The association between resonances in
the transmissibility to the upper body and the resonance in the apparent mass varied with vertical
excitation but not with fore-aft excitation.

A seven degree-of-freedom multi-body model indicated that the resonance frequency in the
vertical apparent mass on the seat and the vertical transmissibility to the upper-body with either
vertical or dual-axis excitation is sensitive to the vertical stiffness of tissues beneath the pelvis
and closely related to the vertical motion of the upper body. It has also been shown that the first
mode of the fore-and-aft apparent mass and the fore-and-aft transmissibility can be attributed to



the fore-and-aft movement of the upper-body due to the pelvis pitch, while the second mode can
be attributed to the fore-and-aft movement of the upper-body caused by shear deformation of the
pelvis tissue. It is suggested that a mathematical model developed with single-axis excitation can
represent the biodynamic response with dual-axis excitation by changing these sensitive
parameters (e.g., the stiffness of the tissue beneath the pelvis).

A finite element human body model with flexible bodies representing the tissue beneath the pelvis
and thighs and rigid bodies representing other body segments provided sensible prediction of the
first resonance frequencies and the associated modulus in the vertical inline and fore-and-aft
cross-axis apparent mass on the seat and the transmissibility to the lumbar spine, as well as the
pressure distribution on the seat surface. With the flexible bodies assigned the material properties
of nonlinear low density foam, the model was allowed to reflect the softening effect (i.e., a reduce
in the resonance frequency of the vertical apparent mass) when the when the magnitude of the
vertical excitation was increased.
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CHAPTER 1: INTRODUCTION

Human bodies are frequently exposed to various whole-body vibrations in daily life and
work. Study of how the vibration is transmitted to and through the human body will help
advance understanding of the mechanisms of how body responds to the external

vibration and help human body modelling. Such a study involves biodynamic research.

Previous studies have shown that biodynamic response to whole-body single-axis
excitation is affected by factors such as body mass (e.g., Fairley and Griffin, 1989),
gender (e.g., Lundstrém and Holmlund, 1998), sitting posture (e.g., Mansfield and Griffin,
2002), backrest contact (e.g., Wang et al., 2004), muscle activity (e.g., Mansfield et al.,
2006), vibration magnitude (e.g., Nawayseh and Giriffin, 2003), and the frequency (e.g.,
Toward, 2003). It is widely accepted that biodynamic response shows nonlinearity: the
resonance frequency decreasing with increasing vibration magnitude. The extent of the
nonlinearity in biodynamic response appears to depend on factors such as sitting

postures, vibration magnitude and the spectrum of the applied vibration.

Biodynamic response with multi-axis excitation is similar to that with single-axis
excitation: the resonance frequency of apparent mass (the complex ratio of the force and
the acceleration at the same location) reduces with increasing number of vibration axes
from single axis to dual or multi-axis (e.g., Hinz et al., 2006a; Qiu and Griffin, 2010).
Knowledge of the motion of human body, especially the spine during dual-axis excitation
will advance understanding of the modes associated with the resonance of the apparent

mass.

Various models of biodynamic responses with vertical excitation or fore-and-aft
excitation have been developed to interpret experimental findings. Majority of models
have been proposed assuming the human body is a linear system so that the models
are effective in predicting the human response within specific testing conditions.
Nevertheless, models that take into account the nonlinearity in resonance or the
coupling effect of multi-axis excitation are much more complex and need a more

comprehensive calibration.

The research undertaken in this thesis is designed to investigate the effects of vibration
magnitude and addition of an orthogonal excitation on the biodynamic response and how

these effects could be reflected with a mathematical model.

The thesis is divided into ten chapters including this introductory chapter.



Chapter 2 reviews and discusses the up to date knowledge of the apparent mass and

transmissibility with various excitations. The research scope of this thesis is defined.

Chapter 3 proposes a multi-body human body model to consider the contributions of the
principal body segments to the dynamic responses with vertical excitation, especially the

primary resonance.

Chapter 4 investigates the effect of the magnitude of vertical excitation and the addition
of the fore-and-aft excitation on the resonances in apparent mass and transmissibility of

12 seated subjects.

Chapter 5 investigates the effect of the magnitude of fore-and-aft excitation and the
addition of the vertical excitation on the resonances in apparent mass and

transmissibility of 12 seated subjects.

Chapter 6 examines the effect of siting posture on the resonances in apparent mass and

transmissibility of 12 seated subjects with single-axis and dual-axis excitation.

Chapter 7 investigates how the human body model working for the vertical excitation
could be extended to work for the dual-axis excitation so as to improve understanding of
the relation between the mechanical properties of human body and the dynamic

responses with dual-axis vibration.

Chapter 8 develops a finite element human body model to take into account the
nonlinearity in the resonance of vertical apparent mass with increasing vibration

magnitudes and reflect the pressure distribution on the seat-occupant surface..
Chapter 9 presents a general discussion of the main findings reported in the thesis.

Chapter 10 presents the main conclusion of the thesis and provide recommendation for

the future work.



CHAPTER 2: LITERATURE REVIEW
2.1 Introduction

Biodynamic response contains useful information for the evaluation and optimization of
ride comfort of seats and vehicles. A review of the up to date knowledge of various
factors affecting biodynamic response and how biodynamic response could be reflected

with a mathematical model is presented in this chapter.

Biodynamic response is measured and represented by transfer functions that fall into
two categories (Griffin 1990). Those involving the measurement and ratios of motions at
different locations on the human body are grouped as transmissibility, for example, seat-
to-spine or seat-to-head transmissibility. The other type which measures and calculates
the complex ratio of forces and motion at the same point (e.g. acceleration, velocity) is

typified as the driving-point response.

Apparent mass or driving point apparent mass is defined as the complex ratio of force,
F(w), and acceleration, A(w), at the same location on the interface between human body

and the seat:

M(w) = % (2.1)

where, w is the angular frequency of the input.

When the force is measured in the same direction as the input acceleration, the ratio
between them is called the “inline apparent mass”. If the force is perpendicular to the
acceleration, the ratio is called the “cross-axis apparent mass”. For example, when
human body is exposed to vertical vibration, the ratios of forces F(w), F«w), F{w) and
the acceleration are apparent mass (vertical apparent mass), fore-and-aft cross-axis

apparent mass and lateral cross-axis apparent mass, respectively.

The apparent mass of the body is normally used for measurements at an interface
between the human body and a seat. However, there are also some studies reporting
the measurement of forces and accelerations on the backrest and footrest. The ratio of
force and the acceleration defined as Equation (2.1) is adopted as well to represent the

dynamic response at these locations.

Mechanical impedance, or the driving point mechanical impedance, is the complex ratio

of force F(w) to velocity V(w) at the same location:



Z(w)= Ho) ioM(w) (2.2)
V(o)

The transmissibility of the body represents how much vibration is transferred from the

seat-occupant interface to different locations of the human body, such as the spine or

head. Acceleration is widely adopted for the transmissibility studies. Transmissibility is

defined as the complex ratio of motion at the output location to the motion at the input

reference point. For example, transmissibility from seat to vertebrae level T12 can be

defined as:

T(w)= a;%g) (2.3)

where,
ari2 (w) is frequency response of the acceleration at the tenth thoracic spine;
as (w) is frequency response of the acceleration at the seat interface.

Motion of the head when the human body is exposed to vertical vibration has been
measured and reported in many studies on the basis that the head is a vital part of the
body that is associated with vibration discomfort or that its movements affect vision
(Griffin 1990). Measurements of motion at locations along the spine have also been
published. Investigations of the spine motion have not only focused on the translational
acceleration in the vertical, fore-and-aft, and lateral directions but have also concerned

on the roll, pitch and yaw motion in some studies.

Apparent mass or mechanical impedance is often the measurement and representation
of the overall dynamic response at the seat-occupant interface which takes into account
the local body system and the whole-body movement. Transmissibility is often used to
investigate the transmission path and vibration modes contributing to the resonances of
the human body. If a human body is simplified to be represented with the single degree-

of-freedom model shown as Figure 2.1 (a), then the equation of motion is defined as

mg, + kq, +¢q, =Kq,, +Cq, (2.4)

where m is the mass of the human body supported on the seat, k and c are stiffness and
damping respectively. Apparent mass M and transmissibility T, are defined as follows

according to Equations (2.1) and (2.3).



k +cs

M=m——> (2.5)
ms<+cs+k
Tr :5'_—08 (2_6)
ms°+cs+k

With m=60 kg, k=70000 N m”, c=2000 Ns m™, the modulus of the calculated vertical

apparent mass and the vertical transmissibility to human body are shown in Figure 2.1

(b-c).
I q:
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Figure 2.1 A single degree-of-freedom model (a) and calculated apparent mass and
transmissibility (b) of a seated human body.



It is shown that at low frequencies, the modulus of apparent mass is close to the mass
seated on the seat while the transmissibility is close to unity. The resonance frequency

of apparent mass is the same as the resonance frequency of transmissibility.
2.2 Apparent mass of the seated human body with vertical excitation

Many studies investigating apparent mass have reported a first resonance at around 4-6
Hz and a second resonance in the region of 8-12 Hz for the vertical apparent mass (e.g.,
Fairley and Griffin, 1989; Kitazaki and Giriffin, 1998; Mansfield and Griffin, 2000;
Mansfield and Griffin, 2002; Matsumoto and Griffin, 2002a; Matsumoto and Griffin,
2002b; Nawayseh and Griffin 2003, Mansfield and Maeda 2006; Qiu and Griffin, 2010).
Some studies have reported considerable forces in the fore-and-aft direction on the seat
with vertical excitation with the principal resonance frequency in the vicinity of 5 Hz (e.g.
Nawayseh and Griffin 2003; Mansfield and Maeda, 2005a; Qiu and Griffin, 2010).

Subject variability in human response to whole-body vibration has been observed and
reported extensively (Fairley and Griffin, 1989; Seidel, 1996; Boileau et al., 1998;
Paddan and Griffin, 1998; Holmlund et al., 2000; Mansfield and Griffin, 2000; Wang et al.
2004, Qiu and Griffin, 2010). Variability induced by various factors such as differences in
body mass, age, gender, height, size among subjects are classified as inter-subject
variability, as shown in Figure 2.2. The primary resonance frequencies of the 60 subjects
were negatively correlated with the mass of each subject but positively correlated with
the static sitting weight of subjects divided by their sitting height; the peak magnitudes of
the apparent mass increased with increasing sitting weight while the normalized
apparent mass (to be discussed in the following paragraphs) at their resonance
frequency was correlated with their total body weight. The normalized apparent mass at

20 Hz was correlated with subject age.

Difference in the body mass has been found to be the largest contributor to the variation
in apparent mass of the individual subject. At certain selected frequencies and specific
sitting postures, the modulus of the apparent mass was linearly dependent on body
mass with the correlation higher at lower frequencies (from 3 to 6 Hz) than at
frequencies greater than 12 Hz (Wang et al., 2004). It was also found that static body
mass supported on the seat was the main contributor to the inter-subject variability while
gender and age had less effect. Similarly, the effects of age, gender, stature, and BMI
(body mass index, kg m?) on the apparent masses of the subject groups have been

reported to be small relative to the large and systematic effects of subject mass (Toward
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and Giriffin, 2010).

To minimize the effect of body mass on apparent mass, two methods have been
generally adopted. One method is to group the measured data in different mass ranges
(e.g., 55 kg, 75 kg and 90 kg) as was used in ISO 5982 (2001), so other factors
influencing the dynamic response can be studied in a narrow mass range. Alternatively,
apparent mass is normalised with respect to the static mass, as performed by Fairley
and Griffin (1989) to limit the variance due to the large influence of body mass on the
response data. The apparent mass was normalized by dividing it with the apparent mass
at 0.5 Hz. The normalized apparent mass (Figure 2.3) showed far smaller variance than
the un-normalised apparent mass. Normalization has been reported to significantly
reduce the standard deviation of the rationalized peak magnitude of apparent mass (i.e.
the apparent mass of each subject divided by the mean response of the subject group at
resonance for both measured and normalized apparent mass) (from 0.255 to 0.105;
p<0.001, Levene) (Toward and Griffin, 2010).
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Figure 2.2 Vertical apparent masses of 60 subjects measured during 64-s exposures to
1.0 ms™ r.m.s. random vibration (0.25-20 Hz) without backrest but with vibration at the
feet and the seat: inter-subject variability (Fairley and Griffin 1989a).
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Frequency (Hz)

Figure 2.3 Normalized vertical apparent mass of 60 subjects measured during 64 s
exposures to 1.0 ms? r.m.s. random vibration (0.25-20 Hz) without backrest but with
vibration on the feet and the seat: inter-subject variability (Fairley and Griffin 1989a).

Apparent mass has been reported to be marginally dependent on gender in some
studies. For example, although the mean normalized apparent masses of men, women,
and children were similar (Fairley and Griffin, 1989), a slightly lower resonance
frequency was observed with female subjects (Lundstrém and Holmlund, 1998).
Females had a less distinct peak in their mechanical impedance than males (Holmlund
et al., 2000) whereas females had a greater normalized apparent mass than men at
frequencies between 15 and 40 Hz (Wang et al., 2004). The apparent mass was greater
for males than females at 0.6 Hz and at 12 Hz with a rigid inclined backrest (Toward and
Griffin, 2011). However, it is noted that a larger apparent mass for male might be
contributed by body mass besides the gender effect. To reduce the inter-subject

variability, only male subjects are used in the experiments conducted for this thesis.
2.2.1 Effect of postures and muscular tension

Many studies have reported significant effects of sitting posture on the biodynamic
responses (Fairley and Griffin, 1989; Kitazaki and Griffin, 1998; Lundstrdbm and
Holmlund, 1998; Holmlund et al., 2000, Wang et al., 2004). A higher resonance
frequency was observed for “erect” and “tense” postures than for a “normal” posture
(Fairley and Griffin, 1989, Figure 2.4; Lundstrém and Holmlund, 1998; Matsumoto and
Griffin, 2002b; Mansfield et al., 2005; Huang and Griffin, 2006). An increase in the mean
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resonance frequency from 4.4 to 5.2 Hz when eight subjects sat in “erect” instead of
“slouched” postures (Kitazaki and Griffin, 1998) was observed. The change can be

explained by a stiffening effect with erect postures.
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Figure 2.4 The apparent mass of one person exposed to vertical random vibration (0.25-
20 Hz) at 1.0 ms? r.m.s. in five postures: slouched, normal, slightly erect, erect, and very
erect (Fairley and Griffin, 1989).

By exposing 12 male subjects to vertical random whole-body vibration in four postures
(“back on”, “back off”, “twist”, “move”) at 0.4 ms? r.m.s. (Mansfield and Maeda, 2005a),
apparent mass showed peaks at around 5 Hz and 12 Hz for individuals in “back on”,
“back off’ and “twist” postures. The peak at 5 Hz was less evident in “move” condition
(the condition which comprised a repeated 8 s sequence where subjects twisted to the
left and right accompanied by arm movements) than other postures and the second
resonance at around 12 Hz was not observed for any subjects. The normalized apparent
mass was lower for a “back on” condition than a “back off” condition between 1 and 2 Hz.
This might be attributed to less weight being supported by the seat when there was
backrest. The normalized apparent masses of all but two subjects were similar. Many of
the subjects had a lower normalized apparent mass at resonance frequencies and
higher frequencies in “move” condition than the other three conditions (Figure 2.5).
Reductions in the peak apparent mass in the “move” condition was suggested to be due
to the difference in posture with the hypothesis that stretched arms might act as a

dynamic vibration absorber resulting in reduced resultant force acting in the torso.
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Figure 2.5 Median normalised apparent masses for 12 subjects in four postures exposed
to random whole-body vertical vibration in the frequency range of 1 to 20 Hz with a
magnitude of 0.4 ms®? r.m.s. ——, back off ——, back on; - - -, twist; - - -, move
(Mansfield and Maeda, 2005a).

The fore-and-aft cross-axis apparent mass had a peak at around 6 Hz for the “back-off”,
“back-on” and “twist” conditions but the peak was eliminated for the “move” condition
(Mansfield and Maeda, 2005a, Figure 2.6). The peak modulus of the fore-and-aft cross-
axis apparent mass were significantly different for different conditions with the lowest
modulus for the “move” posture. The apparent mass in the lateral direction was far

smaller than that in the fore-and-aft direction and the peaks were not evident.
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Figure 2.6 Median cross-axis apparent mass of twelve subjects exposed to whole-body
vertical vibration at 0.4 ms® r.m.s. in four postures: ——, back off, —, back on; - - -,
twist; - - -, move (Mansfield and Maeda, 2005a).

Differences in apparent masses of 12 subjects in nine sitting conditions (i.e., “upright”,

“anterior lean”, “posterior lean”, “kyphotic”, “back-on”,
BAR”, “bead cushion”, see Figure 2.7) have been reported (Mansfield and Griffin, 2002).

pelvis support”, “inverted SIT-

Although there were not significant changes in apparent mass with different postures,
peaks in the normalized apparent mass were lower for the “kyphotic” condition.
Compared to the upright posture, a significant difference in the apparent mass
resonance frequency was found for the “anterior lean” posture at 0.2 ms™® r.m.s. In the
“cushion” condition, the resonance frequency of the apparent mass was found to be
decreased compared to the upright posture. When an upright posture was changed to
“inverted SIT-BAR” condition representing an increase in tissue pressure, there was no

evident difference in the resonance frequency of the apparent mass.

Apart from the muscle tension, the force exerted by hands or feet has been reported to

influence apparent mass (Figures 2.8 and 2.9; Toward and Griffin, 2010). Either
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increasing the applied force on a steering wheel or on a footrest reduced the apparent
mass at the primary resonance frequency. The resonance frequency was increased with
increasing applied force on the steering wheel from 0 to 150 N but was unaffected by

changing the force exerted on the footrest.
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Figure 2.7 Diagrammatic representation of the nine postures used in the experiment
(Mansfield and Griffin 2002).

It is shown from the reviewed studies that the changes in sitting posture or muscle
tension that introduced variation in the apparent mass were generally associated with a
change in stiffness of human tissue or spine geometry. It is desirable to study the effect
of sitting posture on the apparent mass in the way in which the resonance in the
apparent mass could be changed effectively. Changing the stiffness of pelvis tissue
might be the most effective way to do this. This could be achieved by simply adjusting

sitting postures, e.g., from a normal upright to an erect posture.

12



]{M} T T T T T T T

&80

&l

40+

Apparent mass, kg

Phase, radians

=
[ ]
e
=3
==}

10 12 14 16 18 20
Frequency, Hz

Figure 2.8 Effect of force applied to the steering wheel on apparent mass (medians of 12
subjects with the hands at Shsand the feet at Fr4): 0 N (—), 50 N (- - -), 100 N (—.—),
150 N (— —) and 200 N ( )at 1.0 ms?r.m.s. (Toward and Griffin, 2010).
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Figure 2.9 Effect of force applied to the footrest on apparent mass (medians of 12
subjects with the hands in lap and footrest at Fx4): 0 N (—), 50 N (;), 100 N (—.—), 150
N (— —), and 200 N ( ) at 1.0 ms?r.m.s. (Toward and Griffin, 2010).
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2.2.2 Effect of body support

Backrests affect biodynamic responses to whole-body vibration, possibly by changing
occupant stiffness and spine geometry (Fairley and Griffin, 1990). The resonance
frequency of the apparent mass increased with back supported by a backrest (Fairley
and Griffin, 1989; Nawayseh and Griffin 2003, Figure 2.10; Toward, 2003; Mansfield and
Maeda, 2006). This might be associated with a decrease in the body mass supported by
the seat that was observed when there was a backrest support (e.g., Qiu and Griffin,
2010; Toward and Martin, 2009). The apparent mass at frequencies greater than the
resonance frequency was also found to be higher with a back—supported posture (e.g.,
Toward and Giriffin, 2009). The backrest was also found to constrain the vibration mode
around 1 Hz, as the first resonance in the fore-and-aft cross-axis apparent mass
observed without a backrest was eliminated when there was a backrest (Qiu and Griffin,
2010).
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Figure 2.10 Median vertical apparent mass of 11 subjects measured on a seat at 1.25
ms? r.m.s. in four sitting postures: effect of backrest. ——, with backrest; - - -, without
backrest (Nawayseh and Griffin 2003).

Apparent mass of two groups of 13 female and 14 male subjects during exposure to
vertical vibration have been obtained to identify the variation in biodynamic response

with a total of 36 different sitting postures (Wang et al., 2004). The measurements were
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conducted on a rigid seat that could be adjusted in terms of height, pan angle, and

BVP BIF BIP

Figure 2.11 Sitting postures configurations to determine the effect of body support on
apparent mass. NVF: flat seat without backrest; NVP: inclined seat without backrest;
BVF: flat seat with vertical backrest; BVP: inclined seat with vertical backrest; BIF: flat
seat with inclined backrest; BIP: inclined seat with inclined backrest (Wang et al, 2004).

backrest inclination (Figure 2.11).

NVE NVP BVF

The resonance region of the apparent mass for the posture without backrest was sharp
while vertical and inclined backrests increased the bandwidth of the peak magnitude
response (Figure 2.12).

100

80

60

40

Magnitude (kg)

I I

I I I

1 1 Nl
0 5 10 15 20 25 30 35 0 5 10 16 20 25 30 35 40
Frequency (Hz) Frequency (Hz)

Figure 2.12 Influence of backrest on the mean apparent mass magnitude response of 27
subjects, sitting height: 460 mm, excitation: 1.0 ms® r.m.s. LAP: hands in the lap; SW:
hands on the steering wheel. NVF: without backrest; BVF: vertical backrest; BIF: inclined
backrest (Wang et al., 2004).

Backrest contact was reported to increase the median resonance frequency of the
vertical apparent mass of 12 subjects from 4.8 Hz to 6.7 Hz (Toward and Giriffin, 2010).
However, the apparent mass at the lowest frequencies (i.e., static mass supported on
the seat surface), and at the resonance frequency decreased significantly with a

backrest contact.
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An inclined backrest tended to introduce a further increase in the resonance frequency in
the vertical apparent mass on the seat compared to that with a vertical backrest (Toward
and Griffin, 2009). The mean resonance frequency in the vertical apparent mass was
found to be at 7.8 Hz (Rakheja et al., 2002; the seat pan was installed at an angle of 13°
with respect to horizontal, while the angle between the pan and the backrest was fixed at
101°), higher than the resonance frequency (i.e., around 5 Hz) reported for studies
where subjects were unsupported by a backrest or supported by an upright backrest. An
increase trend for the resonance frequency in the vertical apparent mass at the seat was
observed as a rigid backrest was reclined from 0 to 20° (Wei, 2000). When a backrest
was reclined to 90°, the mean resonance frequency in the apparent mass in a semi-
supine posture was found to be between 7.8 and 9.6 Hz (Huang and Griffin, 2008). The
primary resonance frequencies in the apparent mass increased with increasing rigid
backrest inclination while the resonance frequencies decreased with increasing foam
backrest inclination (Figure 2.13, Toward and Giriffin, 2009).
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Figure 2.13 Effect of inclination of a 100 mm foam backrest on the median vertical
apparent masses of 12 subjects measured on the seat: —, 0% . ..., 5% ——, 10% - - -,
15% ——, 209 ..., 25% —.—, 30° (Toward and Giriffin, 2009).

It might be expected that the body mass supported by a seat with the hands on a
steering wheel is lower than that with hands in lap posture. Lower peaks were observed
for the hands on steering wheel posture than the hands in lap posture with the same
backrest support (Wang et al., 2004; Figure 2.14). The same decrease was observed by

Toward and Giriffin (2010) when hands were holding a steering wheel in which case a
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second resonance occurred. The authors (Toward and Griffin, 2010) suggested the
second mode was associated with the motion of the arm and shoulder. When the
steering wheel was moved forward away from the subjects, the apparent mass at the
primary resonance frequency was further decreased (Figure 2.15).Changing the vertical
position of the steering wheel did not influence the apparent mass at any frequency
(Figure 2.16).
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Figure 2.14 Influence of hand position on the mean apparent mass magnitude response
of 27 subjects exposed to vertical excitation at 1.0 ms™? r.m.s. with a sitting height of 460
mm, LAP: hands in the lap; SW: hands on the steering wheel. NVF: without backrest;
BVF: vertical backrest; BIF: inclined backrest (Wang et al., 2004).
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Figure 2.15 Effect of horizontal position of the steering wheel on apparent mass
(medians of 12 subjects with steering wheel at vertical position Sy; and footrest at Fy,):

Sh1 (—), Sz (. . .), Shz (—-—), Spa (- - -) and Sys ( ) (Toward and Griffin, 2010).
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Figure 2.16 Effect of vertical position of the steering wheel on apparent mass (medians
of 12 subjects with the steering wheel at horizontal position Sy; and footrest at Fus): Svy
(—), Svs (.. .) and Sys (——) at 1.0 ms™ r.m.s. (Toward and Griffin, 2010).

The presence of a footrest has also been reported to affect the dynamic response (e.g.,
Fairley and Griffin 1989; Nawayseh and Griffin 2003; Martin and Griffin, 2010). The
eeffect of four different footrest heights (i.e., different thigh contacts) on apparent mass
with vertical random vibration in the frequency range 0.25-20 Hz has been investigated
(Nawayseh and Griffin, 2003; Figure 2.17). At each magnitude, peaks in the vertical
apparent mass decreased when thigh contact was reduced, indicating that reducing
thigh contact reduced the mass supported on the seat but increased the mass supported
on the footrest (Figure 2.18). No significant difference in resonance frequency due to the
different mass distribution with different thigh contact conditions was found. The dynamic
response at the seat showed one resonance at 5 Hz with maximum thigh contact
posture, while the average thigh contact showed two resonances, at 5 and 11 Hz
respectively. The minimum thigh contact showed a third resonance at around 7.5 Hz.
The authors suggested that: (i) the resonance frequency of apparent mass on the seat
was mainly dependent on the motion of upper-body; (ii) changing thigh contact not only

varied the mass distribution but also changed the thigh stiffness which might have
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maintained the same proportional contribution of the mass and the stiffness to the

resonance frequency in the four postures.
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Figure 2.17 Schematic diagrams of the four sitting postures: (a) feet hanging; (b)
maximum thigh contact; (c) average thigh contact and (d) minimum thigh contact
(Nawayseh and Griffin 2003).

Increasing the horizontal distance between the footrest and the seat was reported to
increase the apparent mass at the primary resonance frequency and at 0.4 Hz (Toward
and Griffin, 2010) but had little effect on the resonance frequency. However, the effect of
a footrest is quite different for a stationary footrest condition and a moving footrest.
When a footrest was stationary, the apparent mass of a subject at 1 Hz was about 20%
less than the static weight on the seat. When the footrest was moving in phase with the
platform, the apparent mass at the lowest frequency was more or less the same as the

static weight, as expected (Fairley and Griffin, 1989).

The sitting height (distance from the seat pan to the floor) or the height of the lower leg
has also been reported to have a significant influence on the peak magnitudes of the
apparent mass (e.g., Fairley and Griffin, 1989; Wang et al., 2004). Higher seat height
was reported to result in greater body mass supported on the seat and yield higher peak
magnitudes of apparent mass: a 10% difference in body mass was expected to arise

when there was 100 mm difference in seat height (Wang et al., 2004).

Whatever the body support is (e.g., back support, thigh contact or foot contact),
variability in the apparent mass, especially the resonance in the apparent mass seems

to be associated with a change in the mass supported by the seat. Therefore, Changing

19



the mass supported on the seat by adding body support and changing stiffness by
changing sitting posture prove effective ways to change apparent mass on the seat,
especially the resonance frequency. This is consistent with the fundamental theory that
the natural frequency of the system could be represented with the square root of the

ratio of stiffness and mass of the system.
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Figure 2.18 Median vertical apparent mass and phase angle of 12 subjects exposed to
vertical random vibration (0.25-20 Hz) at 0.125 ms? rm.s., 0.25 ms™ r.m.s., 0.625 ms™
rm.s., and 1.25 ms? rm.s. in four different thigh contact conditions. ——, feet
hanging; ...., maximum thigh contact; ——, average thigh contact; — —, minimum
thigh contact (Nawayseh and Griffin, 2003).

2.3 Apparent mass of the seated human body with horizontal vibration

The biodynamic responses of the seated human body with horizontal vibration show a
resonance at lower frequency, compared to the biodynamic response with vertical
excitation (e.g., Fairley and Griffin, 1990; Mansfield and Lundstrém, 1999a; Hinz et al.,
2006a; Qiu and Giriffin, 2010).

The apparent mass in the fore-and-aft and lateral directions with eight subjects and
broadband vibration (0.25-20 Hz) in both horizontal directions with and without a

backrest have been investigated (Fairley and Griffin, 1990). When there was no backrest,
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the first resonance at 0.7 Hz and a second less evident resonance were found for the
response in both the fore-and-aft and the lateral directions (Figure 2.19). It was
suggested that peak moduli in the fore-and-aft apparent mass arise from rotation of the
whole upper-body. When the pitching motion of the upper-body was reduced, the peak
modulus of the apparent mass was reduced. Only one mode was observed for backrest
contact condition, with the resonance frequency in the region of 3 Hz for fore-and-aft

apparent mass and 1.5 Hz for lateral apparent mass.
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Figure 2.19 Mean apparent mass of eight subjects exposed to horizontal vibrations at
1.0 ms? r.m.s. (a) Fore-and-aft ; (b) lateral: - - -, with backrest; ——, without backrest
(Fairley and Griffin 1990).

The horizontal apparent masses of 13 subjects exposed to various combinations of
vibrations were determined (Hinz et al., 2006a). There was single-axis excitation in each
of the three translational directions, combined fore-aft and lateral excitation, and
combined vertical, fore-aft and lateral excitation. The magnitude of vibration in each axis

was 0.25 ms?rm.s., 1.0 ms?r.m.s., and 2.0 ms® r.m.s. A primary peak in the fore-and-
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aft apparent mass was found in the region of 2.18 and 2.94 Hz, but was not observed
with all subjects or at all vibration magnitudes. Peaks in the apparent mass increased
with increasing body mass and decreased with increasing chest circumference in the
subjects. Two modes of lateral apparent mass were registered: one below 1 Hz and
another between 1.61 and 2.19 Hz. With vibration in the lateral direction (i.e. y-axis), the
upper-body was observed to sway from side to side and the buttocks moved out of

phase with the upper-body and shoulders.

The dynamic responses of 12 male subjects exposed to fore-and-aft random vibration
(0.25-20 Hz, at 0.125 ms? rm.s., 0.25 ms? rm.s., 0.625 ms? rm.s., and 1.25 ms®
r.m.s.) on the seat and footrest was investigated with and without backrest (Nawayseh
and Griffin, 2005). Subjects sat on a rigid seat with and without backrest with different
thigh contact conditions (Figure 2.17). Three vibration modes in the fore-and-aft
apparent mass on the seat at frequencies below 10 Hz in all postures (around 1 Hz,
between 1 and 3 Hz, and between 3 and 5 Hz) were found (Figure 2.20). At the feet, the
fore-and-aft forces showed a resonance between 3 and 5 Hz, which increased in

frequency and magnitude when a backrest was used.
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Figure 2.20 Fore-and-aft apparent mass on the seat of 12 male subjects exposed to

fore-and-aft random vibration (0.25-20 Hz) at two vibration magnitudes. —, 0.125 ms™
rm.s., ——, 1.25ms?r.m.s. (Nawayseh and Griffin, 2005).
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Little effect of thigh contact on the fore-and-aft inline apparent mass at frequencies less
than 3 Hz or greater than 10 Hz was observed (Nawayseh and Griffin, 2005). However,
the peak modulus of the fore-and-aft inline apparent mass at the back increased when
thigh contact was increased. The feet hanging posture and the minimum thigh contact

induced maximum forces at the seat in the fore-and-aft direction.

Considerable vertical forces were found on the seat and the footrest when there was
fore-aft excitation (Nawayseh and Griffin, 2005). The effect of thigh contact on the
vertical cross-axis apparent mass on the seat was not consistent across the frequency
range (Figure 2.21). A significant difference was found in the vertical cross-axis apparent
masses measured with and without a backrest at 0.78, 2.15, 6.05, 8.0, and 12 Hz.

Greater vertical forces on the feet below 4 Hz was observed with subjects without a

backrest.
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Figure 2.21 Median vertical cross-axis apparent mass and phase angle at the seat of 12
subjects exposed to fore-and-aft whole-body vibration: effect of posture (i.e., thigh
contact). ——, feet hanging; - - -, maximum thigh contact; —.—, average thigh contact;
— —, minimum thigh contact (Nawayseh and Giriffin, 2005).

2.4 Non-linearity in human response to vibration

A shift in the resonance frequency of the apparent mass on the seat, forces on the back
and the feet when vibration characteristics are changed has been reported extensively
(e.g., Fairley and Griffin, 1989; Smith, 1994; Lundstrém and Holmlund, 1998; Mansfield
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and Lundstrom, 1999a; Mansfield and Griffin, 2000; Matsumoto and Griffin 2002a;
Matsumoto and Griffin, 2002b; Mansfield et al., 2005a; Mansfield et al., 2005b; Qiu and
Griffin, 2010). Although the mechanism causing the non-linearity has not been
unequivocally determined, it is observed to be closely related to factors such as the
vibration magnitude and the vibration spectrum, and might be caused by thixotropy of

soft human tissue.
2.4.1 Effects of vibration magnitude

Many studies have been carried out to investigate the effect of vibration magnitudes on
the apparent mass. The resonance of the apparent mass was constantly found to shift to

a lower frequency with an increase in the vibration magnitude (e.g., Figure 2.22).
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Figure 2.22 The individual vertical apparent masses of 12 subjects measured in the

average thigh contact posture at four vibration magnitudes. —, 0.125 ms?r.m.s.; - - -,
0.25 ms? rm.s.; ——, 0.625 ms? rm.s.; — —, 1.25 ms? r.m.s. (Nawayseh and Griffin,
2004).

The effect of vibration magnitude is expected to be influenced by muscle tension. With
increases in the magnitude of random vibration from 0.35 to 1.4 ms? r.m.s., the apparent
mass resonance frequency decreased from 5.25 to 4.25 Hz with a normal muscle
tension, from 5.0 to 4.38 Hz with the buttocks muscles tensed, and from 5.13 to 4.5 Hz
with the abdominal muscles tensed (Matsumoto and Griffin, 2002; Figure 2.23). The
non-linear response of the human body shown by a reducing resonance frequency with

increasing vibration magnitudes was reported to be reduced with minimum thigh contact
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— a posture that increased pressure on the tissue under the buttocks (Nawayseh and
Griffin, 2003). The fore-and-aft cross-axis apparent mass on the seat and forces on the
back have also been found to be nonlinear with changing vibration magnitudes (e.g.,
Figure 2.24).
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Figure 2.23 Mean resonance frequencies of the apparent mass of eight subjects
exposed to random vibration from 0.35 to 1.4 ms? r.m.s., in three conditions. —.0. —,
condition 1: comfortable, upright posture with normal muscle tension. —A—, condition 2:
with the muscles of the buttocks tensed; ——, condition 3: with the volume of the
abdomen minimized (Matsumoto and Griffin, 2002).
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Figure 2.24 Median fore-and-aft cross-axis apparent masses of 12 subjects exposed to

broadband (0.25 to 25 Hz) random vertical whole-body vibration: effect of vibration

magnitude: —, 0.125 ms?r.m.s.; — —, 0.25 ms?rm.s.; ——, 0.625 ms?rm.s.; - - -,

1.25 ms? r.m.s. (Nawayseh and Griffin, 2003).

25



2.4.2 Effect of vibration spectrum

Many studies have reported driving point impedance or transmissibility with random
vibration while some dynamic responses have been measured with sinusoidal vibration
(e.g., Mansfield and Maeda, 2005b). Random vibration contains all frequencies with
energy distributed equally. Sinusoidal vibration is composed of a single frequency and
measurements have to be made many times if the dynamic response at more than one

frequency is of interest.

Apart from change in vibration magnitudes, difference in vibration spectra has also been
observed to induce nonlinearity in biodynamic response (e.g., Toward, 2003; Mansfield
et al., 2006). The effect of vibration spectra and waveform on the primary resonance
frequency in the vertical apparent masses of 12 seated subjects exposed to three
groups of stimuli have been investigated (Mansfield et al., 2006): Group A comprised
three repeats of random vertical vibration at 0.5, 1.0, and 1.5 ms™ r.m.s. with subjects
sitting in a relaxed upright posture. Group B used the same vibration stimuli as Group A,
but with subjects sitting in a “tense” posture. Group C used vibration where the vibration
spectrum was dominated by either low-frequency vibration (the stimulus comprised the
0.5 ms™? random signal low-pass filtered at 7.0 Hz added to the 1.5 ms? random signal
high-pass filtered at 7.0 Hz), high-frequency vibration (the stimulus comprised of the 1.5
ms r.m.s. random signal low-pass filtered at 7.0 Hz added to the 0.5 ms™? random signal
high-pass filtered at 7.0 Hz), or 1.0 ms™? r.m.s. sinusoid at the frequency of the second
peak in apparent mass (about 10-14 Hz) added to 0.5 ms™ r.m.s. random vibration. The
resonance frequency was lower with “low frequency” vibration than with “higher
frequency” and “sine” vibration (Figure 2.25). The peaks of apparent mass were lower

for “low frequency” stimulus than the “high frequency” and “sine” stimulus.

The apparent mass of 12 seated subjects exposed to random broadband vibration from
0.125 to 25 Hz (at 0.25 ms? r.m.s.) on which nine “.-octave narrow-band inputs were
superimposed at four magnitudes (0.25, 0.4, 0.63, and 1.0 ms?r.m.s.) were determined
(Toward, 2002). Vibration below 4 Hz had the greatest effect on the apparent mass at
the resonance frequency and the peak modulus of apparent mass decreased with
increasing magnitudes. This trend was generally reversed above 4 Hz (Figure 2.26).
Vibration at frequencies less than 8 Hz had the greatest effect on the nonlinearity while

the nonlinear response tended to be less evident at higher frequencies (Figure 2.27).
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Figure 2.25 Median normalized apparent masses of 12 subjects exposed to random

vibration: effect of vibration spectrum in a relaxed upright posture. ——: ‘high
frequency’, —O0—: ‘low frequency’, —x—: ‘sine’ (Mansfield et al., 2006).
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Figure 2.26 Median apparent mass at resonance measured with narrowband inputs at
nine '/,-octave input frequencies (centred at: 1.0, 1.4, 2.0, 2.8, 4.0, 5.6, 8.0, 11.2, 16.0
Hz) and four input magnitudes superimposed on 0.25 ms™? r.m.s. broadband 0.125-25
Hz vibration (Toward, 2002).

27



5.5
) -
> 5 e
[}
o
&
@
g 45
g
a
o
[i¥]
v
4 - 0.25 ms™ r.m.s.
040 ms™rm.s.
0.63 ma'f r.Im.s.
1.00 ms™~rm.s.
] 2 4 fi B3 10 12 14 1] 18

Marrow band input frequency, Hz

Figure 2.27 Median apparent mass resonance frequency measured with narrow-band
inputs at nine “z-octave input frequencies (centred at: 1.0, 1.4, 2.0, 2.8, 4.0, 5.6, 8.0,
11.2, 16.0 Hz) and four input magnitudes superimposed on 0.25 ms?r.m.s. broadband
0.125-25 Hz vibration (Toward, 2002).

2.4.3 Thixotropy: tonic and phasic tissue activity

Thixotropy refers to the recovery behavior of colloidal materials after the breakdown of
structural linkages (Tanner, 1985). It was also suggested to be a passive property of
human tissues (i.e., the stiffness of tissues increases with prior stillness or low
magnitude stimuli but decreases with prior perturbation). The passive tissue
performance has been observed with the human wrist (Lakie et al., 1979), finger flexor
(Hagbarth et al., 1985; Lakie, 1986), finger extensor (Lakie, 1986) and the rib cage

respiratory muscles (Homma and Hagbarth, 2000).

The nonlinearity in the apparent mass associated with the change in vibration
magnitudes has also been observed to be largely dependent on the passive thixotropic
behaviour apart from the voluntary muscle tension mentioned in Section 2.2.1. It was
found that the reduction in the resonance frequency of vertical apparent mass of seated
subjects with vibration magnitudes increasing from 0.25 ms?r.m.s. to 2.0 ms?r.m.s. was
0.1 Hz with voluntary periodic upper-body movement whereas the reduction was 1.1 Hz

when there was no voluntary movements (Huang and Griffin, 2006).

With 12 semi-supine subjects exposed to vertical continuous random vibration and

intermittent vibration (alternately 1.0 and 0.25 ms? r.m.s.; Huang and Griffin, 2008,
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Figure 2.28), the resonance frequency at the low magnitude (0.25 ms? r.m.s.) was
observed to be lower with intermittent vibration than with the continuous vibration,
whereas the resonance frequency at a high magnitude (1.0 ms?r.m.s.) was higher with
intermittent vibration than with continuous vibration (Huang and Griffin, 2008). The
authors attributed the lower resonance frequency at lower vibration magnitude with
intermittent vibration to be the effect of prior high magnitude “perturbation”. Similarly, the
higher resonance frequency at high vibration magnitude with intermittent vibration was
attributed to be the effect of prior low magnitude “perturbation”. The effect of intermittent
vibration on the horizontal cross-axis apparent mass was not significant, possibly due to
the low magnitude of the response in the cross-axis direction. It was also observed that
the absolute difference between the resonance frequencies of vertical apparent mass (x-
axis) at 0.25 and 1.0 ms? r.m.s. was significantly less with intermittent random vibration
than with the continuous random vibration. However, absolute differences between the
peak frequencies of horizontal (z-axis) cross-axis apparent mass at 0.25 and 1.0 ms™
r.m.s. were not significantly different between the intermittent random vibration and the

continuous random vibration.
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Figure 2.28 Schematic diagram of experimental set-up for semi-supine subjects (Huang
and Griffin, 2008).

The resonance frequencies of horizontal (z-axis) apparent masses of 12 subjects with

intermittent longitudinal random vibration at 0.25 ms? r.m.. were found to be
significantly lower than those with continuous random vibration at the same magnitude

(Huang and Griffin, 2008). The absolute difference between the resonance frequencies
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at 0.25 and 1.0 ms?r.m.s. was less with intermittent random vibration than with the

continuous random vibration for all 12 subjects.

The peak frequency of vertical cross-axis apparent mass with intermittent random
vibration was also significantly lower than the peak frequency with continuous random
vibration at 0.25 ms® r.m.s. (Huang and Griffin, 2008). The absolute differences between
the peak frequencies with 0.25 and 1.0 ms? r.m.s. were significantly less with the
intermittent random vibration than with the continuous random vibration. The authors
concluded that the passive thixotropic properties of the body could be the principal
cause of the nonlinearity seen in measures of the apparent mass and transmissibility of

the human body.
2.5 Apparent mass of seated human body with multi-axis vibration

When subjects were exposed to dual-axis and multi-axis excitation, the apparent mass
distribution over frequency seemed to be quite similar to the case of single-axis input
(Hinz et al., 2006a; Mansfield and Maeda 2006; Qiu and Giriffin, 2010).

2.5.1 Apparent mass with dual-axis excitation

With vibration in both vertical and fore-and-aft directions, resonance of vertical apparent
mass and fore-and-aft cross-axis apparent mass shifted to lower frequency compared to
those with single-axis vertical excitation (Qiu and Griffin, 2010; Figure 2.29 and Figure
2.30). Apart from the decrease in the peak frequency, the coherency between the
vertical acceleration and the vertical force was lowered by the addition of fore-and-aft
excitation but raised by increasing the magnitude of the vertical excitation (Figure 2.31).
The coherence between fore-and-aft forces and vertical acceleration was reduced
compared to that with single-axis vertical vibration (Figure 2.30). With increasing
vibration magnitudes in the fore-and-aft direction, the coherence was found to be further

decreased (Figure 2.30).

A similar trend was observed for vertical cross-axis apparent mass (Figure 2.31). Peaks
in the vertical cross-axis apparent mass with dual-axis vibration were less clear than that

with single axis vibration (Figure 2.31).
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Figure 2.29 Median vertical apparent mass of 12 subjects with single-axis and
dual-axis excitation. —, a,= 0.25 ms?r.ms.; ——, a,= 0.5 ms?rms.; - - -, a,=
1.0 ms® r.m.s. (Qiu and Griffin, 2010).
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Figure 2.30 Median fore-and-aft cross-axis apparent mass of 12 subjects with single-axis
and dual-axis excitation. ,a,=025ms?rms.; ——, a,=05ms?rms.; - - -, a,=
1.0 ms™ r.m.s. (Qiu and Giriffin, 2010).
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Figure 2.31 Median vertical cross-axis apparent mass 12 subjects expose to during

single-axis and dual-axis random (0.2-20 Hz) excitation without a backrest. —, a, =
0.25 ms?rms.; — —, a,= 0.5 ms?rms.; - - -, a, = 1.0 ms? r.m.s. (Qiu and Griffin,
2010).

2.5.2 Apparent mass with tri-axial excitation

With tri-axial fore-and-aft, lateral and vertical excitation, the maximum moduli and
resonance frequency in the vertical apparent mass were reduced compared to those
with single-axis excitation (Hinz et al., 2006a; Figure 2.32(a)). The resonance frequency
was also reduced with increasing the magnitude of vertical excitation while the

magnitude of fore-and-aft and lateral excitation kept constant.

Similar nonlinearity was observed with the fore-and-aft apparent mass (Figure 2.32(b),
Hinz et al., 2006a): the resonance frequencies (between 2 to 4 Hz) were reduced when
the input was changed from single-axis to three-axis vibration. However, when the
number of input axes was increased from two to three (i.e., from combined fore-and-aft
and lateral excitation to combined fore-and-aft, lateral and vertical excitation), the
maximum moduli of the fore-and-aft apparent increased during low magnitude exposure
(magnitude here was represented with the vector sum of magnitude of vibration in three

axes) but remained constant during high magnitude exposure.

The maximum moduli of the lateral apparent mass were significantly lower when the

numbers of axes were increased from one to two and from two to three (Figure 2.32(c);
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Hinz et al., 2006a). The peak frequencies shifted towards higher frequencies when a
second axis was added. When the third axis was supplemented, the peak frequency
increased with low magnitude lateral excitation and decreased with high magnitude
lateral excitation.
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Figure 2.32 Mean values of the normalized moduli of the apparent mass function: (a) in
x-direction, (b) in y-direction, (c) in z-direction. ...... , vibration magnitude E1, —,
vibration magnitude E2, —.—, vibration magnitude E3, ‘no marker’ single-axis excitation
X, Y, Z, o, dual-axis excitation XY E1, o, three-axis excitation E1, ¢, dual-axis excitation
XY E2, A, three-axis excitation XYZ E2.
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It is shown in Sections 2.4 and 2.5 that nonlinearity in apparent mass could be caused
by changing the characteristics of the vibration (e.g., vibration magnitudes) or with the
addition of an orthogonal vibration. A clear understanding of the nonlinearity in
biodynamic response (e.g., a resonance shift to lower frequencies) would assist the
evaluation of seats’ ride comfort and improve the seat design. In particular, research on
the effect of the orthogonal vibrations on apparent mass has a desirable application
prospect as exposure of drivers and passengers of vehicles to vibration usually involves

multi-axis excitation.
2.6 Body transmissibility

Body transmissibility reflects how much of the vibration on the seat is transmitted to the
pelvis, spine, abdomen wall, or the head (e.g., Griffin, 1975; Paddan and Griffin 1988a;
Paddan and Griffin 1988b; Messenger and Griffin, 1989; Matsumoto and Griffin, 1998a;
Kitazaki and Griffin, 1998; Paddan and Griffin 1998; Mansfield and Griffin, 2000).

The translational vibration (fore-and-aft, lateral and vertical) and the rotational motion
(roll, pitch, and yaw) of the head were measured with a gripped bite-bar (Paddan and
Griffin, 1988a). With vertical seat motion, the head motion up to 25 Hz occurred
principally in the fore-and-aft, vertical and pitch axes of the head. With fore-and-aft seat
motion, the head motion up to 16 Hz also occurred principally in the fore-and-aft, vertical
and pitch axes of the head. The resonance in the fore-aft head motion located around 2
Hz. With lateral seat motion, the principal head motion occurred in the lateral direction
with peak transmissibility also around 2 Hz. This study also showed that backrest
contact increased the magnitude of head vibration during vertical seat vibration and fore-

and-aft seat vibration but had little effect on the head motion with lateral seat vibration.

With the head pitched down by 40° or 60°, vertical seat-to-head transmissibility was
reduced compared to that with the head horizontal (Messenger and Griffin, 1989).
Rotating the head in yaw or roll also increased the modulus of the yaw transmissibility or
the roll transmissibility. Posterior tilting of the pelvis tended to increase the vertical head
transmissibility in the frequency range 6 to 35 Hz while anterior tilting of the pelvis
reduced the transmissibility in the same frequency range. Increasing forward inclination
of the upper back reduced the vertical transmissibility to the head at frequencies greater

than 6 Hz but increased the transmissibility at frequencies less than 6 Hz.
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The motions of the head, spine, pelvis and viscera in the mid-sagittal plane of eight
subjects exposed to vertical random vibration from 0.5 to 30 Hz at a magnitude of 1.7
ms? r.m.s. were measured in three different postures (Kitazaki and Griffin, 1998). Eight
modes of body deformation were extracted from the median transfer functions of the

subjects in a normal sitting posture below 10 Hz (Figure 2.33).

T4 —
6 — Visceral
column
1 — 4/
L3 —
52 —
1st mode 2nd mode 3rd mode
at1.1 Hz at2.2 Hz at3.4 Hz

5th mode 6th mode 7th mode 8th mode
at5.6 Hz at 8.1 Hz at 8.7 Hz at 9.3 Hz

Figure 2.33 Vibration mode shapes below 10 Hz in the normal posture extracted from
the mean transfer functions of the eight subjects exposed to vertical random vibration
from 0.5 to 30 Hz at a magnitude of 1.7 ms? r.m.s. — —, the initial position of body parts;
——, vibration modes (Kitazaki and Griffin ,1998).

It was clear that the extracted mode shapes below 10 Hz were various combinations of

bending deformations of the spine, vertical motion of the viscera, axial and shear
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deformations of the buttocks tissue, pitching motion of the pelvis and pitching motion of
the head. The fourth mode at 4.9 Hz, particularly, consisted of an entire body mode, in
which the head, spinal column and the pelvis moved vertically due to axial and shear
deformations of the buttocks tissue, in phase with a vertical visceral mode, and a
bending mode of the upper thoracic and the cervical spine. This mode was suggested to
correspond to the principal resonance of the apparent mass which was measured in that
study with the same subjects. The sixth mode at 8.1 Hz and the seventh mode at 8.7 Hz
contained pitching modes of the pelvis with different locations of the pivot. The eighth
mode at 9.3 Hz was the second visceral mode. The sixth, seventh and eighth modes

was suggested to correspond to the second principal resonance of the apparent mass.

The transmissibility from vertical seat motion to vertical, fore-and-aft, and pitch motion of
the head, to six locations along the spine (T1, T5, T10, L1, L3, and L5) and to the pelvis
was measured with eight male subjects exposed to vertical random vibration at 1.0 ms™
r.m.s. (Matsumoto and Giriffin, 1998a). The force on the seat was also measured and
then used to calculate the apparent mass. Most of the vertical transmissibilities (Figure
2.34) showed a peak in the region of 5 Hz which was the principal resonance frequency
of the apparent mass. The peaks of the vertical transmissibilities were found to decrease
at higher measurement locations except for T1. The authors suggested that the head

motion might have an effect on the transmissibility to T1.

The fore-and-aft cross-axis transmissibility to each location for each subject was much
smaller than those in the vertical directions except to the head and T1 (Figure 2.35). The
transmissibility to the head and T1 showed a peak around 6 and 7 Hz while the
resonance was not evident at other locations up to 10 Hz. The pitch transmissibility to
each measurement location showed a resonance around 5 Hz. The pitch transmissibility
to the head was higher than that to T1 (Figure 2.36). The transmissibility to the head and

T1 were larger than those to locations along the spine and pelvis.

Calculated movement of the upper body at the principal resonance frequency of the
apparent mass indicated that bending or rocking motions of the spine appeared to be
dominant at resonance frequency of the apparent mass (Figure 2.37). The bending
motion of the lower thoracic spine and the lumbar spine region was more significant than
the upper thoracic spine. The pitch motion of pelvis was also observed to contribute to
the resonance accompanied with the axial and shear deformation of the tissue beneath

the pelvis.
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Figure 2.34 Vertical transmissibility to (a) head; (b) T1; (c) T5; (d) T10; (e) L1; (f) L3; (9)
L5; (h) pelvis for the eight subjects exposed to vertical random vibration up to 10 Hz at
1.0 ms™® r.m.s. (Matsumoto and Griffin, 1998a).
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Figure 2.35 Fore-aft transmissibility to (a) head; (b) T1; (c) T5; (d) T10; (e) L1; (f) L3; (9)
L5; (h) pelvis for the eight subjects exposed to vertical random vibration up to 10 Hz at
1.0 ms™ r.m.s.(Matsumoto and Griffin, 1998a).
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Figure 2.36 Pitch transmissibility to (a) head; (b) T1; (c) T5; (d) T10; (e) L1; (f) L3; (g) L5;
(h) pelvis for the eight subjects exposed to vertical random vibration up to 10 Hz at 1.0
ms™ r.m.s. (Matsumoto and Griffin, 1998a).
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Figure 2.37 Movement of the upper body at the principal resonance frequency of the
apparent mass of a single subject at 5.25 Hz when the seat moved upward. The units for
both axes are metres, and the scale of the movement is exaggerated for clarity
(Matsumoto and Griffin, 1998a).

A nonlinearity in body transmissibility associated with a change in vibration magnitude
has also been reported. By exposing twelve subjects to vertical random vibration at 0.25,
0.5, 1.0, 1.5, 2.0, 2.5 ms? r.m.s. and in the frequency range 0.2-20 Hz, the apparent
mass and the transmissibility of the subjects were measured from the seat to various
locations on the body surface (i.e., the upper and lower abdominal wall, at L3, over the
posterior superior iliac spine and the iliac crest) (Figure 2.38; Mansfield and Giriffin,
2000). Resonance frequencies of transmissibility from vertical seat motion to vertical

motion at the spine and pelvis (Figure 2.38(f), (g) and (h)) decreased with the increasing
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vibration magnitudes. The first resonance frequency was reduced from 6 to 4 Hz and the
second resonance frequency from 10 to 7 Hz when the vibration magnitudes increased
from 0.25 to 2.5 ms? r.m.s. The authors found that the extent of nonlinearity was greater

for the seat-to-spine and seat-to-abdomen transmissibility.
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Figure 2.38 Median seat to abdomen transmissibility of twelve subjects exposed to
vertical random vibration at magnitudes of 0.25 (...... ), 05(---),1.0 (——), 1.5 (——),
2.0 (- -.- -), 2.5 ms? rm.s. (—). Seat to lower abdominal wall: (a) fore-and-aft, (b)
vertical. Seat to upper abdominal wall: (c) fore-and-aft, (d) vertical. Seat to lumbar spine:
(e) fore-and-aft, (f) vertical, (g) posterior superior iliac spine, (h) iliac crest (Mansfield and
Griffin, 2000).

Knowledge of body transmissibility is helpful for the evaluation of the discomfort or
potential injury on the local body parts. Understanding of the nonlinearity in
transmissibility will also improve understanding of the mechanism contributed to the
nonlinearity in apparent mass. Both the apparent mass and transmissibility with vertical

excitation has been reported by a few studies as reviewed above. However, body
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transmissibility with horizontal vibration remains unpublished although apparent mass

with horizontal vibration have been studied.
2.7 Biodynamic modelling
2. 7.1 One-dimensional lumped-parameter models

Lumped-parameter models are widely used as they are easy to develop by fitting
experiment data. In this type of model the human body is represented by several
masses which are not necessarily anatomically representative. Masses are
interconnected by springs and dampers and generally limited to move in just one
direction. Some models include rotational degrees-of-freedom to investigate the pitch

motion.

Many lumped-parameter models have been established based on certain experimental
data and specific testing conditions. Some of these models are reviewed here for

convenience.

A single-degree-of freedom lumped-parameter model was proposed to reproduce the
vertical apparent masses of 60 seated subjects (Fairley and Griffin, 1989; Figure 2.39).
The body mass that moved relative to the seat and the body mass that did not move
relative to the seat were represented by sprung mass, my, and unsprung mass, m,
respectively. The interaction between legs and stationary footrest was simulated by the

spring mass ms.

Alternative mathematical models were later developed to represent the vertical apparent
masses of the 60 seated subjects exposed to vertical broadband random vibration (0.2-
20 Hz) at 1.0 ms™ r.m.s. (Wei and Griffin, 1998; Figure 2.40). Two of the models that
provided the best fits to experimental phase data are shown in Figure 2.40(a) and Figure
2.40(b). Models were fitted to the individual data of 60 subjects and the average data of
the whole group. The models were not anatomy-based but proposed to serve as
mathematical tools to represent the modulus and phase of apparent mass. The two-
degree-of-freedom model provided a better fit to the phase of the apparent mass at
frequencies greater than about 8 Hz and a better fit to the modulus of the apparent mass

at frequencies around 5 Hz than the single-degree-of-freedom model.
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Figure 2.39 Simple lumped-parameters models representing the mean vertical apparent
mass of 60 seated subjects (Fairley and Griffin, 1989).
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Figure 2.40 Lumped-parameters models developed to represent the individual and mean
modulus and phase of apparent mass. (a) single-degree-of-freedom model; (b) two-
degree-of-freedom model (Wei and Griffin, 1998).
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A three-degree-of-freedom model is recommended to represent the driving-point
impedance, apparent mass and transmissibility in ISO 5982 (2001) (Figure 2.41). The
model related to the data of 101 subjects with the masses in the range 49 to 93 kg who
were exposed to both sinusoidal and random vibration (0.5 Hz to 20 Hz) with unweighted
root-mean-square accelerations between 0.5 ms? rm.s. and 3 ms? rm.s. and
frequency-weighted root-mean-square acceleration less than or equal to 2 ms? r.m.s.
The subjects adopted an erect posture with back unsupported and feet vibrated by the
same input as on the seat. An idealized range of values of driving-point impedance,
apparent mass and transmissibility were defined. As discussed in Section 2.3.1, non-
linearity in driving-point mechanical impedance and apparent mass responses may arise
with variations in vibration amplitudes. The model parameters defined in the standard
may not be able to represent the biodynamic response when the vibration magnitude is
outside the range between 0.5 ms? and 3.0 ms® r.m.s. The masses, springs and
dampers defined in the standard do not correspond to physiological structures within the

human body.
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Figure 2.41 The three-degree-of-freedom model defined by the International
Organisation for Standardization (ISO 5982, 2001) to represent the apparent mass,
mechanical impedance and seat-to-head transmissibility of a seated person.

A five-degree-of-freedom lumped parameters model based on the measured driving-

point impedance and transmissibility has been developed (Smith, 1994; Figure 2.42(a)).
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The model was composed of five lumped masses that were assumed to anatomically
represent the pelvis, spine, upper torso, lower torso and legs. The mechanical
impedance on which the model was based was obtained by exposing four subjects to
sinusoidal vibration from 3 to 20 Hz at 0.347, 0.694, and 1.734 ms?r.m.s. The model
parameters were redistributed for impedance data obtained with different vibration
magnitudes to take into account nonlinearity due to the change in vibration magnitudes.
The most significant change in parameters was found in Ms, K;, C, and Cs. The author
suggested a combined vibration mode contributing to the nonlinearity with vibration

magnitudes.

The model was later modified to simulate the different primary resonance frequency
observed in the impedance and transmissibility to the chest (upper torso), the spine (the
seventh cervical vertebrae C;), the upper leg and the lower leg (Smith, 2000; Figure
2.42(b)). The effect of a seat cushion on the resonance behaviour was also evaluated

with the model.
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Figure 2.42 The five-degree-of-freedom models developed by: (a)8 Smith (1994) to
represent the mechanical impedance of four subjects exposed to sinusoidal excitation
from 3 to 20 Hz at three magnitudes at 0.347, 0.694, and 1.734 ms?r.m.s.; (b) Smith
(2000) to simulate the major resonances in the mechanical impedance and
transmissibility to the chest, spine (C7) and thighs with and without cushions.

To take into account of the effect of the backrest contact, backrest inclination, hand

positions, foot positions and vibration magnitudes on the biodynamic response, the
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modulus and the phase of experimental vertical apparent mass in various testing
conditions were fitted to a single-degree-of-freedom lumped model (Toward and Griffin,
2010; Figure 2.43) with my and my representing a fixed frame and the mass moving
relative to the seat respectively. The authors observed that the fitted moving mass was
reduced while the associated stiffness ki was significantly increased, when there was
backrest contact. The reduction in the moving mass was also suggested to be the main
cause of the lower apparent mass at the resonance frequency when the rigid backrest
was inclined from 0° to 30°. With a foam backrest, the decrease in the resonance
frequency when the backrest was inclined from 15 to 30° was associated with a

decrease in the stiffness of human tissue.

Figure 2.43 Single-degree-of-freedom model (Toward and Giriffin, 2010).

Moving the hands from the lap to the steering wheel, a decrease in the moving mass
and increase in the stiffness were observed (Toward and Griffin, 2010). The increase in
the moving mass and a decrease in the stiffness were significantly associated with a
decrease in the resonance frequency when the feet were moved forward (Toward and
Griffin, 2010).

Increasing vibration magnitude was suggested to be associated with decrease in
stiffness which caused the decrease in the resonance frequency while the moving mass
was unaffected (Toward and Giriffin, 2010).

2.7.2 Two-dimensional lumped-parameter models

To have a better representation of body motion, several studies have included rotational
elements in the biodynamic models (e.g., Matsumoto and Griffin, 2001; Qiu, 2007;
Nawayseh and Griffin 2009). These models were proposed with the hope of
understanding cause-effect relationship which has not been fully published via

experiment. They are therefore mechanism models to some extent.
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Two models with four and five degrees of freedom respectively were developed to
represent vertical apparent mass and transmissibility to the pelvis, spine, and viscera
(Matsumoto and Giriffin, 2001; Figure 2.44). Vertical spring and damper under mass 1
represents axis deformation of buttocks. Rotational degrees of freedom simulate pitch
motion of pelvic (mass 2) and bending motion of spine (mass 3 for model 1 and mass 3,
mass 5 for model 2). Mass 4, representing viscera was restricted to move only in the
vertical direction. The upper-body was suggested to be constructed with at least two
elements otherwise it would be very difficult to get properties parameters by match
measured apparent mass and transmissibility. Modal analysis was performed,
suggesting that the second mode with a natural frequency 5.66 Hz corresponded to the
primary resonance. This mode consisted of vertical motion of the legs and viscera which
was in phase of pitch motion of the pelvis. A parameter sensitivity study showed that
both the apparent mass on the seat and the transmissibility from seat base to different
locations of body in different directions were influenced by change of parameters in the

vertical axis. However, rotational properties had little effect on the apparent mass.

(@) Model 1 (b) Model 2

Figure 2.44 Models proposed to: (a) represent apparent mass up to 20 Hz and
transmissibility to pelvis, upper body (Ts) and viscera up to 10 Hz; (b) represent apparent
mass up to 20 Hz and transmissibility to pelvis, upper body (T4, L)and viscera up to 10
Hz (Matsumoto and Giriffin , 2001).

A combined seat-occupant model for vibration excitation in the fore-and-aft direction to
predict the apparent mass and the seat transmissibility at the backrest has been
reported (Qiu, 2007; Figure 2.45). The lower human body was represented by lumped
mass my and ms while the upper body was modelled with lumped mass m, and m,. The

seat and backrest was simulated with mg, and mgs respectively. A total of 24 parameters
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were involved in the model, 23 of which were optimized by curving fitting. The model
was calibrated with the apparent mass measured by Nawayseh and Griffin (2005) and
seat transmissibility obtained by Qiu and Giriffin (2003).
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Figure 2.45 the combined seat-occupant model to predict apparent mass and the seat
transmissibility at the backrest (Qiu, 2007).
2.7.3 Multi-body dynamic models

Multi-body dynamic models comprise several rigid bodies interconnected by revolute
joints (i.e. rotational springs and dampers). These bodies are expected to be
anatomically representative and each of them has three degrees of freedom in the
sagittal plane, namely vertical, fore-and-aft, and rotational. Therefore motion of each

body segment is predictable with a multi-body model.

A five-degree-of-freedom model to evaluate ride comfort in terms of transmissibility to
the head, back and hip with vertical vibration was proposed (Cho and Yoon, 2001;
Figure 2.46). The whole human was simplified into three rigid bodies in 2-D sagittal
plane (i.e. lower body incorporating sacrum, thighs and legs, upper body with arms,

heads and so on). Backrest support was taken into account in light of its contribution to
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maintain posture and decrease muscle tension. However, foot support was ignored.
Each body of the model was interconnected by linear translational springs and dampers
together with rotational springs and dampers. Three vertical and horizontal spring-
damper units representing the mechanical properties of seat and backrest cushions are
serially connected to lower bodies and upper bodies. The mean mass properties of each
segment were from literature with standard deviations while the centre of each body was
assumed to be at the middle of two joints. The joints and contact positions were
measured. Seat cushion parameters were extracted from measured seat transmissibility
and the other parameters of model were identified by matching predicted transmissibility
to experiment value. The five-degree-of-freedom of model can describe not only vertical
motion of hip and head but also fore-and-aft motion of back which a lumped parameter

model cannot generally do.

Backrest model B No bacl_krest model Berii Jocetiong

(i=1-3)

I; : Joint locations
(i=1,2)

C; : Contact locations
(i=1-3)

Q; : End locations
(i=1-3)

Backrest é\ )

Figure 2.46 The model proposed to represent mean transmissibility to the head, back
and hip of 5 subjects exposed to vertical random vibration (1-25 Hz) at 1.0 ms? r.m.s.
(Cho and Yoon, 2001).

An eight-degree-of-freedom multi-body dynamic model expanding the one proposed by
Kim et al. (2005) was developed to simulate the transmissibility to the hip, back and

head (Liang and Chiang, 2008). The model was composed of five rigid segments,
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representing thighs, pelvis, upper-body, head and viscera respectively (Figure 2.47).
Mechanical properties were obtained by matching simulated seat to head transmissibility
and apparent mass to individual measured data while other model properties were from

anthropometric literature.

Calibration was carried out for models with and without backrest, both results of which
were consistent with experiment data in terms of seat to head transmissibility. Apparent
masses with different postures were evaluated. Results showed that apparent mass was
closely related to body mass but it was not discussed in detail. Hand positions were also
ignored, the influence of which on human biodynamic response was worthy of further

study as author suggested.

G; : CG locations
(i=1---5)

1, : Joint locations
(i=1:4)

C, : Contact locations

(i=1--3)

Backrest

Figure 2.47 The model developed to represent the transmissibility to the hip, back and
head with and without backrest (Liang and Chiang, 2008).

A multi-body model was developed to predict the static equilibrium of a seated occupant
and showed how the equilibrium was influenced by seat parameters (Ippili et al., 2007;
Figure 2.48). The model incorporated the non-linear viscoelastic character of flexible

foam. Firstly, compression force—deflection (CFD) tests of a type A foam and type D
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foam were conducted on cube foam blocks, the results of which were shown in Figure
2.49 and Figure 2.50. Secondly, quasi-static unidirectional compression behaviour of
foam was assumed to be sum of nonlinear elastic force and the linear viscoelastic force.
The interaction force between occupant and seat were modelled, consisting of a

Coulomb friction force and tangible force which few researchers had considered before.

Figure 2.48 The mannequin—seat model proposed to predict the static equilibrium of a
seated car seat occupant and how the equilibrium was influenced by seat parameters
(Ippili et al., 2007).
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Figure 2.49 The force—strain response of foam type A (Ippili et al., 2007).
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Figure 2.50 The force—strain response of foam type D (lppili et al., 2007).

Foam model and interaction forces were all incorporated into a seat-occupant model
with some assumptions (i.e. motion of seat back did not have significant role on static
settling behaviour). Feet were constrained to move along footrest, so a constrained
function was needed in addition of equations of motion derived by using Lagrange
equation method. Parametric studies were performed in terms of variation of foam type,
contact area, spring locations, interfacial force coefficients, initial sitting posture, and
dimensions of occupant. It was found that static equilibrium positions were most
sensitive to stiffness and location of spring under pelvis which carried most of occupant

weight.
2.7.4 Finite element models

Finite element model of the human body and seat consist of numerous of elements
interconnected by nodes (e.g., Verver, 2004; Pankoke et al., 2008) or lumped spring-
damper (e.g., Kitazaki and Griffin, 1997; Pankoke et al., 1998). Such a model is usually
accurately anatomically depicted with detailed skeleton structure and muscle in regions
of interest such as spine, back, pelvic and thigh. This type of model can be developed to
predict not only body motion but also internal forces contributing to injury. Various
commercial finite element human body models were developed for different applications,

which were summarised by Verver (2004). However, properties of elements are difficult
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to obtain and validate. Furthermore, finite element models of human body are generally

complex and computationally inefficient.

Some models were developed to investigate relationships between mode shapes and
human response. For instance, a modal analysis using finite element methods was
performed and extracted seven modal shapes below 10 Hz (Kitazaki and Griffin, 1997;
Figure 2.51). The results showed that the fourth calculated mode shape which consisted
of entire body mode with vertical and fore-and-aft pelvic motion due to deformation of
tissue beneath pelvis and in phase with vertical viscera motion corresponded to the
primary resonance. The second resonance was found to be related to second viscera
mode and pelvic rotation which was dominant in the sixth and seventh predicted mode

shape respectively.

Resonance shift due to posture change was also investigated with the finite element
model. Changing from erect to normal posture with pelvis rotation backward, contact
area was assumed to move to parts of buttocks posterior to ischial tuberosities which led
to an increase of the axial stiffness of buttocks tissue and a higher resonance frequency.
Changing from normal to slouched posture, head and spine tended to incline forward,
increasing contact between thigh and seat. Tissue also became softer and resonance

frequency was decreased.
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Figure 2.51 Planar finite element model of human body with normal posture developed
to investigate modes relating to vibration response up to 10 Hz (by Kitazaki and Griffin,
1997).
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A finite element model of a sitting man consisting of rigid bodies representing lower
lumbar spine particularly, upper torso, neck, head, arm, viscera, pelvis and leg was
proposed (Pankoke et al., 1998). The connectors between the rigid bodies were linear
springs. The model provided a reasonable prediction of the resonance frequency and
the peak magnitude of the mechanical impedance of seated subject in standard posture
but underestimated the response above the peak frequency. It was reported the model
was able to predict the dynamic response in different postures by adjusting the static
force and moment on the pelvis relative to the values in the standard posture, and for
different subjects by adjusting the body weight parameters as well as the body height
parameters relative to the 50" percentile male. The predicted transmissibility from
vertical seat motion to the fore-and-aft motion of the head was in agreement with the
experimental value in the frequency range of 0 to 5 Hz but underestimated the head
motion above 5 Hz. The predicted peak magnitude of the impedance was higher for the

heavier subject occurring at lower frequency, but the prediction was not calibrated.

A buttocks finite element model, the geometry of which was based on a 78 year old male
was developed to predict the pressure distribution on the various seat surfaces (Figure
2.52, Verver, 2004).

(@) (b) (c)

Figure 2.52 Finite element model of the pelvis and thighs: (a) the bony structures. (b) the
bony structures and the human soft tissues. (c) the complete model-bony structures,
human tissues and skin (Verver, 2004).

The bony structure was assumed to be rigid and the skin was elastic. A Mooney-Rivlin
hyperelastic isotropic material model was included in the soft tissue. The FE model
predicted the maximum pressure located under the bony structure, which was also
observed with the volunteer subject. The predicted average pressure on a cushion seat

was comparable to the experimental value while the predicted contact area was smaller
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than the measured data. The model overestimated the stress at the front of the cushion
beneath the thighs.

A finite element model was proposed to predicting seating comfort and the H-point
(Pankoke et al., 2008). The seat structure was firstly modeled, including supporting
components, joints which were defined in forms of kinematics coupling, controlling and
adjusting components, suspension and back support. Cushion and cover were then
added to structure, properties of which were tested according to corresponding test
standard (Figure 2.53). An H-point-manikin model was developed afterwards,
reproducing manikin’s kinematics, mass and mechanical properties, surface contour,
geometry, load, friction between manikin and seat surface and so on in virtual

environment.

Figure 2.53 Seat structure and cushion model (Pankoke et al., 2008).

A CASIMIR occupant model, which included detailed geometry and dynamic
characteristic of lumbar spine, abdominal and dorsal musculature, abdominal cavity,
upper torso and arms, pelvic, legs, neck and head was adopted (Figure 2.54). It was
adaptable in terms of both percentile and posture. Static seating simulation was
conducted after modelling using ABAQUS solver, yielding pressure distribution, and

location of hip-joint, which are commonly used as criteria for seat design.

Dynamic comfort is investigated by performing modal analysis of both seat structure and
occupied seat. The results suggested that the seat occupant had a significant effect on

not only the natural frequencies but also the mode shape of the seat. The response of
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seat-occupant under vertical excitation was predicted in the frequency domain in terms
of a seat transfer function and a seat backrest transfer function. The predicted results

were in good agreement with measurement values.

Figure 2.54 CASIMIR, lumbar spine and muscle model to predict seating comfort and H-
point as well as backrest pressure (Pankoke et al., 2008).

2. 8 Discussions and Conclusions
2.8.1 Biodynamic response of human body

The resonance frequency in the apparent mass and transmissibility associated with
vertical excitation is decreased with increasing vibration magnitude (Section 2.4.1 and
Section 2.6). A few studies have reported a similar softening effect on the resonance in
the vertical apparent mass with the addition of an orthogonal excitation (Section 2.5.1).
However, whether the body transmissibility with combined vertical and fore-and-aft

excitation also exhibits a softening effect has not yet been investigated.

The fore-and-aft apparent mass and the vertical cross-axis apparent mass have been
reported to show a primary resonance around 1 Hz and a second resonance between 2
and 3 Hz when there is no backrest (Section 2.3). The fore-and-aft head motion
produced by fore-and-aft seat motion exhibits a principal peak in the vicinity of 2 Hz (e.g.,
Paddan and Griffin, 1988b). However, the motion of the spine and the pelvis with fore-
and-aft excitation is unknown. The resonance frequency in the fore-and-aft apparent
mass around 2 Hz is reduced with increasing the magnitude of fore-and-aft excitation

and with the addition of vertical excitation (Section 2.5.1), but little is known about the
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effect of vibration magnitude or the addition of an orthogonal excitation on the resonance
in the motion of the upper body (the pelvis and the spine) associated with fore-and-aft

excitation.

Sitting posture has been reported to change the biodynamic response with both vertical
excitation (Section 2.2) and fore-and-aft excitation (Section 2.3). It is of interest to
investigate whether changing sitting posture has a similar effect on the dynamic
response with dual-axis excitation (e.g., an erect posture increases the resonance
frequency in the vertical apparent mass). It remains unexplored whether sitting posture
affects the association between the apparent mass and the transmissibility with dual-axis

excitation.
2.8.2 Mathematical models

Models may be grouped into three types in terms of the methods employed to develop
models (Section 2.7). A model like that proposed by Nawayseh and Griffin (2009) may
not be regarded as a lumped-parameter model in a strict sense in this thesis. To author’s
knowledge, lumped-parameter models are usually used to represent motion of particles.
Any similar models with geometric dimension involved might not simply be considered
as lumped-parameter ones but combination of particles and rigid (or flexible) bodies.
Finite element models are not only able to represent the global dynamic response such
as apparent mass or transmissibility but also have the capacity of the predicting local
biodynamic response, e.g., pressure distribution on the seat surface, spinal force
between vertebrae, and muscle tension. In this sense, finite element is advantageous
over the lumped-parameter model and multi-body model. But it is obvious that finite
element model is computationally costly. Efforts should be made to reduce the
complexity of the finite element model and retain the structures which are necessary to

achieve the objective of the modelling.

Alternatively, models can also be categorized as quantitative models, mechanistic
models and effect models in terms of the purpose of the models as suggested by Giriffin
(2001). Most models constructed with lumped-parameter technique are in the category
of quantitative models. Development of mechanistic models and effect models needs in-
depth understanding of mechanisms of how human body segments move under various
vibration environments and often needs utilising multi-body dynamics and/or finite

element method.
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Linear biodynamic models may generally be viewed as quantitative models, irrespective
of the form and the application. These models were formed with the mechanical
properties of the human body (e.g., the dynamic stiffness of the tissue, muscle kept
unchanged during the vibration time history and frequency). The determination of these
parameters was largely dependent on the response that the model was proposed to
represent. Although some of these models (e.g., Kitazaki and Griffin, 1997; Pankoke et
al., 1998) adopted part of the tissue properties estimated from anthropometric
measurement, parameter identification with various curve fitting methods was widely

used. In this sense, models are more quantitative than mechanistic.

For some instances a quantitative model could be also mechanistic or effect ones.
Although parameters were often determined via curve fitting, linear models are also able
to help improve the understanding of the vibration modes or the properties-response
relationship. Multi-body models (e.g., Matsumoto and Giriffin, 2001; Kim et al., 2003) and
the simple finite element models (e.g., Kitazaki and Griffin, 1997) which extracted the
vibration modes of the human body helped identify the contribution of the movement of
the torso to the driving point impedance. By fitting a lumped-parameter model to the
apparent mass with vertical excitation at various magnitudes (Mansfield, 1998), the
vertical stiffness connecting the human body and the seat surface was found to be
decrease, implying the softening effect of the human tissue. Similarly, the fitting of a
single degree-of-freedom model to the vertical apparent masses of seated subjects
suggested that the increasing stiffness of the supporting tissue was responsible for the
increase in the peak magnitude of the apparent mass with backrest contact compared to
that without backrest (e.g., Toward and Griffin, 2010). In this sense, quantitative models

could be mechanistic models or effect models.

The multi-body biodynamic models developed so far have been based solely on the
apparent mass in the direction of excitation (Session 2.7.3). There are no known multi-
body models representing both the in-line apparent mass and the cross-axis apparent

mass of the seated human body.

From the reviewed literature, it is also known that published models for seat-occupant
system are limited to a single input (Section 2.7). This is different from the actual case
where passengers and drivers in vehicles are normally exposed to multi-axis vibration.
Therefore, models developed in the reported studies so far cannot meet the

requirements of analysis of ride dynamics, for example, prediction of the vibration
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transmitted to a driver or passengers through seats in a car travelling on a road. Some
studies have measured the apparent mass when the human body was exposed to
vertical and horizontal vibration. However, models with dual-axis excitation have not

been seen.

Nonlinear models were proposed with the intention of representing the mechanism of the
observed nonlinearity (e.g., Section 2.7.3 and Section 2.7.4). These models were
developed with the assumption that the tissue properties (e.g., stiffness and damping)
are frequency-dependent or magnitude-dependent (e.g., dependent on the displacement
or velocity). Displacement-dependent stiffness has been reported for a compressed
sample of foam (e.g., Ippili et al., 2008) and muscle (e.g., Saraf et al., 2007). Sensible
predictions of the pressure distribution on an occupied soft seat were provided with a
finite element model of the buttocks which included linear skin, rigid bony structure and
nonlinear hyperelastic isotropic soft tissue (Verver, 2004). However, it is not known that
whether the nonlinear force-deflection properties of tissue based on the quasi-static
compression (i.e., the loading is so slow that the inertial effects could be ignored) is
efficient in representing the variation in the resonance in the dynamic response (e.g.,

vertical apparent mass) with dynamic excitation at different magnitudes.
2.8.3 The research scope of the thesis

In the light of the state of knowledge summarised in this chapter, the research

undertaken for this thesis was conducted to answer the following questions:

(1) What are the effects of vibration magnitude and the addition of an orthogonal
excitation on the principal resonance in the apparent mass, the transmissibility of the

body, and the association between the apparent mass and the transmissibility?

(2) By what mechanism does sitting posture affect the resonance in the apparent mass
and transmissibility and their association with single-axis and dual-axis vibration

excitation?

(3) Can a multi-body model characterize the vertical in-line apparent mass, the fore-
and-aft cross-axis apparent mass, and the body transmissibility with dual-axis vibration

excitation?

(4) What necessary complexity of a finite element model is needed in order to predict the
apparent mass and the transmissibility of the body, the pressure distribution at the seat

and the nonlinearities in the biodynamic responses?
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CHAPTER 3: AN ANALYTIC MODEL OF THE IN-LINE AND CROSS-AXIS
APPARENT MASS OF THE SEATED HUMAN BODY EXPOSED TO VERTICAL
VIBRATION WITH AND WITHOUT BACKREST

3.1 Introduction

Exposure to whole-body vibration can affect the health, performance, and comfort of
seated people, with most problems caused by low frequency vibration (e.g. less than 30
Hz). Understanding of biodynamic responses to whole-body vibration (e.g., the apparent
mass and transmissibility of the body) can assist understanding of the effects of vibration

on health, performance, and comfort, and the optimisation of seating dynamics.

The biodynamic responses of the seated human body to vertical vibration excitation
have been measured experimentally and some of the results summarised in
International Standard 5982 (2001). Factors responsible for differences in the
biodynamic responses of different people (i.e., inter-subject variability) and variations
within a person (i.e., intra-subject variability) have also been investigated. Experimental
studies suggest that the main factors influencing the vertical apparent mass of the body
(i.e., the complex ratio of the vertical force and the vertical acceleration measured at the
supporting seat surface) are body weight (Fairley and Griffin, 1989; Toward and Griffin, 2010),
sitting posture (Fairley and Griffin, 1989; Mansfield and Griffin, 2002), vibration magnitude
(Fairley and Griffin, 1989; Qiu and Griffin, 2010), vibration spectra (Toward, 2002;
Mansfield and Maeda, 2005), and age (Fairley and Griffin, 1989; Toward and Giriffin, 2010).
Some studies have found that support for the feet (Nawayseh and Griffin, 2004; Toward
and Griffin, 2010) and holding a steering wheel (Wang et al., 2004; Toward and Giriffin,

2010) can also influence the forces measured at the seat.

The vertical apparent mass of the seated human body is greatest around 5 Hz. The
apparent mass is approximately proportional to subject mass, and so inter-subject
variability in apparent mass can be greatly reduced by dividing the apparent mass by the
sitting mass, to produce what is called the “normalized apparent mass” (Fairley and
Griffin, 1989). In ISO 5982 (2001) the effect of body mass on apparent mass is
acknowledged by grouping data according to body mass (i.e., 55 kg, 75 kg and 90 kg).

In addition to a vertical (i.e., in-axis) response to vertical excitation, there is also a fore-
and-aft (i.e., cross-axis) response, evident in fore-and-aft forces at the seat and the

backrest during vertical excitation (Nawayseh and Griffin, 2004).
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Backrests affect biodynamic responses to whole-body vibration, with several possible
explanations: (i) because they influence sitting posture and the geometry of the spine, (ii)
because they support some of the weight of the upper-body, (iii) because they constrain
the movement of the upper-body, and (iv) because they provide an additional vibration
input to the body (Fairley and Griffin, 1990). The principal resonance frequency in the
vertical apparent mass of the body tends to increase when the back is supported by a
backrest, and the apparent mass is increased at frequencies greater than the resonance
frequency but reduced at lower frequencies, consistent with some of the body weight
being supported by the backrest (Fairley and Griffin, 1989; Nawayseh and Griffin, 2004,
Toward and Griffin, 2010). A backrest may constrain a vibration mode around 1 Hz: the
first resonance in the fore-and-aft cross-axis apparent mass observed without a backrest
can be eliminated by a backrest (Qiu and Griffin, 2010).

Various forms of biodynamic model have been developed to represent the driving point
apparent mass and the transmissibility of the body. The types of models can be roughly
classified as lumped-parameter models, multi-body models, and finite-element models.
Simple lumped-parameter models are capable of predicting the modulus and phase of
the in-line vertical apparent mass, and provide reasonable agreement to measured
values up to about 20 Hz when using only a single degree-of-freedom, and very close
agreement when using two degrees-of-freedom (Wei and Griffin, 1998). Although easy
to develop and calibrate, lumped-parameter models are limited to one dimensional

analysis, and so they do not allow the representation of the motion of body segments.

To accommodate the rotation of body segments during vertical excitation, combined
lumped-mass and rigid body models have been developed with rotational degrees-of-
freedom (Matsumoto and Griffin, 2001; Nawayseh and Griffin, 2009; Qiu and Griffin,
2010). These models do not represent all the motions of body segments but they can
simulate both the pitch movement of the upper torso and the translational movement of
the lower body. Multi-body dynamic models have been developed with rigid bodies
interconnected by rotational joints so as to reflect attributes of the anatomical segments
of the human body and simulate vertical, fore-and-aft, and rotational body motion (Kim et
al., 2003; Liang et al., 2008). The multi-body models developed so far have been based
solely on the apparent mass in the direction of excitation. There are no known multi-body
models representing both the in-line apparent mass and the cross-axis apparent mass of

the seated human body.
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The objective of this study was to develop a multi-body dynamic model of the vertical
and fore-and-aft responses of the human body exposed to vertical excitation while sitting
in a normal upright posture on a rigid seat with or without a backrest. The purpose was
to identify the characteristics of a model needed to reflect both the vertical in-line
apparent mass and the fore-and-aft cross-axis apparent mass on the seat and consider
the contributions of the principal body segments to the dynamic responses, especially

the primary resonance.

The calibration of the model in this study was based on previously reported experimental
data (Nawayshe and Giriffin, 2004; Qiu and Griffin, 2010). Nawayseh and Griffin (2004)
exposed 12 subjects with four different thigh contact conditions to random vertical
vibration at four magnitudes in the frequency range 0.25 to 20 Hz. The subjects adopted
a normal upright sitting posture and leaned against a rigid flat vertical backrest. The
median apparent mass at the seat and at the backs of the 12 subjects sitting with
average thigh contact was used for model calibration. Qiu and Griffin (2010) exposed 12
subjects to random vertical vibration (0.2 to 20 Hz) in all 15 possible combinations of four
vibration magnitudes of fore-and-aft excitation (0, 0.25, 0.5, 1.0 ms® r.m.s.) and the
same four magnitudes of vertical excitation. The subjects sat in a normal upright posture
with hands on their laps and average thigh contact on a rigid horizontal seat without
backrest. Force and acceleration were measured on the seat in both the vertical and
fore-and-aft directions. The median vertical apparent mass and the median fore-and-aft

apparent mass of the 12 subjects were used to calibrate the model developed here.
3.2 The human body model without backrest
3.2.1 Model description

A dynamic model of the body with the capacity of being extended to simulate the effect
of backrest contact must include segments representing appropriate anatomical parts of
the back and be capable of accommodating both translational and rotational movements
of these segments. The body developed in this study was represented by five rigid
bodies based on the body segments defined by Dempster (1967): upper body, middle
body, pelvis, thighs, and legs. Although simplified, the model is intended to represent the

gross anatomy of the body.

The upper body was associated with the thoracic spine and combined the thorax, head,

neck, and upper limbs. The motions of the head and seat-to-head transmissibility were

63



not of primary interest, so the head and the neck were not included as separate entities
in the model. The middle body was associated with the lumbar spine and can be
considered to include the abdomen with the viscera. The pelvis was associated with the

segment starting from the fifth lumbar vertebrae to the ischial tuberosities.

Three inter-connected rigid bodies represented the thoracic spine (upper body), lumbar
spine (middle body), and pelvis. The spinal curvature represented by the initial
inclination of these three segments was based on measurements by Kitazaki and Griffin
(1997) for a normal upright posture. Between the joints, the spine was assumed to be
straight, assuming bending deformation between individual vertebrae was small and
could be represented by rotation between the three rigid bodies. The vertebrae and

disks were not modelled because the model was not designed to predict spinal forces.

The mass and mass moment of inertia of the thighs was adjusted to account for the
inertia of the hands and forearms that were assumed to rest on the thighs. The feet were

included with the segment representing the legs.

The five rigid bodies were inter-connected by pin joints, assuming no translational
movements between the bodies. The axial and the shear deformations of the pelvis and
thigh tissue at the seat-occupant interface were simulated using linear springs and
dampers. Friction force on the seat-occupant interface was neglected assuming that
there was no relative motion between the seat and the human body. The model is shown

in Figure 3.1.
3.2.2 Geometry and inertial properties

The length of each segment of the model was expressed as a percentage of stature and
based on data from Dempster et al. (1967) and a NASA Reference Publication (1978).
The mass of each rigid body was assumed to be uniform, so that the mass was located
at the centre of the body. The location of each centre of mass, expressed as the
distance from the proximal end to the centre of mass, was also based on Dempster et al.
(1967). The length and centre of mass of each body segment are listed in Table 3.1,
where H is the body stature (assumed to be 1.73 m, the median stature of the 12

subjects in the experiment by Qiu and Griffin (2010).

The mass of each segment expressed as a percentage of total body mass was mainly
based on data in the NASA Reference Publication (1978). No data are available for the

individual moments of inertia of the lumbar region or the upper torso.
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Figure 3.1 A two-dimensional multi-body biomechanical model of the human body in the
normal upright posture: (a) mechanical properties; (b) motion description in arbitrary
position. J;, i = 1, 2, 3, and 4: pin joint simulated with rotational spring k; and damper cy;
kix, C1x, Shear stiffness and damping of pelvis tissue; k4, ¢1,, axial stiffness and damping
of pelvis tissue; Kax, Cax, shear stiffness and damping of thigh tissue; ki, ¢4, axial
stiffnress and damping of thigh tissue; qo; vertical vibration. 6;, i=1, 2, 3, 4, 5, initial
inclination of each body segment; 6, small oscillation of each segment with respect to
initial position; the thighs were inclined down at the front by 10° and the lower legs were
inclined at 10° to the vertical; (c) geometry and inertia properties, /; and r;, i=1, 2, 3, 4, 5,
are the lengths and centres of mass of each segment , ry is the contact p point at the
thigh to be determined, m;, I, i=1, 2, 3, 4, 5, are the masses and moments of inertia of
each rigid body.

The initial values of the moments of inertia for these segments were estimated from

reported values for the total torso, head and neck (Dempster et al., 1967). The data were
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then adjusted by comparing the predicted and the measured values of the apparent

mass and the cross-axis apparent mass.

The assumed mass ratios and moments of inertia of each segment are listed in Table
3.2, where M is the total body mass (assumed to be 68.6 kg), and the median total mass
of the 12 subjects in the experiment by Qiu and Griffin (2010).

Table 3.1 Initial lengths of body parts and centres of mass.

Length (m) centre of mass
Pelvis (/4) 0.08H 0.71/4
Middle body (/) 0.17H 0.55/,
Upper body (/3) 0.23H° 0.50/;
Thighs (Is) 0.20H 0.431,
Legs (Is) 0.21H 0.4315

2, length of craniocervical link and thoracic link.

Table 3.2 Initial masses and second moments of inertia.

Mass (M=68.6 kg) moment of inertia (kg m?)
Pelvis (my) 0.13M 8.900 0.025
Middle body (m5) 0.16M 10.97 0.12
Upper body (ms) 0.33M° 22.63 1.28 ¢
Thighs (ma) 0.26M° 17.56 0.45
Legs (ms) 0.12M 8.51 0.13

® ‘mass including upper arms;
¢, mass including forearms and hands;
4 moments of inertia taking into account of additional effect of forearms and hands.

3.2.3 Equations of motion

It was assumed that all springs and dampers were linear and that the human body
vibrated with small oscillation around the equilibrium position. The model has seven-
degrees-of-freedom: x4, the horizontal displacement of the pelvis joint; z;, the vertical

displacement of the pelvis joint; 9,, the absolute rotational deflection of the pelvis; 6,, the
absolute rotational deflection of the middle body; 9,, the absolute rotational deflection of
the upper-body; 6,, the absolute rotational deflection of the thigh; 6,, the absolute

rotational deflection of the leg.
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The equations of motion of the model were derived using the Lagrange formulation. The
kinetic energy, T, potential energy, U, dissipation function, D, and generalized forces, Q,

of the system are:

5 5 .
T=1Smee + 2)+ 23162,
25 275

1 1 1

1 1 1
UZE(k1xX21 +k4xX2ro4 )+§(k1z(z1 —% )2 +k4z(404 _q0)2)+§kt1(61 +6, )2 +§kt2(61 -6, )2 +§krs(92 -6 )2 +§kr4(94 +95)2

1 . 1 . . 1 . .
DZE(C1XX12+C4X Ects(ez _93 )2 +§Ct4(94 +95 )2

G=0, i=1,2,3,4,56,7. (3.1)

. 1 . . . 1 - 1 -
Xri, )+§(C1z(z1 —q0)2 "'C4z(zr04 —q0)2)+§ct1(91 +94)2 +Ect2(91 _92)2 +

Where, m; i=1, 2, 3, 4, 5, are the masses of each rigid body and x;;and z;, i=1, 2, 3, 4, 5,

are the position vectors of the centres of gravity of each rigid body.

X, =X;+r,€080,, z. =2z,+rsin0,;

X, =X, +1,c080,+r,c080,, z, =z, +1,sin0, +r,sin0,;

f2
X, =X;+1,c086,+1,0080, +r,c080,,2, =2z +1,sin6,+1,sin0, +r,sin6;;

X, =X;+r,co860,, z, =z +r,sinf,;

T4

X, =X,+1,c080, +r,co80,, z. =z, +1,8in0, +r,sinb;;

s

X, =X,+r,cos6,, z

Tea

=2z,+r,sing,. (3.2)

fea

Where ky;, i=1, 2, 3, 4, are rotational springs; ¢y, i=1, 2, 3, 4, are rotational dampers; ki
and ¢, are the horizontal stiffness and damping of the pelvis tissue; k1, and ¢4, are the
vertical stiffness and damping of the pelvis tissue; ks, and ca4 are the horizontal stiffness
and damping of the thigh tissue; k4, and ¢4, are the vertical stiffness and the damping of
the thigh tissue (Figure 3.1); l;and r;, i=1, 2, 3, 4, 5, are the lengths and centres of mass
of each segment (Table 3.1); r. is the contact point at the thigh to be determined. The
nonlinearity due to the nonlinear geometry shown in the equations above was simplified
by performing Taylor's expansion with respect to the static equilibrium position assuming
that there was only small oscillation during vibration. The linearization was carried out on

the basis of the approximation below:

sinf =sin(0, + 0') ~ sin@, +cos 6, * 0 ,cos0 =cos(f, +0') ~ cos b, —sinb, * 6. (3.3)
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Where 6y, i=1, 2, 3, 4, 5, are the initial inclinations of each rigid body.

Equation (3.2) was reproduced as follows:

X, =X, +r,cos0,, —0,r,sin6,,, z. =z +rsinb,, +0,,cos0H,,;

X, =X, +1,€080,, +1,C080,, —0,/,8IN0,, — 0 ,r, SiN0,;
L =Z +1sin0, +1,8in0,, +0,/,c080,;, + 60 ,r,COSOy,;

X, =X, +1,€080,, +1,0080,, +r,cos0,, — 0 I,sin0,, —0,l,8in0,, — 0,1, sin0,;

z, =2z, +1,8in0,; +1,8iN0,, +r,8iN0,; +6],cOS0,; + 0], C0OS Oy + 0 41, COS Oy ;

X, =X +1,0080,,—0,r,sin0,, z, =2z +1,5iN0,, +0 ,r,cOs0,,;
. =Xy +1,0080,, +r5c080,, —0,/,sin0,, — 0 515 Sinby, ;

z, =2z +1,8iN0, +rysinb,, + 0,1, cos Oy, + 6 51, cos by, ;

X, =X +0,C080, —0,r,8iN0,,, z =2 +r,sin0,, +0,r,c0s0,,. (3.4)

The Equation (3.4) was written in the matrix format as follows:
X+ 1 [1 0 -rsing,, 0 0 0 0 r,cosé,,
Zn 0 1 rcosb, 0 0 0 0 r,siné,,
Xra 1 0 -Ising, -r,sing, 0 0 0 . l,cos®,, +r,cosb,,
Z, 0 1 /cos6, r,cosb,, 0 0 0 21 I,sin@,, +r,sin6,,
X3 1 0 - sing, -I,sinf,, -r,sinb,, 0 0 91, l,cos6,, +1,c0s6,, +r, cosf,,
Za | _|0 1 lcos, I,co80, r,C08by 0 0 91, I,sin6,, +1,sin0,, +r, sin6,,
X, 4 10 0 0 0 —r,sin6,, 0 92, r, cosé,,
z, 0 1 0 0 0 r, cos,, 0 93, r,sing,,
X4 10 0 0 0 -1,sin@,, —r;sinb,, 9‘1 1, cosf,, +rycosby,
z, 0 1 0 0 0 l,cosf,, r,cosf,, |-° I, 8in6,, +r, sinfy,
X, . 10 0 0 0 —r,, Sind,, 0 r,,COS0,,
z,, 10 1 0 0 0 r,, COS0O,, 0 r,, Sinf,,

(3.5)

The equations of motion for every generalized coordinate were obtained by substituting

Equations (3.1) and (3.4) into Lagrange formulation and performing partial differentiation

individually:
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d[aTj oT [ oU D _ 356)

dt\eq, ) oq, oq,  og,
It is noted that only small oscillations of human body with respect to its equilibrium
position are considered. The change in the height of centre of gravity is thus very small.

The potential energy associated with gravity is ignored in the potential energy U in
Equation (3.1).

Laplace transformation was performed to yield the equations of motion in the s-domain.
The ratio of the Laplace transforms of each fore-and-aft, vertical and pitch displacement
corresponding to the generalized coordinates of the model and the base displacement in
the s-domain were obtained, and denoted as Qq(s), Qa(S), Qs(s), Q4(s), Qs(s), Qs(s) and
Q:(s) (see Appendix A).

The apparent mass, the complex ratio of the resultant force to the acceleration on the

seat surface, was then derived.
The vertical apparent mass of the model was formulated as follows:

M (S) _ Fz(s) _ (k1z + C1ZS)(02 _1)+ (k4z + C4ZS)(Q2 + 003940rc4Q6 — 1) i (37)
T AL(s) s?

where F,(s) is the vertical force on the seat surface, Ay(s) is the base acceleration.

The fore-and-aft cross-axis apparent mass of the model was formulated as follows:

M_(s)=—= =

T A(s) s 59

F (3) (k1x + C1xS)Q1 + (k4x + C4x3)(Q1 — Sin94orc4Q6)
> .

where F,(s) is the fore-and-aft force on the seat surface.

3.2.4 Identification of the parameters of the nominal model

The parameters shown in Table 3.3 to Table 3.5 were identified by optimisation using
the ‘fmincon’ function in MATLAB (version 2009b). The optimization procedure identified
the model parameters that minimized the mean square errors between the computed
and measured median modulus and phase of the vertical apparent mass and the
computed and measured modulus and phase of median fore-and-aft cross-axis apparent
mass at the seat over the frequency range of 0.3 to 20 Hz. The measured apparent

mass data were those obtained by Qiu and Griffin (2010).

E(2)=min(E, (A)+E, (A)+w,*E,, (A)+w, *E,, (A))"?, (3.9)

z
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where E,, (1)and E,, (1) are sums of squared-errors of modulus of vertical apparent
mass and fore-and-aft cross-axis apparent mass; E,, (1) and E,, (1) are sums of

squared-errors of phase of vertical apparent mass and fore-and-aft cross-axis apparent

mass ; wy and w; are weighting factors for the phase.

1
N ' () (3.10)

where:

M, () is the calculated vertical apparent mass at vibration frequency f;
M, (f) is the median measured vertical apparent mass at vibration frequency f;
M, (f;) is the calculated fore-and-aft cross-axis apparent mass at vibration frequency f;

M, (f) is the median measured fore-and-aft cross-axis apparent mass at vibration
frequency f;

pM, (f) is the calculated phase of vertical apparent mass at vibration frequency f;

pM, (f;) is the median measured phase of vertical apparent mass at vibration frequency
fi

pM, (f) is the calculated phase of fore-and-aft cross-axis apparent mass at vibration
frequency f;

pM, (f;) is the median measured phase of fore-and-aft cross-axis apparent mass at

vibration frequency f;
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N is the number of data samples containing the measured apparent mass in the

frequency range 0.3 to 20 Hz.

A is the vector of the mechanical parameters of the model to be optimized. A total of 21

parameters were involved in the optimization procedure, with A given by:

_ T
A=[m1, my, M3, My, Ms, K1z, C1z, Kix, Cix, Kaz, Caz, Kax, Cax, K1, Ct1, K2, Cr2, Kiz, Ci3, K, Cua -
(3.11)

The error in the vertical in-line apparent mass and the error in the fore-and-aft cross-axis
apparent mass were assigned the same weighting factors, so that they contributed
equally to the total error. Although the measured vertical apparent mass was greater
than the measured cross-axis fore-and-aft apparent mass, varying the weighting factors
had little effect on the outcome. Weighting factors for the phase (w; and w,) are always

greater than 1 because the values of the phase are much less than the apparent mass.

Appropriate guesses for the initial parameters were required for the optimization
program to converge. A set of mechanical parameters was chosen by referring to
reported studies and adjusted after each optimization run. The optimization of mass was
commenced with the initial values listed in Table 3.2. Limits for each variable were
adjusted during optimization. The optimized mechanical parameters obtained for the

nominal model are shown in Table 3.3 and Table 3.4.

Table 3.3 Translational stiffness and damping.

Stiffness (N m'1) Damping (Ns m'1)
Initial optimized initial optimized
K1z 117000 125000 Ciz 42 83
Kix 65 48 Cix 34 41
Kaz 19000 14000 Caz 2500 1010
Kax 58 95 Cax 44 52

The adjusted mass is listed in Table 3.5. A large increase in the mass of thighs m,, and
a reduction in the mass of upper body, m;, was observed. This indicates that the centre
of gravity of the upper body (i.e., body 3) locates above the thighs so much of the weight
of the arms and a portion of the weight of the thoracic cavity may have been supported

on the thighs.
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The modulus and phase of the predicted in-line vertical apparent mass and the cross-

axis fore-and-aft apparent mass are compared with the median measured values in

Figure 3.2.

Table 3.4 Rotational stiffness and damping.

Stiffness (Nm rad™)

Damping (Nms rad™)

initial optimized initial optimized
Ku 1000 1400 Cr1 368 250
Ko 110 180 Cp 124 82
Ka 930 830 Ci 306 130
Ku 150 140 Cu 2004 2050

Table 3.5 Adjusted mass of each segment for the human body model without backrest.

m°1 (kg) m°®(kg) m°; (kg) m° (kg) m°s (kg)
8.00 11.30 15.70 27.00 6.60
¢, Adjusted mass of each segment.
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Figure 3.2 Comparisons between the predicted and measured vertical apparent mass
and fore-and-aft cross-axis apparent mass of the human body without backrest: —,
predicted value; —O—, measured value. (a) Modulus of the vertical apparent mass on
the seat; (b) modulus of the fore-and-aft cross-axis apparent mass on the seat; (c) phase
of the vertical apparent mass on the seat; (d) phase of the fore-and-aft cross-axis
apparent mass on the seat.
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The first peaks in the predicted vertical apparent mass and the fore-and-aft cross-axis
apparent mass are in the region of 5 Hz, similar to the measured apparent values.
Although the modulus and phase of the vertical apparent mass are in reasonable
agreement with the experimental data, they do not show a second resonance around 13
Hz evident in the experiment data. The primary resonance frequency of predicted cross-
axis apparent mass was 5.47 Hz, slightly lower than the measured value 5.86 Hz, but
the fore-and-aft cross-axis apparent mass was generally consistent with the

experimental values over the frequency range up to 20 Hz.
3.2.5 Parameter sensitivity of the human body model

A matrix for the parameter sensitivity analysis of the body model was adopted (Ju et al.,
1987):

- % , (3.12)
where, W=[K1z, C1z, Kix, Cix, Kaz, Caz, Kax, Cax, Kt1, Cu1, Ke, Ce, K, Cia, K, Ca, M1, Mo, M3, My,
m5]T is the vector of the mass properties and mechanical parameters as introduced in Section
3.2.1; 'y and A’y represent the jth (=1, 2, ..., 21) parameter of the vector ¢ at its
nominal value and a small perturbation of that parameter; R, represents the responses
to be examined, with /=1 being the peak modulus of the vertical apparent mass, i=2 the
corresponding resonance frequency, i=3 the peak of fore-and-aft cross-axis apparent
mass, and /=4 the corresponding resonance frequency computed with the set of model
parameters at their nominal values (the set obtained by optimisation to match the
median experimental data in Qiu and Griffin, 2010); AR, are the differences of the above
responses between using the nominal set and the new set of parameters with the
perturbation. If o is the perturbation factor («=30% was used in this study), then
ANy =a’y and the new set of parameters with the perturbation is formed with
hym=ly +A7y whilst other parameters keep their nominal values. With this new set of
model parameters, the peak apparent masses and the corresponding peak frequencies

can be computed as R™ and hence AR, can be calculated as AR =R™ -R,. The
greater the value of P; the more sensitive the response R, to the parameter /y .
The resultant sensitivity matrix was:

P=[P, P

ot Prm ]4><21 ’

(3.13)
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where, Py, Pot, and Py, represent the sensitivity matrices of the translational stiffness
and damping of the tissue beneath the pelvis and the thighs (ki,, C1z, K1x, Cix, Kaz, Caz, Kax,
Cux), rotational stiffness and damping of each rigid body (ku, ¢, ke, Ce, Ks, Ca, Ku, Cu),

and the mass of each body segment (m1, mz, ms, ms, ms), respectively:

0.359 0.009 -0.002 0.003 -0.056 -0.095 0.000 0.001
_ 0.143 0.000 0.000 0.000 0.000 0.071 0.000 0.000 (3.14)
*10.019 0.010 0.021 0.228 0.038 -0.067 0.004 0257 | °
0.143 0.000 0.000 0.000 0.000 0.071 0.000 0.000],,

In Py, it was found that the peak magnitude of the vertical apparent mass and the

corresponding resonance frequency on the seat were sensitive to parameters ki, and cy,.

The fore-and-aft cross-axis apparent mass on the seat was sensitive to parameters ¢y,
and cqx, and the frequency at which the peak modulus of the fore-and-aft cross-axis
apparent mass occurred was sensitive to parameters kj,and c,,, in that order. The peak
of the fore-and-aft cross-axis apparent mass was increased and occurred at a higher
frequency when k;, was increased, while the peak of the vertical apparent mass was

decreased and occurred at a higher frequency when c4, was increased.

0.292 -0.030 0.002 -0.271 0.002 -0.064 0.000 0.017
_ 0.071 0.000 0.000 0.071 0.000 -0.071 0.000 0.000 (3.15)
't 10.400 -0.017 0.000 -0.018 0.001 -0.019 0.000 0.038|
0.071 0.000 0.000 0.071 0.000 -0.071 0.000 0.000],,

In Pot, the peak magnitude of the vertical apparent mass and the corresponding vertical
resonance frequency were sensitive to parameters ki and cp. The fore-and-aft cross-axis
apparent mass on the seat and the corresponding resonance frequency were both

sensitive to parameter k.

0.090 0.162 0.102 0.368 0.109
P 0.000 0.000 -0.071 -0.071 -0.071 , (3.16)
™ 10.008 0.016 0.000 0.015 0.297

0.000 0.000 0.000 -0.073 -0.143

4x5

In P, it was found that the vertical apparent mass at the resonance frequency was
sensitive to parameter my4, and the frequency at which the peak modulus of the apparent

mass occurred was equally sensitive to parameters ms, ms;, and ms. The fore-and-aft
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cross-axis apparent mass and the corresponding resonance frequency were sensitive to

parameter ms.
3.2.6 Modal analysis of the human body model without backrest.

Mathematical modal analysis of the seated human body was performed to investigate
the vibration modes that contributed to the resonance appearing in the apparent mass

response.

Equations of motion can be rewritten as:
MX +CX +KX =F, (3.17)

where, X , X, and X are the displacement, velocity and acceleration vectors,
respectively, with seven degrees of freedom for the human body model in this study. The
variables M, K, and C are the mass, stiffness, and damping matrices of the human body
system with a size 7 X 7. The external force, F, is a vector with a size 7 X1. The
undamped natural frequencies of the system can be determined by calculating the
eigenvalues of the matrix MK, and the mode shape can be generated according to the
eigenvectors of the matrix. Undamped mode analysis was performed for the seated
human body model exposed to vertical vibration. With no damping, two modes were
found in the frequency range less than 10 Hz with the single vertical input. The natural
frequencies and the corresponding modal vectors are shown in Table 3.6.

Table 3.6 Undamped natural frequencies and mode shapes of model with vertical
vibration.

Mode' 1 2

natural frequency(Hz) 1.42 5.68

pelvis horizontal -0.050 0.122
pelvis vertical 0.006 0.172
pelvis pitch 0.752 1.000
lumbar spine pitch -1.000 0.993
thoracic spine pitch 0.074 -0.400
thigh pitch 0.051 -0.819
leg pitch 0.147 -0.151

! The human body was exposed to vertical vibration at 0.5 ms? r.m.s., with feet
supported on the moving footrest.
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The mode shapes are illustrated in Figure 3.3. The positive mode vector values were
taken as the forward and upward motion for translational degrees-of-freedom and
counter-clockwise rotation for rotational degrees-of-freedom. The centre of the leg
rotation was assumed to be at the feet as the feet were constrained on the footrest
surface. The first mode at 1.42 Hz (Figure 3.3(a)) mainly involved a pitching motion of
the pelvis out of phase with a bending mode of the lumbar spine, with axial and shear

deformation of tissue beneath the pelvis.

The second mode at 5.29 Hz (Figure 3.3(b)) is assumed to be the main contributor to the
primary resonance and involved body motion in both the vertical and fore-aft direction

with pitch motions of the pelvis and the upper body.

By performing modal analysis of a finite element model, Kitazaki and Griffin (1997)
identified seven modes of the human body seated without a backrest at frequencies less
than 10 Hz. The fourth mode at 5.06 Hz appeared closely related to the primary
resonance. From a human body model with five degrees-of-freedom, Matsumoto and
Griffin obtained three modes at frequencies less than 10 Hz (Matsumoto and Giriffin,
2001): at 2.53 Hz, 5.66 Hz and 8.62 Hz. Considering the mode shapes and natural
frequencies, the modes found in this study may correspond to the second and fourth
mode in the study by Kitazaki and Griffin (1997) and the first and second mode in the
study by Matsumoto and Griffin (2001). The greater number of modes obtained by
Kitazaki and Griffin (1997) is chiefly because the finite element method was employed. A
third mode at 8.62 Hz was observed by Matsumoto and Griffin (2001) but not in the
current study, possibly because different object functions were adopted in the two
studies: vertical apparent mass and body transmissibility were used in the error function
by Matsumoto and Griffin while vertical and fore-and-aft cross-axis apparent mass were
used in this study. The viscera were ignored in the present model, although a visceral

mode was found in the study by Matsumoto and Griffin (2001).
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Figure 3.3 Mode shapes of the human body :(a) the first mode at 1.42 Hz; (b) the second
mode at 5.29 Hz; —.—, initial shape; ——, deformed shape. The scale of the mode
vector values in Table 6 are exaggerated for clarity.

3.3 Human body model with a backrest
3.3.1 Model description

When supported by a backrest, the body may make contact with the back support at the
lower back (e.g., pelvis and lower lumbar spine), the middle back (e.g., upper lumbar
spine and lower thoracic spine), or the upper back (e.g., upper thoracic spine and
shoulders). The principal contact point may depend on the posture: at the upper back
with an erect posture, the middle back with a normal posture, and the lower back with a
slouched posture. If the backrest is sufficiently high (or shaped or compliant), the body
may make contact at several locations (e.g., lower, middle, and upper back
simultaneously). In this study, the contact point was assumed to be located at the middle
back.

A set of vertical and horizontal springs and dampers was used to simulate the interaction

between the back and the backrest, as shown in Figure 3.4.
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Figure 3.4 The human body model with backrest.

The spring kox and the damper ¢y, represent the horizontal stiffness and damping of the
back tissues, while k,, and c,, represent the vertical stiffness and damping of the back
tissues. Friction forces on the seat and the backrest were neglected assuming that there
was no relative motion between the seat and human body and between the backrest and

the human body.

The formation of the equations of motion of the human body with the backrest was

similar to the method adopted in Section 3.2.3. The kinetic energy, T, potential energy, U,

dissipation function, D, and generalized forces, Q of the system are:

1 . ) 1, .
T=— E m(x2+22)+— E 1.6
2,11 I( n ﬂ) 2i:1I )
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(k X2 +k4xX2r +k ercb)+ ( 1z(ZI qO) + z(;’ _q0)2+kbz(qcb _qO)Z)

[\)_\

K (640, k(e 6, +~ k(@ 9)+ k, (0, 6.}
1 . 1 .. ) . ) .
DZE(C1XX12+C4XXI'2 +Cox )+2( 1z(Z1_qo)2+C4z(Zr _q0)2+cbz(;cb _qo)z)

ct1(¢9'1+¢9'4)2+ C,(6,— 9)+ Cq(6, 9)+ 4(6, +6,)

Q=0, i=1,2,3,4,5,6,7, (3.18)
where x,, and z,,, represent the back contact location.

X, = X, +1,c080, +r,cos0,, z, =z +1,sin6, +r, sing,. (3.19)

rc

Equation (3.19) was simplified by performing Taylor's expansion.
X =X, +1,c0s0,, +r, cos0,, —0 ] sin0,, —0,r, sinb,,,

z, =2z,+1,sin0,,+r, sin0,, +01,cosb,, +0,r, cosb,,. (3.20)

where rg, is the distance between the back contact and the lumbar joint (i.e. joint 2).

The definitions of independent coordinates (i.e., the degrees of freedom and the centres
of gravity of each body segment) were the same as Equations (3.2-3.4). The analytical
solutions of the apparent mass of the human body at the seat with backrest were the
same as Equations (3.7-3.8), but with different expressions for Q4(s), Q(s), Qs(s), Qu(s),
Qs(s), Qs(s) and Qy(s).

3.3.2 Parameter identification

The parameter vector of the model was defined as: A=[my, ma, m3, M4, Ms, K15, C12, Kix, Cix
Kiz, Caz, Kix, Cax, Kbz Cbz Kbxs Coxs Ketw Ct1, Ko, Co, Ks, Cs, Ku, Cul]'. The optimization
procedure was carried out with respect to the median values of the vertical apparent
mass and fore-and-aft cross-axis apparent mass on the seat, the ratio of the vertical
force to the vertical acceleration on the backrest, and the ratio of the fore-and-aft force to
the vertical acceleration on the back, as measured by Nawayseh and Griffin (2004). The
values for the mechanical parameters determined by the optimisation are listed in Table
3.7 and Table 3.8.
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Table 3.7 Translational stiffness and damping of human body with backrest.

Stiffness (N m'1) Damping (Ns m'1)
initial optimized initial optimized
K1z 106275 97900 Ciz 32 80
Kix 636 952 Cix 31 15
Kaz 14191 20700 Caz 3021 1010
Kax 105 301 Cax 1036 1740
Kbz 3800 4050 Cbz 296 170
Kox 2500 4000 Cox 650 800

Table 3.8 Rotational stiffness and damping of human body with backrest.

Stiffness (Nm rad'1) Damping (Nms rad'1)
initial optimized initial optimized
ku 100 77 Cr1 50 16
Ke 2000 1540 Cp 80 54
Ka 1000 890 Ci 1000 1370
Ku 8 12 Ca 80 50

The masses of the body segments which were optimised to match the experimental
values were listed in Table 3.9. The mass of the upper body, m;, was increased
compared to the initial value in Table 3.2. It was assumed that a larger portion of the

weight of arms moved with the upper body when subjects were supported by a backrest.

Table 3.9 Adjusted mass of each segment for the human body model with backrest.

m®y (kg) m®2 (kg) m®s (kg) m°s (kg) m®s (kg)

8.0 12.0 24 18 6.6

9, adjusted mass of each segment.

It is noted that the identified parameters in Tables 3.7-3.9 (also in Tables 3.3 -3.5) are for
a particular testing condition. Parameters are likely to vary a little for other testing
conditions (e.g., a different vibration magnitude) or a different subject. On the other hand,
the identified parameter values are those that minimise the cost function, there is no
guarantee that they are physically representative values. The predicted vertical apparent

mass and fore-and-aft apparent mass were shown in Figure 3.5.
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Figure 3.5 Comparisons between the predicted and measured vertical apparent mass
and fore-and-aft cross-axis apparent mass of the human body with backrest: —,
predicted value (with contact on the upper lumbar spine); —O—, measured value. (a)
Vertical apparent mass on the seat; (b) fore-and-aft cross-axis apparent mass on the
seat; (c) vertical apparent mass at the back; (d) fore-and-aft cross-axis apparent mass
on the back.

The distance between the back contact point and the lumbar joint was included in the
optimization. The optimised distance was 0.25 m, accounting for 85% of the length of the

lumbar segment.
3.3.3 Parameter sensitivity of the human body model with backrest

Similar to the human body model without backrest, the sensitivity of the peak modulus
and the resonance frequency of the apparent mass on the seat and the back in both the
vertical and fore-and-aft directions to the parameters of human body model with backrest

was analysed using the sensitivity matrix method (Equation (3.12)) and:
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T
=[K1z, C1z Kixs C1x, Kaz, Caz, Kax, Cax, Kbz, Cbz, Kbx, Cox, Ktt, Ct1, Ki2, Ci2, Ki3, Ci3, Kia, Ctay M1, M3, M,

Ma, Ms]1 x 25. (3.21)

The responses to be examined, R;, were the peak modulus of the vertical apparent

mass on the seat (i=1), the corresponding resonance frequency (i=2), the peak of fore-
and-aft cross-axis apparent mass on the seat (j=3) and the corresponding resonance
frequency (j=4), the peak modulus of the vertical apparent mass at the back (=5) and
the corresponding resonance frequency (/i=6), the peak of fore-and-aft cross-axis
apparent mass at the back (j=7) and the corresponding resonance frequency (j=8). A

perturbation factor, a=30%, was used. The resultant sensitivity matrix was:

P

m-b ]8><25 !

P, = [Ptr-b P

rot-b

(3.22)

where Pys, Protb, and Pmsp represent sensitivity values of translational stiffness and
damping, rotational stiffness and damping, and the mass of each body segment

respectively.

[-0.148 -0.011 0.000 0.000 -0.056 -0.061 0.000 0.059 -0.010 0.040 -0.004 -0.002]
0.259 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
-0.350 -0.015 0.000 0.000 0.128 -0.127 0.000 0.494 0.015 -0.028 -0.001 -0.041
0.134 -0.133 0.000 0.000 0.000 0.000 0.000 0.000 -0.133 0.000 0.000 0.000
-0.358 -0.008 0.000 0.000 0.002 0.044 0.000 0.002 0.265 0.380 -0.004 -0.009
0.143 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
-0.080 0.017 0.000 0.000 -0.312 0.036 0.000 0.004 0.063 -0.066 0.003 0.631

| 0.267 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 |

(3.23)

Pero =

In Py.b, the vertical apparent mass on the seat was sensitive to parameters k;, and ¢4,

and the resonance frequency of the apparent mass was sensitive to parameter k..

The fore-and-aft cross-axis apparent mass on the seat was sensitive to parameter cy,,
followed by k4, with the resonance frequency of the fore-and-aft cross-axis apparent

mass sensitive to parameter kj,.

The vertical apparent mass on the back was sensitive to parameters c,,and k., and the

resonance frequency of the apparent mass was only sensitive to parameter k..

The fore-and-aft cross-axis apparent mass at the back was sensitive to parameter cy,,

with the corresponding resonance frequency sensitive to parameter k.
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[0.000 0.346 0.059 0.007 0.000 0.006 0.000 -0.002]
0.000 0.143 0.000 0.143 0.000 0.000 0.000 0.000
0.014 0.090 0.089 0.041 0.000 0.014 0.000 -0.006
P - -0.133 0.000 0.000 0.000 0.000 0.000 0.000 0.000 (3.24)
71 0.054 0.070 0.020 -0.084 0.000 0.002 0.000 0.000 |’
0.000 0.143 0.143 0.000 0.000 0.000 0.000 0.000
0.022 -0.215 -0.077 -0.102 0.000 -0.015 0.000 0.002

| 0.000 0.134 0.000 0.000 0.000 0.000 0.000 0.000

In Pwotb, the vertical apparent mass on the seat and the corresponding resonance
frequency were both sensitive to parameters ¢y and cp. The fore-and-aft cross-axis
apparent mass on the seat and the corresponding resonance frequency were sensitive

to parameters ¢ and kyq, respectively.

The vertical apparent mass and the fore-and-aft cross-axis apparent mass at the back
were sensitive to parameters cp, €, kn and ky, in that order. The resonance frequency
of the fore-and-aft cross-axis apparent mass was only sensitive to parameter ¢4 when 30%

was used for the perturbation factor.

[0.122 -0.031 -0.066 0.337 0.220 |
0.000 -0.143 -0.286 0.142 0.000
0.071  0.021 -0.070 0.301 0.221
P .- -0.133 -0.133 -0.267 0.000 -0.133 , (3.25)
0.082 0.029 0.080 0.163 0.103
0.000 -0.143 -0.286 0.000 0.000
0.065 0.029 0.168 0.160 0.055

| 0.000 -0.133 -0.133 0.000 0.000 |

In P, the vertical apparent mass and the fore-and-aft cross-axis apparent mass on the
seat were sensitive to parameters m, and ms. The corresponding resonance frequency

was sensitive to parameters mzand m..

The vertical apparent mass at the back was sensitive to parameters m4 and ms, with the
resonance frequency of the apparent mass equally sensitive to parameters m; and m,.
The fore-and-aft cross-axis apparent mass at the back was sensitive to parameters m;,

my, and m4, with the resonance frequency equally sensitive to parameters m;and m..
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3.4 Discussion
3.4.1 The human body model without backrest
3.4.1.1 Proposed model

The model developed in this study has simplified the human body to five rigid bodies,
with the head, neck, and arms incorporated within the upper-body segment. Because
seat-to-head transmissibility was not of interest and head motion has little influence on
the response at the driving point, it seemed reasonable to combine the head and neck
with the upper trunk, unlike some previous multi-body dynamic models (Cho et al., 2001;
Kim et al., 2005). For the same reason, the viscera and the arms were not simulated
individually. The upper-body was divided into the upper-trunk and middle-trunk,
assuming these two parts move relative to each other during whole-body vibration and
contribute differently to the apparent mass at the seat. The five segment model appears
to present a reasonable trade-off between simplicity and accuracy: including a greater
number of body segments in the model will make it appear more realistic but a more

complicated model is not necessarily a more accurate model or a more useful model.

The stiffness and damping elements located beneath the pelvis and thighs were used to
represent the forces induced by deformation of tissues beneath the pelvis and thighs
rather than the deformation of a compliant seat. By adding serial springs and dampers
representing the deflection forces from a seat cushion, the interaction with a seat might
be investigated (Cho et al., 2001). The properties of a cushion (e.g. the dynamic
stiffness in axial and shear directions) can be measured in the laboratory (Fairley and
Griffin, 1986; Wei and Griffin, 1998; Cho et al., 2001; Kim et al., 2005; Ippili et al., 2008)
or determined by the optimization of a suitable model. Alternatively, the interaction
between a compliant seat and a seat occupant may be modelled using finite element
methods and a model combining flexible and rigid bodies. A finite element description of
the interface between the occupant and a seat may also have the capacity to predict the

pressure distribution over the interface.

Although non-linearity in human responses has been reported, in this thesis the
translational and rotational stiffness and damping are assumed to be linear. Non-linearity
can occur in both human tissues (Nawayseh and Griffin, 2004) and in seat cushions
(Ippili et al., 2008). The properties of human tissues and seat cushions may be expected

to vary with many factors including the contact area. Some biodynamic models
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incorporate non-linear springs, the stiffness of which depends on the relative
displacement between adjacent parts (Liu et al., 1998), or nonlinear spring and viscous
damping, the forces of which are due to relative displacements and velocities and their
cubic terms (Muksian et al., 1974), but the optimisation of non-linear models awaits
improved understanding of the mechanisms involved in the nonlinear responses of the
body.

3.4.1.2 Use of median apparent mass

The medians of the modulus and phase of the apparent mass were used assuming there
could exist a virtual subject with a response similar to the median values of a group of
subjects. Although some inter-subject variability is smeared out in the median data it
appears that for vertical in-line apparent mass and fore-and-aft cross-axis apparent
mass the median value reflects the overall trend and behaviour of the principal
resonance that dominates the modulus and phase (e.g., Nawayshe and Griffin, 2004;
Qiu and Griffin, 2010). Parameters optimized to fit the model to the median data might
therefore be adjusted to predict the responses of individuals by suitable changes to the
inertial properties, stature, and other parameters, such as the vertical stiffness of the

pelvis.
3.4.1.3 Parameter sensitivity

The sensitivity analysis indicated that at the primary resonance both the vertical
apparent mass and the fore-and-aft apparent mass were most affected by the vertical
degree-of-freedom (i.e., the vertical motion of the whole body). This is reasonably
consistent with previous studies (Kitazaki and Griffin, 1997; Matsumoto and Griffin,
2001). The modulus of the fore-and-aft cross-axis apparent mass was primarily

determined by the shear damping of the thighs (i.e., Cax).

The high sensitivity to ki and cpimplies that rotational motion of the pelvis and bending
motion of lumbar spine made a large contribution to the apparent mass at resonance. As
the shear property of tissue seems to influence the pitch motion, sensitivity to k4 and cp
indicates that pitch motion played a significant role in producing the fore-and-aft forces at
the seat-occupant interface. The vertical and fore-and-aft movement induced by rotation
of the pelvis and the lumbar spine may influence the apparent mass in both the vertical

and the fore-and-aft directions. The low sensitivity to ¢4 and kp suggest that the pelvis
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joint may behave more like a spring while the lumbar joint (i.e., inter-brae disk) may

behave more like a damper.
3.4.2 The human body model with backrest
3.4.2.1 The backrest contact point

The point of contact with the backrest was simulated by reaction forces on the thoracic
spine, or by forces on both the lumbar and the thoracic spine (as shown in Figure 3.6(a)
and Figure 3.6(b), respectively) so that parameter identification could be carried out to
investigate the appropriateness of these contact locations as alternatives to contact on

the upper lumbar spine.
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Figure 3.6 The human body model with alternative contact locations: (a) contact at the
thoracic spine; (b) contact at both the lumbar and thoracic spine.

The least-square-error between the analytical apparent mass and the measured
apparent mass on the seat and on the back was calculated. The error values obtained
for the model used in this study (contact on the upper lumbar spine), a model with
contact on the thoracic spine, and a model with contact on both the lumbar spine and the
thoracic spine were, respectively, 2.7 kg, 3.4 kg and 4.9 kg. The smaller error with

contact on the upper lumbar spine, as used in the main study, suggests this was an
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effective contact point providing the best representation of backrest contact in the
experiment that provided the measured biodynamic responses. It is also noted that the
initial parameters (e.g., k1x) needed for the model with contact on the thoracic spine than

are smaller the model with contact on the lumbar spine to get a sensible curve fitting.

To further investigate the effect of varying the point of contact from the upper lumbar
spine (as assumed to develop the model), the modulus of the apparent mass at the seat
and the back were also calculated with contact points located on the middle of the
lumbar spine (r=0.55) and the lower lumbar spine (r,=0.25). To accommodate the
change in geometry with the lower contact position, the pelvis and lumbar back were
rotated forward by 10° and 4°, respectively. For contact at the middle of the lumbar spine,
the pelvis and the lumbar spine were rotated forward by 5° and 2°, respectively. The
moduli of the apparent masses calculated with the three different contact locations are

compared in Figure 3.7.
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Figure 3.7 Calculated apparent mass with different positions of contact with backrest: —
—, contact with lower lumbar spine; - - -, contact with middle lumbar spine; —.—,
contact with upper lumbar spine. (a) vertical apparent mass on the seat; (b) fore-and-aft
cross-axis apparent mass on the seat; (c) vertical apparent mass at the back; (d) fore-
and-aft cross-axis apparent mass at the back.

Around the resonance frequency, the vertical apparent mass and the cross-axis
apparent mass on the seat increased as the vertical contact position became lower, but

87



there were less consistent changes in the vertical apparent mass and fore-and-aft cross-
axis apparent mass at the back.

3.4.2.2 Parameter sensitivity

Similar to the human body model without backrest, the vertical apparent mass on the
seat when the body was supported by a backrest was sensitive to ki, Csz, Cp and my,
while the fore-and-aft cross-axis apparent mass was sensitive to c4y, K1z, Cu, Kp.
Changes to the stiffness and damping of tissues at the back did not result in evident
variation in either the vertical apparent mass or the fore-and-aft cross-axis apparent
mass at the seat. The vertical apparent mass at the back was largely dependent on
parameters ¢y, ki, Cp, Ct1 and m,, while the fore-and-aft cross-axis apparent mass was

primarily determined by Cpy, K4z, K1z Ct, Cp @nd my.

The vertical pelvis stiffness, ki, was the parameter most influencing the vertical
apparent mass of human body on the seat, both with and without the backrest. This is
understandable as the ischial tuberosities, where the spring ki, is located, support most
of the body weight. The stiffness k;, was lower with the backrest than without the
backrest. This might be attributed to a nonlinear compression-stiffness relationship of the
interface tissue: the weight supported at the seat-occupant interface, m4, was reduced
when there was backrest (Table 3.5 and Table 3.8) and the reduced compression

resulted in a lower axial stiffness.

Increasing the axial stiffness and damping of the back tissues reduced the vertical and
fore-and-aft apparent mass on the seat and the vertical apparent mass at the back. A
stiffer axial spring on the back meant that coupling between the back and backrest was
enhanced, limiting the motion of the upper body. The reaction forces on the seat and the

vertical reaction force on the back were thus reduced.

When the total body mass is constant, increasing the mass of the lumbar and thoracic
spine decreased the apparent mass on the seat but increased the apparent mass at the
back. This suggests the apparent mass on the seat was negatively correlated with the
mass of the upper body while the apparent mass at the back was positively correlated
with the mass of the upper body (when the back was supported by a backrest). There
was an opposite trend when there was no backrest: an increase in the mass of the upper
body (lumbar and thoracic regions) would obviously increase the mass supported on the

seat when the back was unsupported.
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Increasing the mass of the thighs increased both the apparent mass on the seat and the
apparent mass at the back, possibly because the thighs supported a significant
proportion of the body weight. Increasing the mass of each body segment reduced the

resonance frequency, as expected.
3.5 Conclusion

A seven degree-of-freedom multi-body model has been developed to represent the
dynamic response of the human body when seated with or without a backrest and
exposed to vertical vibration excitation. When sitting without a backrest, the model
represents both the vertical apparent mass and the fore-and-aft cross-axis apparent
mass on the seat. When sitting with a backrest, the model also represents the vertical

apparent mass and the fore-and-aft cross-axis apparent mass at the back.

Sensitivity analysis showed that the vertical apparent mass and the fore-and-aft cross-
axis apparent mass on the seat and the backrest were all highly sensitive to the axial
stiffness of the tissue beneath pelvis. Pitch motion of the upper-body contributed to the
vertical apparent mass and the fore-and-aft cross-axis apparent mass on the seat. The
apparent mass at the back was more sensitive to the stiffness and damping of the lower

back than the properties of the upper back.
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CHAPTER 4: VERTICAL VIBRATION OF THE SEATED HUMAN BODY:
NONLINEARITY, CROSS-AXIS COUPLING AND ASSOCIATIONS BETWEEN
RESONANCES IN TRANSMISSIBILITY AND APPARENT MASS

4.1 Introduction

Human exposures to whole-body vibration usually involve excitation in more than one
axis, and yet most experimental studies of human responses to vibration have been
restricted to a single axis of excitation. The biodynamic responses to vertical and fore-
and-aft vibration are coupled, so the response to vibration in one of these directions can
be modified by excitation in the orthogonal direction. This coupling may influence effects
of whole-body vibration on comfort, performance, and health, but is more easily
understood in the biodynamic responses. Increased understanding of the biodynamic
responses to multiple-axis excitation (e.g., apparent mass and transmissibility) should

also assist the development of improved biodynamic models of the body.

The vertical apparent mass of the human body exhibits a primary resonance at about 5
Hz, with the resonance frequency decreasing with increasing magnitude of vibration
excitation (Fairley and Griffin, 1989; Nawayseh and Griffin, 2003). The transmissibility of
the body has a more complex response, but shows broadly similar changes with
increasing magnitude of vibration excitation (Matsumoto and Giriffin, 1998b; Mansfield
and Giriffin, 2000).

There have been various attempts to relate the response measured at the seat-occupant
interface (e.g., the driving point apparent mass) to the movements of the pelvis, spine,
viscera, and head. From X-ray film of the lumbar spine during vertical excitation at about
1.0 ms?, bending of the order of +1° between adjacent lumbar vertebrae has been
reported at the principal resonance around 4 Hz (Sandover et al., 1987). The analysis
indicated phase differences in the bending along the spine and possibly a rocking motion
of the pelvis. Complex modes of the spine and pelvis were also observed by Kitazaki
and Griffin (1998) who extracted eight modes from median transfer functions between
vertical seat motion and motions of the head, spine, pelvis, and viscera in the mid-
sagittal plane. It was suggested that the fourth mode at 4.9 Hz (involving bending of the
upper thoracic spine, motion of the entire body in which the head, spinal column and
pelvis move vertically due to axial and shear deformations of the buttocks tissue in

phase with vertical motion of the viscera) might correspond to the principal resonance of
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the apparent mass. The relation between resonances in the apparent mass and the
body transmissibility (from vertical seat motion to the head, the first (T1), the fifth (T5),
and the tenth (T10) thoracic vertebrae, the first (L1), the third (L3) and the fifth (L5)
lumbar vertebrae and to the pelvis) has been reported (Matsumoto and Griffin, 1998a).
Most of the vertical transmissibilities showed a peak in the region of 5 Hz at the principal
resonance of the apparent mass. It was suggested that at this resonance the dominant
motion was a bending of the lumbar spine and probably the lowest thoracic spine,
possibly coupled with a rocking motion of the upper thoracic spine about the lower

thoracic spine.

Nonlinearity has been observed in the resonance frequencies of both the apparent mass
and transmissibility to various locations on the body. In standing subjects, the resonance
frequencies in the apparent mass at the seat and transmissibilities to T1, T8, and L4, the
iliac crest and the knee were lower with higher magnitudes of vibration (Matsumoto and
Griffin, 1998b). In seated subjects, vertical transmissibilities to the spine, posterior
superior iliac spine and the iliac crest all show a resonance similar to the apparent mass
resonance (i.e. around 4 Hz) and decrease with increasing magnitude of vertical
vibration excitation (Mansfield and Griffin, 2000).

Human bodies are often exposed to vibration involving multi-axis excitation. Previous
studies with single-axis excitation have shown biodynamic responses are cross-axis
coupled (e.g., Nawayseh and Griffin, 2003). Response of human body to vibration
exhibits nonlinear characteristics such that the superposition principle is not adequate
(e.g., Qiu and Griffin, 2010). It is therefore desirable to study how the cross-axis coupling
and nonlinearity of human body change the apparent mass with dual-axis excitation. The
few studies of the vertical apparent mass of the human body with the additional
orthogonal excitation suggest the vertical apparent mass is similar to that with single-
axis excitation (Hinz et al., 2006a; Mansfield and Maeda, 2006; Qiu and Griffin, 2010).
However, the addition of vibration in an orthogonal direction tends to soften the dynamic
response, similar to increasing the magnitude of vibration in the direction of single-axis
excitation (Hinz et al., 2006a; Mansfield and Maeda, 2006; Qiu and Griffin, 2010). The
transmissibility of the upper body (the pelvis and spine) exposed to dual-axis vibration
has not yet been reported. How the vibration modes of the upper body contribute to the

resonance seen in the apparent mass during dual-axis excitation remains unknown.
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The experiment reported here was primarily designed to investigate the effect of the
magnitude of vertical excitation and the addition of fore-and-aft excitation on the principal
resonance evident in the apparent mass and the transmissibility of the seated human
body. It was desired to understand the association between the principal resonances in
the apparent mass and the vibration modes of the pelvis and spine during dual-axis
vibration. It was hypothesised that the transmission of vertical seat vibration to the pelvis
and the upper-body would be similar with single-axis vertical excitation and dual-axis
vertical and fore-and-aft excitation, and that the resonance frequencies evident in
transmissibilities from vertical seat vibration to various locations on the body would

decrease with the addition of fore-and-aft excitation.
4.2 Experiment method

4.2.1 Apparatus

A rigid seat was secured to a 6-axis motion simulator capable of 1-m vertical
displacement, 0.5-m fore-and-aft and lateral displacement, +10 degrees of roll and pitch,
and +10 degrees of yaw. A force plate (Kistler 9281 B) consisting of four tri-axial quartz
transducers at the four corners of a rectangular aluminium plate was secured to the
supporting surface of the seat to allow the measurement of forces in the vertical and
fore-and-aft directions. Signals from the four force transducers orientated to be sensitive
to vertical force were summed and amplified by a charge amplifier (Kistler 5001).
Signals from the four force transducers orientated to be sensitive to fore-and-aft force
were summed and amplified by a similar charge amplifier. A tri-axial SIT-pad was used
to measure acceleration in the fore-and-aft and vertical directions at the centre of the
force platform. The signals were recorded using an HVLab data acquisition system
(issue 1.0, 2009).

4.2.2 Subjects and stimuli

Twelve male subjects with median age 26.5 years (range 23 to 36 years), weight 68.5
kg (range 60.4 to 80 kg), and stature 1.74 m (range 1.65 to 1.82 m), participated in the
study that was approved by the Human Experimentation Safety and Ethics Committee of
the Institute of Sound and Vibration Research at the University of Southampton. During
the experiment, subjects sat with their upper body in a comfortable upright position and
looked straight ahead. Their feet were supported by a footrest that moved with the

simulator platform.
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Subjects were exposed to random vibration with approximately flat constant-bandwidth
acceleration spectra (0.2 to 20 Hz) in six combinations of four magnitudes of fore-and-aft
vibration (0, 0.25, 0.5, or 1.0 ms? r.m.s.) and four magnitudes of vertical vibration (0,
0.25, 0.5, or 1.0 ms? r.m.s.) (Table 4.1). All stimuli were of 60-s duration, with motions in

the fore-and-aft and vertical directions uncorrelated with each other.

Table 4.1 Vertical (z-axis) and fore-and-aft (x-axis) excitations experienced by subjects.

X-axis excitation
(ms?rm.s.)
0 0.25 0.5 1.0

. 0 - - - -

Z-axis 0.25 a, - - -
excitation 05 2 . . .

(ms?r.m.s.) . z
1.0 a, ax+ a, ag+ a, agt+ a,

4.2.3 Motion measurement locations on the body

Acceleration was measured in the fore-and-aft and vertical directions on the body
surface over the first, fifth, and twelfth thoracic vertebrae, the third lumbar vertebra, and
the pelvis (at the iliac crest). The pitch motion of the pelvis was also estimated from the
difference between two vertical accelerations mounted at 25-mm separation on a single

block located at the iliac crest.

The vibration on the body surface was measured with two miniature accelerometers
(Entran EGA(X)) attached orthogonally to T-shaped balsa wood blocks. The weight of
each block was about 1 g and similar to that of each miniature accelerometer. The block
was attached to the body surface with double-side adhesive tape with a contact area
similar to that of a vertebral body. The experimental set-up and the mounting of the

accelerometer block are shown in Figure 4.1.
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Figure 4.1 Experiment set-up and the body transmissibility measurement locations.
4.2.4 Calibrations of transducers

The force plate was calibrated in the vertical and fore-and-aft directions respectively
(Figure 4.2).

The vertical force was calibrated with placing inert mass (i.e., lead bag) of 10 kg on the
middle of the top plate. The fore-and-aft force was calibrated by applying a pulling force
of 100 N to a spring scale. The scale on Figure 4.2(b) is just above the force plate so the
distance between the scale and the force plate could be neglected. A steel bar was
inserted to a bolt hole in the platform. The diameters of the hole and the bar are similar.
The steel bar stood against the edge of the top plate and the spring was attached to the

bar.
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Figure 4.2 Calibration of the force plate in (a) vertical direction; (b) fore-and-aft direction.
Each accelerometer was calibrated so as to make sure the acceleration difference
before and after turning it over was 2 g (g is the gravity acceleration, 9.81 ms? was

used). A further dynamic calibration was carried out for these accelerometers to estimate

the inter-channel transfer functions (Figure 4.3).

th ?22

iy ////////#!!//////f///

Figure 4.3 The set-up for the dynamic calibration of accelerometers (Cables were not

shown).

The accelerometers were exposed to single-axis vertical excitation at 0.5 ms® r.m.s.,
single-axis fore-and-aft excitaton at 0.5 ms? rm.s. respectively. The vertical
acceleration measured with the SIT-PAD was chosen as the nominal input when the
vertical excitation was applied. The transfer functions between the vertical acceleration
measured with the miniature accelerometers and the nominal input were estimated.
Similarly, the transfer functions between the fore-and-aft acceleration measured with the
miniature accelerometers and the nominal input (i.e., fore-and-aft acceleration measured

with the SIT-PAD) were estimated. The passing criterion was that the modulus of the
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transfer functions was between 0.95 and 1.05 and the phase lag was not greater than
0.05 rad.

4.2.5 Mass cancellation

Mass cancellation was performed in the time domain to remove the influence of the

mass of the top plate above the force transducers from the measured force.

Masses of the top plate in the vertical and fore-and-aft directions were estimated firstly.
The force plate together with the rigid seat (Figure 4.1) without any other preload was
exposed to vertical excitation at 0.5 ms® r.m.s., fore-and-aft excitation at 0.5 ms? r.m.s.,
combined vertical excitation at 0.5 ms? r.m.s. and fore-and-aft excitation at 0.5 ms?
r.m.s. sequentially. Forces and accelerations were acquired with a sampling rate of 512
samples per second via anti-aliasing filters at 50 Hz. Signal processing was conducted
with a frequency resolution of 0.25 Hz. The auto-spectral density was calculated using
Pwelch method and the cross- spectral density was calculated using cpsd method. Both
Pwelch and cpsd methods are available in MATLAB. A Hanning window was used with
an overlap of 50%. About 30 averagings were then conducted for the signal of 60-s

duration. A longer duration of stimuli may cause fatigue to subjects.

Assuming that a, and a, represented the fore-and-aft and vertical accelerations and fy,
and £, the fore-and-aft and vertical forces, the vertical apparent mass M., and the fore-
and-aft apparent mass M,, of the force plate was calculated with equations below:

G G
_ % e 4.1)

Zp Gy, = X Gy

V4 X

Where,

G, , is the auto spectrum of a,,

a,’

G, , is the auto spectrum of a,,

ax’

G is the cross-spectrum of a, and £,

azfzp ’

G is the cross-spectrum of a, and f,p.

axfxp ’
The apparent mass of the force plate estimated with single-axis and dual-axis excitation
was in good agreement with each other, i.e., around 29.5 kg for vertical apparent mass,

31.5 kg for fore-and-aft apparent mass over the frequency range 0 to 20 Hz (Figure 4.4).
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The phase between the excitation and the force was below 0.06 rad in this frequency

range. The seat and the force plate could be regarded as rigid structure.

With f,,, and f,, representing measured vertical force and fore-and-aft force when the
subjects sit on the seat, f, and f, representing the actual vertical force and fore-and-aft
force between the human body and the seat, mass cancellation was performed as

follows:

f= f,m- 29.5%a,; ;= fi- 31.5%a,. 4.2)

33

(@) (b)

9)

w w
- N

w
o

Apparent mass (k

N
©

0.04

0.02

Phase (rad)

-0.02 : : : ‘ : :
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Figure 4.4 Apparent mass of the force plate: (a) vertical apparent mass; (b) fore-and-aft
apparent mass. ——, estimated with single-axis excitation; —.—, estimated with dual-
axis excitation.

4.2.6 Data analysis

The vertical apparent mass and the fore-and-aft cross-axis apparent mass of the human
bodies and the corresponding coherency were calculated using cross-spectra density
method (CSD).
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M = Gazfz 2 _ ‘GaZfZ ‘
zz Gaz zz Gaz sz ( 4 3)
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MZX:$ 2 _|azlx

, TZX= ¢
Ca, Ca, Gty

Where,

G, and G, are the auto spectra of f, and £,
G, , is the cross-spectrum of a, and f;, and
G,; , is the cross-spectrum of a, and f..

The vertical transmissibility and the fore-and-aft cross-axis transmissibility were
calculated with a;, and a;, representing the fore-and-aft and vertical acceleration

measured on the body surface.

2
T :Gazatz 2 :‘Gazatz‘
ZZ Gy, ' Tz Gg,Gy,
2 4.4)

T2 ol
2= , =

G T, G, G

4z X ey Ty

Where,

G, , is the auto spectrum of a,,

a,’

G, and G, are the auto spectra of ai, and ay,

G, . , is the cross-spectrum of a, and ag.

a8, !

G is the cross-spectrum of a, and ay,.

The pitch motion of the pelvis was defined as ratio of the difference in the two vertical

vibrations to the distance between the two transducers (Figure 4.1):

N
g="_"2 4.5
g (4.5)
The pitch transmissibility of the pelvis was calculated as
2
_Ca,0 2 ‘Gaze‘ (4.6)
pCh Gaz ’ TpCh Gaz G@ )
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Where,
Gazg , is the cross-spectrum of a, and 6,
G, , is the auto spectrum of 6.

Equations (4.3-4.6) were used to calculate the transfer functions with both single-axis
and dual-axis excitation, because they are appropriate when the two inputs are
independent (Bendat and Piersol, 1986).

The inclination of the body surface was taken into account by using the angle between
the body surface and the vertical as shown in Figure 4.5. If Z and X are the measured
accelerations along the body surface and normal to the body surface, respectively, the
time history of the vertical acceleration, a;, and fore-and-aft acceleration, a;, were

corrected:
ax=Xcos W-zZsinY,

ay, =Zcos W+ xsin . 4.7)

Figure 4.5 The inclination of the body surface
The transmissibility to the spine T4(f) was estimated based from the transmissibility T{(f)
between the seat and the body surface after applying a correction function, C(f), to take
into account the effect of the tissue between the accelerometer and the bone (Kitazaki
and Griffin, 1995):

T,(f)=T(F)C(f) . (4.8)
where T(f) is T, or Txin Equation (4.2).

C(f) is the inverse of the transfer function of the local tissue-accelerometer system:

1- 6% +2ics

C(5) =
() 1+ 2ics

4.9)
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Where, § :fi is the frequency ratio (with f and f; the excitation frequency and the natural
0

frequency, respectively) and ¢ is the damping ratio.

A cotton thread was attached to the accelerometer block mounted at the location where
body motion was measured. The thread was then pulled in the direction normal to the
body surface and the cotton cut to produce a transient response in the local system

(Figure 4.6). This was repeated with the cotton pulled parallel to the surface of the body.

Figure 4.6 Measurement of the transient response of local human body-blocks system:
(a) normal direction; (b) shear direction.

The time histories of the responses in the two directions were recorded for 2 seconds at
a sampling rate of 512 samples per second. The natural frequency f, was obtained from
the modulus of the Fast Fourier Transform of the acquired time history. The damping
ratio was determined from the difference between the natural frequency and the
frequency corresponding to the half power points in the peak of the modulus curve. The
corrections function was determined with the obtained natural frequency and the
damping ratio. The correction function for the transmissibility at T1 of subject 11, as an
example, is shown in Figure 4.7. The transmissibility to T1 of the same subject before

and after data correction is shown in Figure 4.8.
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Figure 4.7 Median data correction function obtained with the repeated local transient
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Figure 4.8 Transmissibility from the vertical seat base motion to: (a) the vertical motion;

(b) fore-and-aft motion over the first thoracic spine level of subject 2. ——, data before
correction, i.e., motion on the body surface; —.—, data after correction, i.e., motion of
the spine.
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The tissue-correction had more effect in the vertical direction than in the fore-and-aft
direction, implying the tissue is stiffer in the normal direction than in the shear direction.

The transmissibility presented below was corrected separately for each subject.
4.3 Results
4.3.1 Apparent mass

With single-axis and dual-axis excitation, both the vertical apparent mass and the fore-
and-aft cross-axis apparent mass showed a primary resonance at about 5 Hz, consistent
with previous studies (Figure 4.9). A second resonance in the vertical apparent mass
was observed around 8 Hz in subject 5 and in the region of 10 to 12 Hz with subjects 6
and 12.

With single-axis vertical excitation, the resonance frequency evident in the median
vertical apparent mass decreased from 5.25 Hz to 4.75 Hz as the vibration magnitude
increased from 0.25 to 1.0 ms? r.m.s. (p=0.002, Wilcoxon; Figure 4.10 (a)). With both
vertical and fore-and-aft excitation, the resonance frequency in the vertical apparent
mass reduced from 4.5 Hz with fore-and-aft vibration at 0.25 ms™ r.m.s. to 4.25 Hz with

fore-and-aft excitation increased to 1.0 ms™ r.m.s. (p=0.007, Wilcoxon; Figure 4.11(a)).

150

100
50 77\

0

Apparent mass (kg)

Phase (rad)

N
o

-15
5 10 15 5 10 15 5 10 15 5 10 15 5 10 15 5 10 15 20

Frequency (Hz)

Figure 4.9 Individual apparent masses of 12 subjects: (a) the vertical apparent mass and
phase; (b) the fore-and-aft cross-axis apparent mass and phase.
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Figure 4.10 Effect of magnitude of the single-axis vertical excitation on: (Qa) vertical
apparent mass; (b) fore-and-aft cross-axis apparent mass. ——, a,=0.25 ms™ r.m.s.; —
—, a,=0.5ms?rms.; - - -, a=1.0 ms? r.m.s. (medians of 12 subjects).
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Figure 4.11 Effect of magnitude of the additional fore-and-aft excitation on: (a) vertical
apparent mass; (b) fore-and-aft cross-axis apparent mass. ——, a,=0.25 ms? r.m.s.,
a,=1.0 ms?rms.,—, a,=05 ms?r.ms., a,=1.0 ms?rms.; - - -, a,=1.0 ms? r.m.s.,
a,=1.0ms?rm.s.
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Transmissibility

Phase (rad)

The fore-and-aft cross-axis apparent mass exhibited a similar nonlinear characteristic:
the resonance frequency decreased with increasing magnitude of vertical excitation and
with the addition of fore-and-aft excitation (Figure 10(b) and Figure 11(b)). The
coherency between the fore-and-aft force and vertical acceleration dropped as the

magnitude of the fore-and-aft excitation increased.
4.3.2 Transmissibility
4.3.2.1 Vertical transmissibility

With both single-axis and dual-axis excitation, the vertical transmissibility to T1 had a
primary resonance in the vicinity of 5 Hz, similar to the principal resonance in the vertical

apparent mass (Figure 4.12).
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Figure 4.12 Individual transmissibility from vertical seat motion to upper body motion of
12 subjects: (a) vertical transmissibility and phase with single-axis vibration (a,=1.0 ms?
r.m.s.); (b) fore-and-aft cross-axis transmissibility and phase with single-axis vibration
(a,=1.0 ms?r.m.s.); (c) vertical transmissibility and phase with dual-axis vibration (a,=1.0
ms?r.m.s., a,=1.0 ms?r.m.s.); (d) fore-and-aft cross-axis transmissibility and phase with
dual-axis vibration (a,=1.0 ms® r.m.s., a,=1.0 ms? r.m.s.). (The individual transmissibility
at other vibration magnitudes is shown in Appendix B.)
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The vertical transmissibility to T5, T12, and L3 showed trend similar to the

transmissibility to T1 with a similar resonance (row (a) and row (c) in Figure 4.12).

The resonance frequencies to the different locations along the spine differed between
locations (Friedman, p<0.05). The resonance frequency to T1 was higher than the
resonance to T12 (Wilcoxon, p=0.036) and T5 (Wilcoxon, p=0.026). The resonance
frequency to L3 was lower than that to T1 (Wilcoxon, p=0.003), T5 (Wilcoxon, p=0.002),
and T12 (Wilcoxon, p=0.002) with 1.0 ms™ r.m.s. single-axis vertical excitation, and also
with combined 1.0 ms? r.m.. vertical excitaton and 1.0 ms? r.m.s. fore-and-aft
excitation (Wilcoxon, p=0.003 for T1, T5, and T12). For these excitation conditions the
resonance frequency in the transmissibility to the pelvis was significantly higher than the

resonance frequencies in the transmissibilities to T1, T5, T12, and L3 (Wilcoxon, p<0.05).

The peak modulus in the vertical transmissibility to the thoracic spine differed between
the three measurement locations (Friedman, p<0.05 for all excitations). The peak
modulus in the vertical transmissibility to T1 was greater than the peak modulus in the
vertical transmissibility to TS and T12 (Wilcoxon, p<0.05 with all six combinations of

exposure).
4.3.2.2 Fore-and-aft cross-axis transmissibility

The fore-and-aft transmissibility to all locations along the spine showed a primary peak
at 5 Hz (row (b) and row (d) in Figure 4.12). The fore-and-aft transmissibility to the pelvis
had peaks at about 3, 8 and 12 Hz, but with great variability among subjects (row (b) and
row (d) in Figure 4.12).

The peak modulus in the fore-and-aft cross-axis transmissibility to the thoracic spine
differed between measurement locations (Friedman, p<0.05). The peak modulus in the
fore-and-aft cross-axis transmissibility was greater to T1 than to T5 with single-axis
vertical excitation at 1.0 ms™ r.m.s. (Figure 4.12; Wilcoxon, p<0.001). The peak modulus
in the fore-and-aft cross-axis transmissibility was also greater to T1 than to T12 with all

six combinations of excitations (Wilcoxon, p<0.05).
4.3.2.3 Pitch transmissibility to the pelvis

The transmissibility from vertical seat vibration to pitch of the pelvis had a similar trend to
the transmissibility from vertical seat vibration to fore-and-aft vibration of the pelvis, with
similar resonance frequencies but much inter-subject variability (Figure 4.13). The pitch

transmissibility with either single-axis or dual-axis excitation has a primary resonance
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between 8-10 Hz. The main difference may be due to the inter-subject variability with
dual-axis excitation being larger with single-axis excitation. With the addition of fore-aft
excitation, pitch motion is generated with fore-and-aft excitation apart from vertical
excitation. Noise may be introduced when the subject involve more volunteered muscle

tension to keep their body in balance.

There was a correlation between the primary resonance frequencies in the pitch
transmissibility to the pelvis and the fore-and-aft cross-axis transmissibility to the pelvis

with single-axis vertical excitation at 0.25 ms™? r.m.s. (Spearman, p = 0.529, p=0.077).
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Figure 4.13 Individual transmissibility from vertical seat motion to pitch of the pelvis of 12
subjects: (a) pitch transmissibility with 1.0 ms® r.m.s. vertical vibration (a,=1.0 ms?
r.m.s.); (b) pitch transmissibility with dual-axis vibration (a,=1.0 ms? r.m.s., a,=1.0 ms?
rm.s.). (The individual transmissibility at other vibration magnitudes is shown in
Appendix B.)

4.3.2.4 Nonlinearity in vertical transmissibility

With single-axis excitation, the primary resonance frequencies in the vertical
transmissibility to each measurement location decreased with increasing vibration
magnitude (Friedman, p=0.001 for all measurement locations; Figure 4.14). With dual-
axis excitation, the resonance frequency in the vertical transmissibilities decreased as

the magnitude of fore-and-aft excitation increased with constant magnitude of vertical
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excitation (Friedman, p=0.001 for the pelvis and L3, p=0.003 for T12; p=0.029 for T5 and

T1; Figure 4.15).
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Figure 4.14 Effect of magnitude of the single-axis vertical excitation on the vertical
transmissibility to each measurement location: ——, a,=0.25 ms™ r.m.s.; —, a,=0.5
ms?rm.s.; - - -, a,=1.0 ms? r.m.s. (medians of 12 subjects).

The extent of the nonlinearity in the vertical transmissibility from the seat to each location
on the body was quantified as the percentage reduction in the resonance frequency
when: (i) the magnitude of single-axis vertical vibration excitation increased from 0.25 to
1.0 ms? r.m.s., and (ii) when single-axis vertical vibration excitation (a, =1.0 ms?r.m.s.)
was replaced by dual-axis vibration excitation (a,=1.0 and a, =1.0 ms? r.m.s.). With
single-axis vertical excitation, there was no statistically significant difference in the extent
of nonlinearity at the different measurement locations on the body (Friedman, p=0.184).
With dual-axis excitation, the extent of the nonlinearity differed between locations
(Friedman, p=0.019). The nonlinearity to L3 was less than the nonlinearity to the pelvis
(Wilcoxon, p=0.034) and to T1 (Wilcoxon, p=0.005), and the nonlinearity to T5 was less
than the nonlinearity to T1 (Wilcoxon, p=0.047).
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Figure 4.15 Effect of magnitude of the additional fore-and-aft excitation on the vertical

transmissibility to each measurement location. ——, a,=0.25 ms® r.m.s., a,=1.0 ms?

rm.s.; —, a,=0.5 ms?rm.s., a,=1.0 ms?rms.; - - -, a,=1.0 ms? rm.s., a,=1.0 ms™

r.m.s. (medians of 12 subjects).

4.3.2.5 Nonlinearity in cross-axis transmissibility

Increasing the magnitude of vertical excitation reduced the resonance frequency in the
fore-and-aft cross-axis transmissibility to TS5 (Friedman, p<0.001) and T1 (Friedman,
p=0.006; Figure 4.16), but not to T12 or L3. However, the resonance frequency in the
fore-and-aft motion of the pelvis reduced with increasing magnitude of vertical excitation
(Friedman, p<0.001; Figure 4.16) and the addition of fore-and-aft excitation (Friedman,
p<0.001; Figure 4.17). The resonance frequency in the pitch motion of the pelvis
reduced with increasing magnitude of single-axis excitation (Friedman, p<0.001; Figure
4.18(a)), but not with increasing magnitude of the additional fore-and-aft excitation
(Friedman, p=0.068; Figure 4.18(b)). The transmissibility at resonance in the fore-and-aft
directions at each measurement location were unaffected by vibration magnitude, except
at T1 where the fore-and-aft transmissibility decreased with increasing vertical excitation

magnitude (Friedman, p=0.002; Figure 4.16).
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Figure 4.16 Effect of magnitude of the single-axis vertical excitation on the fore-and-aft

cross-axis transmissibility to each measurement location: ——, a,=0.25 ms? r.m.s.; —,
a;=0.5ms?rms.; - - -, a,=1.0 ms? r.m.s. (medians of 12 subjects).
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Figure 4.17 Effect of magnitude of the additional fore-and-aft excitation on the fore-and-

aft cross-axis transmissibility to each measurement location: ——, a,=0.25 ms? r.ms.,

a,=1.0 ms?rms.. —, a,=05 ms?rms., a,=1.0 ms?rms.; - - -, a,=1.0 ms® r.ms.,

a;=1.0 ms? r.m.s. (medians of 12 subjects).

110



-
O

-
o

()]

Transmissibility

o
AL
{
|

Phase (rad)
n

>
[&]
o
2
@)
o
0 ‘ ‘ ‘ ‘
5 10 5 10 15
Frequency (Hz) Frequency (Hz)
Figure 4.18 Median pitch transmissibility of pelvis of 12 subjects exposed to: (a) single-
axis vibration, —.—, a,=0.25 ms?r.m.s.; —, a,=0.5 ms?rm.s.;---, a,=1.0 ms?r.m.=s.;
(b) dual-axis vibration, ——, a,=0.25 ms? r.m.s., a,=1.0 ms? r.m.s; , a,=0.5 ms?
rm.s., a,=1.0ms?rm.s.;--- a=1.0ms?rm.s., a,=1.0 ms?r.m.s.

The pitch transmissibility at resonance was also unchanged with changes in the
magnitude of single-axis vertical vibration or dual-axis excitation. The coherency
between vertical excitation and pitch motion of the pelvis was low during dual-axis

excitation, because the fore-and-aft excitation caused much of the pelvis pitch motion.
4.3.2.6 Relative displacement between measurement locations

To investigate how the pelvis and each part of the spine moved relative to each other,
the relative vertical and fore-and-aft displacements were calculated: the difference in the
acceleration measured during single-axis vertical excitation was high-pass filtered
(Bessel filter at 0.5 Hz) and then double-integrated to obtain the time history of the
relative displacement between adjacent locations. The power spectral densities of these

relative displacements are shown in Figure 4.19.

For each pair of adjacent locations, the relative displacements are much greater in the
fore-and-aft direction than in the vertical direction, suggesting bending of the spine, pitch
motion of the pelvis, and sheer motion of tissues beneath the ischial tuberosities. During
vertical excitation, the greatest fore-and-aft relative displacement occurred between L3

and the iliac crest, even though their vertical separation was less than between the other
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five pairs of adjacent locations. This suggests bending of the lower lumbar spine relative
to the pelvis. The greatest relative displacement in the vertical direction was also
observed at this location. However, it was not possible to determine from the
measurements whether the centre of rotation of the pelvis was at the ischial tuberosities
or the lower lumbar spine. Relative displacements at the upper thoracic spine (from T1
to T5) were smaller than at the lower thoracic spine (from T5 to T12), implying the lower

thoracic spine tended to bend more than the upper thoracic spine.

x 107

PSD of relative displacement (n?/Hz)

Frequency (Hz) Frequency (Hz)
Figure 4.19 Example power spectral densities of (a) vertical relative displacement; (b)
fore-and-aft relative displacement between: —.—, pelvis and seat; —*—, L3 and pelvis;
—A—, T12 and L3; —O—, T5 and T12; ——, T1 and T5 (subject 8).

4.4 Discussion
4.4.1 Apparent mass

The vertical apparent mass and the fore-and-aft cross-axis apparent mass exhibited a
primary resonance at about 5 Hz, similar to that reported previously (Fairley and Griffin,
1989; Nawayseh and Griffin, 2003). Previous studies with single-axis vertical excitation
have found that the resonance frequency in the vertical apparent mass is correlated with
the resonance frequency in the fore-and-aft cross-axis apparent mass (Nawayseh and
Griffin, 2003; Qiu and Griffin, 2010). In the present study, the highest correlation
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between the primary resonance frequencies in the vertical apparent mass and the fore-
and-aft cross-axis apparent mass was obtained with single-axis vertical excitation at 1.0
ms? r.m.s. (Spearman, p=0.676, p=0.016). The resonance frequency in both the vertical
apparent mass and the fore-and-aft cross-axis apparent mass were reduced as the
excitation magnitude increased, consistent with a softening of the body tissues found in

many previous studies (Fairley and Griffin, 1989; Qiu and Griffin, 2010).

With dual-axis excitation, the vertical in-line apparent mass and the fore-and-aft cross-
axis apparent mass were similar, but not identical, to the apparent masses measured
with single-axis excitation, as reported in previous studies (Hinz et al., 2006a; Mansfield
and Maeda, 2006; Qiu and Griffin, 2010). The resonance in the apparent mass shifted to
lower frequencies with the addition of fore-and-aft excitation. This may be because the
addition of a fore-and-aft excitation increased the movement within the body, similar to
increasing the magnitude of single-axis vertical excitation. However, to produce an
equivalent resonance shift required a greater increase in the magnitude of fore-and-aft
excitation than an increase in the magnitude of vertical vibration: a statistically significant
decrease in the resonance frequency of the vertical apparent mass required an increase
of 0.25 ms™ r.m.s. in the magnitude of vertical vibration but an increase of 0.5 ms? r.m.s.
in the magnitude of fore-and-aft excitation. The same increase in the magnitude of
excitation in both axes tended to introduce a greater softening effect in the fore-and-aft
cross-axis apparent mass than in the vertical inline apparent mass (see Section 4.3.1).
With dual-axis excitation, the vertical force would have been generated by both the
vertical excitation and the pitch motion of the upper-body produced by the fore-and-aft
excitation. Similarly, the fore-and-aft force would have been generated by both the fore-
and-aft excitation and the pitch motion of the upper-body produced by the vertical
excitation. The non-linearity in the vibration modes will have been influenced by the
combined effect of excitation in the two perpendicular directions, but the excitation had

more effect on the inline response than the cross-axis response.
4.4.2 Transmissibility

A primary resonance in the vertical transmissibility to T1, T5, T12 and L3 at about 5 Hz,
and in the vertical transmissibility to the pelvis at about 5 Hz and 8 to 10 Hz is consistent
with findings in Matsumoto and Griffin (1998a) and Mansfield and Griffin (2000).

The resonance frequencies evident in the transmissibilities reduced when either the in-

line vertical vibration excitation increased or, with constant vertical excitation, the fore-

113



and-aft excitation increased (Figures 4.14 and 4.15, Section 4.3.2.4). This non-linearity
was also apparent in transfer functions between adjacent measurement locations
(Figure 4.20). Such widespread nonlinearity could be influenced by nonlinearity at one
location (e.g. tissue beneath the ischial tuberosities, as discussed in Section 4.4.1) but
the biodynamic characteristics of other parts, including elements in the spine, may also
have contributed. The simultaneous presence of fore-and-aft excitation might alter the
geometry of the spine and pelvis, compared to that with single-axis vertical excitation. A
change in the sitting posture may shift the resonance in the body transmissibility.
However, the extent of the nonlinearity with dual-axis excitation differed between
locations (Section 4.3.2.4), implying that the pelvis and the different segments of the

spine were not equally affected by the addition of fore-and-aft excitation.

Vertical transmissibility

Fore-and-aft cross-axis transmissibility

Frequency (Hz) Frequency (Hz)
Figure 4.20 Nominal transfer functions of motions of two adjacent measurement
locations of subject 1: (a) from pelvis to L3; (b) from L3 to T12; (c) from T12 to T5; (d)
from T5to T1. —.—, a,=0.25 ms? r.m.s.; —, a,=0.5 ms?rm.s.; - - -, a,=1.0 ms? r.m.s.
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4.4.3 Relation between transmissibility and apparent mass

Pitch motion of the upper thoracic spine about the lower thoracic spine is thought to
contribute to the resonance in the vertical apparent mass (Matsumoto and Giriffin,
1998a). In all conditions of the present study, the resonance frequency in the vertical
transmissibility to T1 and T5 was significantly associated with the resonance frequency
in the vertical apparent mass (Table 4.2). At this resonance, the vertical motion of the
upper thoracic spine showed greater transmissibility to T1 than to T5, consistent with
pitch motion contributing to the primary resonance of the vertical apparent mass. The
resonance in the vertical transmissibility to T12 and was not significantly associated with
resonance in the vertical apparent mass with any vibration excitation, implying that the
vertical motion of the lower thoracic spine did not contribute to the mode responsible for
the vertical apparent mass resonance.

Table 4.2 Correlation (Spearman test) between the resonance frequency of the vertical
apparent mass and the resonance frequency in the vertical transmissibility.

a, ay
(ms? | (ms?
rm.s.) [ rms.) Pelvis L3 T12 T5 T1
0.25 0 Correlation
coefficient 0.387 | 0.752 0.169 0.760 0.934
p value 0.214 | 0.005 0.599 0.004 | <0.001
0.5 0 Correlation
coefficient 0.662 | 0.545 0.101 0.889 0.904
p value 0.019 | 0.067 0.749 | <0.001 | <0.001
1,0 0 Correlation
coefficient 0.476 | 0.515 0.228 0.980 0.982
p value 0.116 | 0.087 0.475 | <0.001 | <0.001
1.0 0.25 Correlation
coefficient 0.809 | 0.895 0.04 0.950 0.967
p value <0.001 [ <0.001 | 0.903 | <0.001 | <0.001
1.0 0.5 Correlation
coefficient 0.771 0.928 0.291 0.989 0.944
p value 0.003 | <0.001 | 0.358 | <0.001 | <0.001
1.0 1.0 Correlation
coefficient 0.223 0.814 0.255 0.922 0.732
p value 0.487 | <0.001 | 0.425 | <0.001 | <0.001
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The correlation between the movement of the lumbar spine and the pelvis changed
according to the vibration excitation. With the three dual-axis excitations, the resonance
frequency in the vertical transmissibility to L3 was associated with the resonance
frequency in the vertical apparent mass. With single-axis vertical excitation, a significant
correlation was only found with the lowest magnitude of excitation (0.25 ms™ r.m.s.).
With dual axis excitation (a,=1.0 ms? with a,=0.25 ms? r.m.s., and a,=1.0 ms™ with
a,=0.5 ms? r.m.s.) and with single-axis excitation at a,=0.5 ms® r.m.s., the resonance
frequency of the vertical motion of the pelvis was correlated to the vertical apparent
mass. The findings suggest that the vertical apparent mass of the body at resonance is
influenced by the vibration modes of several body segments, especially those with
longitudinal motion of the lumbar spine and pelvis, with contributions that vary according

to the magnitude of the vibration excitation in the vertical and fore-and-aft directions.

The resonance frequency evident in the pitch motion of the pelvis was not closely related
to the resonance frequency of the vertical apparent mass with any of the six vibration
excitations. This is consistent with Matsumoto and Griffin (1998a) who concluded that
pitch motion of the pelvis did not make a major contribution to the principal resonance in

the vertical apparent mass.

The resonance frequencies in the fore-and-aft cross-axis transmissibility to each
measurement locations did not show correlations with the resonance frequency of the
vertical apparent mass during either single-axis or dual-axis excitation, possibly because

fore-and-aft motion was low compared to the vertical motion.

4.5 Conclusion

The resonance frequencies evident in the vertical apparent mass, the fore-and-aft cross-
axis apparent mass, and the transmissibilities between vertical seat vibration and
vibration of the spine and pelvis in the fore-and-aft and vertical directions (and pitch
motion at the pelvis) reduced as the magnitude of vertical vibration increased. There
were similar reductions with constant magnitude vertical vibration but increasing

magnitude of fore-and-aft excitation.

With single-axis vertical excitation, a softening of the tissues with increasing vibration
magnitude may explain the non-linearity. With dual-axis excitation, the nonlinear
behaviour may be explained by coupling between the mode associated with vertical

excitation and the cross-axis influence of the fore-and-aft excitation.
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A complex combination of vibration modes (with pitch of the upper thoracic spine,
bending of the lumbar spine, and longitudinal deformation of the buttocks tissues)
appear to contribute to the principal resonance in the vertical apparent mass. It seems
that the involvement of different body segments in the resonance varies with the

magnitude of the vibration and the number of vibration axes.

117



118



CHAPTER 5: FORE-AND-AFT VIBRATION OF THE SEATED HUMAN BODY:
NONLINEARITY, CROSS-AXIS COUPLING AND ASSOCIATIONS BETWEEN
RESONANCES IN TRANSMISSIBILITY AND APPARENT MASS

5.1 Introduction

The vibration exposure in the field usually involves multi-axis excitation. The excitation in
each axis is coupled so that the response in one axis may be changed by the excitation
in an orthogonal direction. Understanding of the biodynamic response with dual-axis
excitation will improve the dynamic modelling so as to advance prediction of occupant
ride comfort. The principal resonance of the seated human body excited by fore-and-aft
vibration is at a much lower frequency than the 5-Hz principal resonance associated with
vertical excitation. In eight males sitting without a backrest during fore-and-aft random
vibration, a first resonance in the apparent mass around 0.7 Hz and a less-pronounced
second resonance between 1.5 to 3 Hz have been reported (Fairley and Griffin, 1990).
In 12 males exposed to fore-and-aft random vibration over the range 0.25 to 20 Hz,
three resonances (around 1 Hz, between 1 and 3 Hz, and between 3 and 5 Hz) have
been seen in the fore-and-aft apparent mass measured on a seat without backrest
(Nawayseh and Giriffin, 2005). With sinusoidal excitation, the fore-and-aft apparent mass

has been reported to be greatest around 2.5 Hz (Subashi et al., 2009).

With single-axis vertical excitation, the principal resonance in the driving point apparent
mass has been related to movements of the pelvis, the spine and the viscera (Sandover
et al., 1987; Kitazaki and Griffin, 1998; Matsumoto and Giriffin, 1998a; Mansfield and
Lundstrom, 1998). It has been shown that fore-and-aft vibration of a seat can affect the
transmission of vertical seat vibration to the pelvis and the upper-body (Chapter 4), but
there are no published studies of the motion of the pelvis or upper-body during fore-and-
aft excitation, so the modes associated with resonances in the fore-and-aft apparent

mass are unknown.

During fore-and-aft excitation, both the fore-and-aft apparent mass and the vertical
cross-axis apparent mass (i.e. the ratio of vertical force to fore-and-aft acceleration)
depend on the vibration magnitude. It has been reported that the resonance frequency of
the second mode of the fore-and-aft apparent mass (in the range 1.5 to 3 Hz) decreased
as the magnitude of fore-and-aft vibration excitation increased (Fairley and Griffin, 1990).

It was also reported that with increasing magnitude of fore-and-aft vibration, the fore-
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and-aft apparent mass increased at a resonance around 2 or 3 Hz but decreased at a
resonance around 5 or 6 Hz (Mansfield and Lundstrém, 1998). At frequencies greater
than 6 Hz, both the fore-and-aft apparent mass and the vertical cross-axis apparent
mass reduced progressively as the magnitude of the fore-and-aft vibration increased
from 0.125 to 1.25 ms? r.m.s. (Nawayseh and Griffin, 2005). The frequencies of the
principal resonance in the fore-and-aft apparent mass around 2 Hz and in the vertical
cross-axis apparent mass around 4 to 8 Hz have also been observed to decrease with

increasing the magnitude of the fore-and-aft excitation (Qiu and Giriffin, 2010).

A few studies have investigated the apparent mass of the human body with dual-axis
excitation and found that the apparent mass is similar to that with single-axis excitation.
Nonetheless, additional excitation in an orthogonal direction tends to reduce the
modulus of the primary peak in the fore-and-aft apparent mass (Hinz et al., 2006a;
Mansfield and Maeda, 2006; Qiu and Griffin, 2010). The transmissibility of the human
body exposed to dual-axis vibration has not previously been investigated systematically.
How the vibration modes of the upper body contribute to the resonances seen in the

apparent mass during dual-axis excitation is unknown.

In Chapter 4, how biodynamic response to the vertical excitation depends on the
magnitude of vertical excitation and the addition of fore-and-aft excitation was identified,
but the transmission of vibration to the spine and pelvis during fore-and-aft excitation has
not previously been reported. As a parallel study, the research presented in this chapter
was designed to examine how the apparent mass and the transmissibility of the human
body sitting without a backrest depends on the magnitude of fore-and-aft vibration
excitation and the addition of vertical excitation. It was hoped to advance understanding
of the association between the fore-and-aft apparent mass and vertical cross-axis
apparent mass and the transmission of vibration to the pelvis and the spine during dual-
axis excitation. It was hypothesised that the transmission of fore-and-aft vibration to the
pelvis and the upper-body would be similar with single-axis fore-and-aft excitation and
dual-axis fore-and-aft and vertical excitation, but that the addition of vertical excitation

would tend to reduce the resonance frequencies.
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5.2 Experiment method
5.2.1 Apparatus

Subjects sat in a rigid seat mounted on the ISVR 6-axis motion simulator capable of £0.5
m vertical displacement, £0.25 m fore-and-aft and lateral displacement, £10 degrees of
roll and pitch, and £10 degrees of yaw. A force plate capable of measuring forces in the
fore-and-aft and vertical directions simultaneously was secured to the supporting surface
of the seat. The force plate (Kistler 9281 B) consisted of four tri-axial quartz transducers
at the four comers of a rectangular aluminium plate. Signals from the four force
transducers orientated to be sensitive to fore-and-aft force were summed and amplified
by a charge amplifier (Kistler 5001). Signals from the four force transducers orientated to
be sensitive to vertical force were summed and amplified by a similar charge amplifier. A
tri-axial SIT-pad was used to measure the fore-and-aft and vertical acceleration on the

seat surface at the centre of the force platform.
5.2.2 Subjects and stimuli

Twelve male subjects with median age 26.5 years (range 23 to 36 years), weight 68.5
kg (range 60.4 to 80 kg), and stature 1.74 m (range 1.65 to 1.82 m), participated in the
study that was approved by the Human Experimentation Safety and Ethics Committee of
the Institute of Sound and Vibration Research at the University of Southampton. During
the experiment, subjects sat with their upper body in a comfortable upright position and
looked straight ahead. Their feet were supported by a footrest that moved with the

simulator platform.

Subjects were exposed to random vibration with approximately flat constant-bandwidth
acceleration spectra (0.2 to 20 Hz) in six combinations of four magnitudes of fore-and-aft
vibration (0, 0.25, 0.5, or 1.0 ms? r.m.s.) and four magnitudes of vertical vibration (0,
0.25, 0.5, or 1.0 ms? r.m.s.) (Table 5.1). All stimuli were of 60-s duration, with motions in

the fore-and-aft and vertical directions uncorrelated with each other.

Table 5.1 Vertical (z-axis) and fore-and-aft (x-axis) excitations experienced by subjects.

Xx-axis excitation

(ms?r.m.s.)
0 0.25 0.5 1.0
) 0 dyx ay ax
Z-.aX|.S 0.25 - - - axt a,
exgltatlon 0.5 - - - axt+ a;
(ms*“r.ms.)

1.0 - - - ax+ a;
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5.2.3 Motion measurement locations on the body

Acceleration was measured in the fore-and-aft and vertical directions on the body
surface over the first, fifth, and twelfth thoracic vertebrae, the third lumbar vertebra, and
the pelvis (at the iliac crest). The pitch motion of the pelvis was also estimated from the
difference between two vertical accelerations mounted at 25-mm separation on a single

block located at the iliac crest.

The vibration on the body surface was measured with two miniature accelerometers
(Entran EGA(X)) attached orthogonally to T-shaped balsa wood blocks. The weight of
each block was about 1 g and similar to that of each miniature accelerometer. The block
was attached to the body surface with double-side adhesive tape with a contact area

similar to that of a vertebral body.

The experimental set-up and the mounting of the accelerometer block are shown in

Figure 5.1.

T1
Block:
T5

Spine accelerometers —_- Tri-axial SIT-pad

L3

lliac crest ?a " Fas

/ ys, Fxs

Six-axis
vibrator
azh o

Force plate (Kistler 9281 B)

Block

Pelvis accelerometers

Figure 5.1 Experiment set-up and the body transmissibility measurement locations.
5.2.4. Data analysis

Forces and accelerations were acquired with a sampling rate of 512 samples per second
via anti-aliasing filters at 50 Hz. Mass cancellation was performed in the time domain to

remove the influence of the mass of the top plate above the force transducers from the
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measured fore-and-aft force (Qiu and Griffin, 2010). Signal processing was conducted

with a frequency resolution of 0.25 Hz.

Assuming that a, and a, represent the fore-and-aft and vertical accelerations and f, and
f,, the fore-and-aft and vertical forces, the fore-and-aft apparent mass and the vertical
cross-axis apparent mass and the corresponding coherency were calculated using the

HVLab Matlab Toolbox function using cross-spectra density method (CSD) .

2
M - Gaxfx 2 _ ‘Gaxfx‘
XX Gax ’ XX GafoX (5 1)
G 2 |

MXZ_Gaxfz )2(2_‘ axfz‘

Gay Cay Cf,
Where,
G, , is the auto spectrum of ay,

G, and G, are the auto spectra of f, and £,

G, , , is the cross-spectrum of a, and f,, and

axfx ’

G, , , is the cross-spectrum of a, and f,.

a.f, ?
The fore-and-aft transmissibility and the vertical cross-axis transmissibility were
calculated with a;, and a;, representing the fore-and-aft and vertical acceleration

measured on the body surface.

2
T :Gaxatx 2 :‘Gaxatx‘
XX Gax Txx GaXGatX
5 . (5.2)
Ttz 2 ||
Xz= , =
G T G, G
ay X2 Tay e,
Where,

G,, and G, are the auto spectra of a;, and ay,

G is the cross-spectrum of a, and ay,

axay

G is the cross-spectrum of a, and ay..

The pitch motion of the pelvis was defined as ratio of the difference in the two vertical

vibrations to the distance between the two transducers (Figure 5.1):

123



Z, -z,
d

é =
The pitch transmissibility of the pelvis was calculated as

2
_ Gaxé 2 _ ‘Gaxé‘
xpch Gax ’ Txpch Gax Gy

(5.4)

Where,

G, ; » is the cross-spectrum of a, and é,

G, , is the auto spectrum of 6.

Equations (5.1-5.4) were used to calculate the transfer functions with both single-axis
and dual-axis excitation, because they are appropriate when the two inputs are
independent (Bendat and Piersol, 1986).

The effect of inclination of the body surface was reduced using the angle between the

body surface and the vertical axis (Chapter 4).

aw=Xcos ¥- zsin ¥, a,,=Zcos ¥+ Xsin V. (5.5)

Where ay, is the time history of the vertical acceleration and ay is the fore-and-aft
acceleration; z and X are the measured accelerations along the body surface and
normal to the body surface respectively; ¥ is the angle between the body surface and

the vertical direction.

The motion of the spine, Ty(f), was estimated from the transmissibility between the seat
base and the body surface and a data correction function that takes into account the

effect of the tissue and the skin between the bone and the accelerometer (Chapter 4).
5.3 Results

5.3.1 Apparent mass

5.3.1.1 Inter-subject variability

With single-axis and dual-axis excitation, the fore-and-aft apparent mass showed a first
peak around 1 Hz. A second peak around 2 to 4 Hz can be observed for all 12 subjects
(row (I) in Figure 5.2). All subjects except subjects 1 and 2 exhibited a third resonance in
the range of 5 to 7 Hz. The vertical cross-axis apparent mass had a first peak in the

frequency range 0.5 to 1.25 Hz (row (ll) in Figure 5.2). A broad second peak was
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Apparent mass (kg)

apparent from 2 to 6 Hz in most subjects. Subjects 9 and 10 exhibited four peaks in the
frequency range up to 10 Hz (around 1, 2.75, 5.25, and 7.5 Hz).
100
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Figure 5.2 Individual apparent masses of 12 subjects: (1), the modulus and phase of the
fore-and-aft apparent mass; (ll), the modulus and Ehase of the vertical cross-axis
apparent mass. (a) a =0.25 ms? rm.s.; (b) a=0.5ms”rms.;(c)a=1.0 ms? r.m.s.; (d)

a=1.0 ms? r.m.s., a=0.25 ms? rm.s.; (e) a=1.0 ms? r.m.s., a=0.5 ms? rm.s.; (f)
a=1.0 ms?r.m.s., a=1.0 ms?r.m.s.

5.3.1.2 Nonlinearity in the apparent mass

With single-axis fore-and-aft excitation, the frequency of the first peak in the fore-and-aft
apparent mass around 1 Hz was not changed significantly with a change in the
magnitude of the single-axis fore-and-aft excitation or the additional vertical excitation.
Nonlinearity was therefore examined by studying changes in the apparent mass at the

resonance frequency.

Nonlinearity in the modulus of the fore-and-aft apparent mass was examined at the first
resonance around 1 Hz, the second peak around 2.75 Hz, and the third peak around
5.25 Hz. Increasing the magnitude of single-axis fore-and-aft excitation reduced the fore-

and-aft apparent mass at the first resonance (Friedman, p=0.006; Figure 5.3). The fore-
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and-aft apparent mass also decreased as the additional vertical vibration increased in
magnitude from 0.25 to 1.0 ms? r.m.s. when the fore-and-aft excitation was 1.0 ms™
r.m.s. (Friedman, p=0.023; Figure 5.4). At 5.25 Hz, the fore-and-aft apparent mass was
reduced with increasing magnitude of single-axis fore-and-aft excitation (Friedman,
p<0.001; Figure 5.3) and with the addition of vertical excitation from 0.25 to 1.0 ms™

r.m.s. during fore-and-aft excitation at 1.0 ms? r.m.s. (Friedman, p=0.005; Figure 5.4).

S 100 . ‘ : : : : . . ‘ 60
53 Lo

@ 140
E 50+

S 120
@

Q.

Q.

<

Phase (rad)

Coherency

0 2 4 6 8 0 2 4 6 8 10
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Figure 5.3 Effect of the magnitude of the single-axis fore-and-aft excitation on: (a) fore-
and-aft apparent mass; (b) vertical cross-axis apparent mass. ——, a,=0.25 ms
rm.s.;—, a=0.5ms?rms.; - - -, a,=1.0 ms? r.m.s. (medians of 12 subjects).

Nonlinearity in the modulus of the vertical cross-axis apparent mass was also examined
at 1.0 Hz, 2.75 Hz, and 5.25 Hz. The vertical cross-axis apparent mass at 1.0 Hz
reduced with increasing magnitude of single-axis fore-and-aft excitation (Friedman,
p=0.001; Figure 5.3). A similar change was observed as the magnitude of the additional
vertical vibration increased from 0.25 to 1.0 ms? r.m.s. while maintaining the fore-and-aft
vibration magnitude at 1.0 ms? r.m.s. (Friedman, p=0.039; Figure 5.4). At 2.75 Hz, there
was no significant reduction in the vertical cross-axis apparent mass with either
increasing magnitude of the fore-and-aft excitation or the additional vertical excitation. At
5.25 Hz, the vertical cross-axis apparent mass was reduced with increasing magnitude

of fore-and-aft excitation (Friedman, p=0.009; Figure 5.3) and with increasing magnitude
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of the additional vertical excitation from 0.25 to 1.0 ms® r.m.s. (Friedman, p<0.001;
Figure 5.4)

100

Apparent mass (kg)

Phase (rad)

Coherency

0 2 4 6 8

Frequency (Hz) Frequency (Hz)
Figure 5.4 Effect of the magnitude of the additional vertical excitation on: (a) fore-and-aft
apparent mass; (b) vertical cross-axis apparent mass. ——, a,=0.25 ms“r.m.s., a,=1.0
ms?r.m.s.; —, a,=0.5 ms*rms., a,=1.0 ms?rms.; - - -, a,=1.0 ms? r.ms., a,=1.0

ms r.m.s. (medians of 12 subjects).
5.3.2 Transmissibility

5.3.2.1 Fore-and-aft transmissibility

There was large inter-subject variability in the fore-and-aft inline transmissibility to the
spine and the pelvis (Figure 5.5(a) and Figure 5.5(c)). The transmissibility from fore-and-
aft seat motion to fore-and-aft motion at T1 showed a first peak over the frequency range
0.5 to 1.25 Hz in all subjects. Second and third peaks were present around 2.25 and 4.5
Hz but were smaller and observed in only 8 of the 12 subjects. The transmission of fore-
and-aft vibration to T5 and T12 was similar to T1. The transmissibility to L3 showed a
first peak in the frequency range 0.5 to 1.75 Hz and a second peak around 2.5 Hz. A
third peak around 7.5 Hz was observed in subject 12. There was greater inter-subject
variability in transmissibility to the pelvis than to other locations. The primary peak
occurred in the range 0.5 to 1.75 Hz for seven subjects, with other subjects exhibiting
higher primary resonance frequencies (2 Hz for subject 7; 2.25 Hz for subject 12; 3 Hz
for subject 9; 3.25 Hz for subject 11; 4.25 Hz for subject 10).
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Figure 5.5 Individual transmissibility from fore-and-aft seat motion to upper body motion
of 12 subjects: (a) fore-and-aft transmissibility with single-axis fore-and-aft vibration
(a=1.0 ms? r.m.s.); (b) vertical cross-axis transmissibility with single-axis fore-and-aft
vibration (a,=1.0 ms® r.m.s.); (c) fore-and-aft transmissibility with dual-axis vibration
(a=1.0 ms? r.m.s, a,=1.0 ms? r.m.s.); (d) vertical cross-axis transmissibility with dual-
axis vibration (a,=1.0 ms? r.m.s., a, =1.0 ms?r.m.s.). (The individual transmissibility at
other vibration magnitudes is shown in Appendix C.)

The first resonance in the fore-and-aft transmissibility differed between the five
measurement locations (Friedman, p<0.05). With lowest single-axis fore-and-aft
vibration level, i.e., a,=0.25 ms? r.m.s., the first resonance frequency of fore-and-aft
transmissibility to L3 was significantly lower than that of fore-and-aft transmissibility to

pelvis (Figure 5.5, Wilcoxon, p<0.05). The first resonance frequency of fore-and-aft
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transmissibility to T12 was significantly lower than that of T5 and T1 (Wilcoxon, p<0.05).
With highest dual-axis vibration level, i.e., a,=1.0 ms? r.m.s., a,=1.0 ms?r.m.s., the first
resonance frequency of fore-and-aft transmissibility to L3 was also significantly lower
than that of pelvis and T1 (Wilcoxon, p<0.05).

5.3.2.2 Vertical cross-axis transmissibility

The cross-axis transmissibility from fore-and-aft seat motion to vertical motion at each
measurement location shows a first resonance in the range 2.25 to 5.25 Hz, with marked
inter-subject variability (Figure 5.5(b), Figure 5.5(d)). The cross-axis vertical
transmissibility to T1 had a resonance in the range 3.25 to 5.25 Hz for all except subject
1. The vertical transmissibility to T5 had a primary resonance in the range 2.25 to 5.5 Hz,
for all except subjects 1, 2, and 8. The vertical transmissibility to T12 showed a primary
resonance in the range 2.25 to 5 Hz for all except subject 2. The resonance in the
vertical cross-axis transmissibility to L3 varied from 1.0 to 2.25 Hz, much lower than the
vertical cross-axis transmissibility to other measurement locations but similar to the
resonance in the fore-and-aft transmissibility to L3. The resonance frequencies in the
vertical cross-axis transmissibility to the pelvis ranged from 3.25 to 5.25 Hz in nine of the
12 subjects, but with no evidence of a resonance in subjects 1, 7, or 9 over the

frequency range 0.5 to 10 Hz.

The first resonance of the vertical cross-axis transmissibility were also found to be
significantly varied among measurement locations (Friedman, p<0.05). The first
resonance frequency of vertical cross-axis transmissibility to L3 was found to be
significantly lower than those to all the other measurement locations with single-axis
fore-and-aft vibration at a,=1.0 ms? r.m.s (Wilcoxon, p<0.05). The first resonance
frequency of vertical cross-axis transmissibility to T12 was significantly lower than that to
pelvis (p<0.05). With the addition of vertical vibration also in the magnitude of 1.0 ms®
r.m.s, the similar relationship between the first resonance frequency of vertical cross-

axis transmissibility to L3 and other measurement locations was observed.
5.3.2.3 Pitch transmissibility to the pelvis

The transmissibility from fore-and-aft seat motion to pitch motion of the pelvis exhibited
large inter-subject variability with both single-axis fore-and-aft excitation and dual-axis
excitation (Figure 5.6). The primary resonance frequency in the pitch transmissibility

ranged from 1 to 8.75 Hz with single-axis excitation and from 2.25 to 9.75 Hz with dual-
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axis excitation. Similar to the fore-and-aft transmissibility to each measurement location,

multiple peaks were observed with all subjects over the frequency range 0.5 to 10 Hz.
12 T T T T T T T

Transmissibility ((ras™)/(ms™))

Frequency (Hz) Frequency (Hz)

Figure 5.6 Individual transmissibility from fore-and-aft seat motion to pitch of the pelvis of
12 subjects: (a) pitch transmissibility with single-axis vibration (a,=1.0 ms? r.m.s.); (b)
pitch transmissibility with dual-axis vibration (a,=1.0 ms? r.m.s., a, =1.0 ms?r.m.s.). (The
individual transmissibility at other vibration magnitudes is shown in Appendix C.)

5.3.2.4 Nonlinearity in the fore-and-aft transmissibility

The first resonance frequency of the fore-and-aft transmissibility to any of the
measurement locations was not changed significantly with increasing magnitude of
single-axis fore-and-aft excitation (Friedman, p>0.05 for all locations) or the addition of
vertical excitation from 0.25 to 1.0 ms? r.m.s. (Friedman, p>0.05 for all locations).
Nonlinearity was therefore examined by studying changes in the transmissibility at the

resonance frequency.

The influence of the magnitude of fore-and-aft excitation and the addition of vertical
excitation on the fore-and-aft transmissibility at the first resonance around 1 Hz, the
second peak around 2.75 Hz, and the third peak around 5.25 Hz was examined for each

measurement location (Figures 5.7 and 5.8).
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Figure 5.7 Effect of the magnitude of fore-and-aft excitation on the fore-and-aft
transmissibility to each measurement location: ——, a,=0.25 ms? r.m.s.; —, a,=0.5
ms?r.ms.; - - -, a,=1.0 ms? r.m.s. (medians of 12 subjects).

The fore-and-aft transmissibility to the pelvis at the first resonance frequency reduced
with increasing magnitude of the additional vertical excitation from 0.25 to 1.0 ms™ r.m.s.
(Friedman, p=0.017; Figure 5.8). However, a significant reduction in the fore-and-aft
transmissibility to the pelvis at 2.75 Hz and 5 Hz was only found with increasing
magnitude of single-axis fore-and-aft vibration (Friedman, p=0.005 at 2.75 Hz; p=0.015
at 5.25 Hz; Figure 5.7). The fore-and-aft transmissibility to L3 and T12 at the first
resonance frequency was reduced with increasing magnitude of fore-and-aft vibration
excitation (Friedman, p=0.006 for L3; p=0.039 for T12). The reductions at 2.75 Hz and
5.25 Hz were observed with both increasing magnitude of single-axis fore-and-aft
excitation (Friedman, p<0.001) and increasing magnitude of the additional vertical
excitation from 0.25 to 1.0 ms? r.m.s. (Friedman, p<0.001). A significant decrease in the
fore-and-aft transmissibility to T5 was only observed at 5.25 Hz, but with both increasing
magnitude of single-axis fore-and-aft vibration (p<0.001) and increasing magnitude of
the additional vertical excitation from 0.25 to 1.0 ms® r.m.s. (Friedman, p=0.01). With
increasing magnitude of single-axis fore-and-aft excitation there was a significant
decrease in the fore-and-aft transmissibility to T1 at the first resonance frequency
(Friedman, p=0.009) and at 5.25 Hz (Friedman, p<0.001).
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Figure 5.8 Effect of the magnitude of the additional vertical excitation on the fore-and-aft
transmissibility to each measurement location: ——, a,=0.25 ms?r.ms., a,=1.0 ms?
rm.s.; —, a,=0.5 ms?r.ms., a,=1.0 ms?rms.; - - -, a,=1.0 ms? r.m.s., a,=1.0 ms™
r.m.s. (medians of 12 subjects).

5.3.2.5 Nonlinearity in the cross-axis transmissibility

With increasing magnitude of single-axis fore-and-aft excitation, there was a reduction in
pitch transmissibility to the pelvis at 5.25 Hz (Friedman, p=0.017; Figure 5.9).

The nonlinearity in the vertical cross-axis transmissibility to each measurement location
(Figures 5.10 and 5.11) at 1 Hz, 2.75 Hz and 5.25 Hz was also examined with changing
magnitude of vibration excitation. The vertical cross-axis transmissibility to the pelvis at
2.75 Hz was reduced with increasing magnitude of vertical vibration from 0.25 to 1.0 ms’
2 r.m.s. when the fore-and-aft excitation magnitude was at 1.0 ms? r.m.s. (Friedman,
p=0.036). A significant reduction in transmissibility at 5.25 Hz was observed with
increasing magnitude of single-axis fore-and-aft excitation (Friedman, p=0.013), and with
increasing magnitude of additional vertical excitation from 0.25 to 1.0 ms? r.m.s.
(Friedman, p=0.028). The vertical cross-axis transmissibility to L3 around 1 Hz
decreased with increasing magnitude of the additional vertical excitation from 0.25 to 1.0
ms? r.m.s. (Friedman, p<0.001). The transmissibility at 2.75 Hz and at 5.25 Hz was also

reduced with increasing magnitude of single-axis fore-and-aft excitation (Friedman,
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p<0.001 at 2.75 Hz; p=0.005 at 5.25 Hz). The vertical cross-axis transmissibility to T12
and T5 around 1 Hz decreased with increasing magnitude of the additional vertical
excitation from 0.25 to 1.0 ms™ r.m.s. when the magnitude of the fore-and-aft excitation
was constant at 1.0 ms? r.m.s. The transmissibility at 5.25 Hz also decreased with
increasing magnitude of single-axis fore-and-aft excitation (Friedman, p=0.04). The
vertical cross-axis transmissibility to T1 only decreased at 5.25 Hz, and only with

increasing magnitude of single-axis fore-and-aft vibration (Friedman, p=0.028).

0 2 4 6 8 0 2 4 6 8 10
Frequency (Hz) Frequency (Hz)

Figure 5.9 Median pitch transmissibility of the pelvis of 12 subjects exposed to: (ag

single-axis vibration, ——, a,=0.25 ms?r.m.s; ,a,=05ms?rms.;---, a=1.0ms"

r.m.s.; (b) dual-axis vibration, ——, a,=0.25 ms?r.ms., a,=1.0 ms?r.m.s.; —, a,=0.5

ms?r.ms., a=1.0 ms?rms.; - - -, 3,=1.0 ms?rm.s., a,=1.0 ms? r.m.s. (medians of 12

subjects).
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Figure 5.10 Effect of the magnitude of the fore-and-aft excitation on the vertical cross-

axis transmissibility to each measurement location: ——, a,=0.25 ms? r.m.s.;, —,
a=0.5ms?rms.; - - -, a=1.0 ms?r.m.s. (medians of 12 subjects).
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Figure 5.11 Effect of the magnitude of additional vertical excitation on the vertical cross-

axis transmissibility of each measurement location: ——, a,=0.25 ms?r.m.s, a,=1.0 ms?

r.m.s.; —, a,=0.5 ms?r.ms., a,=1.0 ms?rms.; - - -, a,=1.0 ms? rms., a,=1.0 ms?

r.m.s. (medians of 12 subjects).
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5.3.2.6 Relative displacement between measurement locations

To investigate how the pelvis and each part of the spine moved relative to each other,
the relative vertical and fore-and-aft displacements were calculated: the difference in the
acceleration measured during single-axis fore-and-aft vibration at 1.0 ms®r.m.s. (subject
11) was high-pass filtered (Bessel filter at 0.5 Hz) and then double-integrated to obtain
the time history of the relative displacement between adjacent locations. The power
spectral density of the relative displacement from 0.25 to 5 Hz is shown in Figure 5.12.
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Figure 5.12 Example power spectral densities of (a) vertical relative displacement; (b)
fore-and-aft relative displacement between: —.—, pelvis and seat; —O—, L3 and pelvis;
—A—, T12 and L3; —*—, T5 and T12; ——, T1 and T5 (Subject 11 with single-axis
fore-and-aft vibration at a,=1.0 ms?r.m.s.).

The largest fore-and-aft relative displacement was found between L3 and the pelvis at
the level of the iliac crest, followed by the relative displacement between the pelvis and
the seat, between T12 and L3. The first few thoracic vertebrae between T1 and T5

showed the smallest relative fore-and-aft displacements.

The vertical relative displacements were much smaller than their fore-and-aft

counterparts for each pair of adjacent locations. The largest vertical relative
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displacement was also found between L3 and pelvis while the smallest vertical relative

displacement was observed between T1 and T5.
5.4 Discussion
5.4.1 Apparent mass

The apparent mass measured in the present study exhibits similar characteristics to that
published previously. The fore-and-aft apparent mass with single-axis fore-and-aft
excitation showed the first peak in the vicinity of 1 Hz and a second mode between 2
and 4 Hz, consistent with previous findings (Mansfield and Lundstrom, 1999; Nawayseh
and Griffin, 2005; Qiu and Griffin, 2010). The first peak in the vertical cross-axis
apparent mass in the present study occurred in the frequency range 0.5 to 1.25 Hz and
there was second wide peak between 2 and 6 Hz with most subjects, similar to results
reported in Mansfield and Lundstrom (1999) and Nawayseh and Griffin (2005). With
dual-axis excitation, the fore-and-aft apparent mass and the vertical cross-axis apparent
mass exhibited similar resonant behaviour to that found with single-axis excitation
(Figure 5.4), as suggested previously (Hinz et al., 2006a; Mansfield and Maeda, 2006;
Qiu and Griffin, 2010).

Some previous studies have reported a decrease in the resonance frequency of the
second mode in the fore-and-aft apparent mass between 2 to 3 Hz with increasing
magnitude of excitation, but did not study the first mode around 1 Hz (Mansfield and
Maeda, 2006; Qiu and Griffin, 2010). In the present study, the first resonance frequency
in the fore-and-aft apparent mass was not found to depend on the magnitude of fore-
and-aft excitation (as observed in Fairley and Griffin, 1990; Nawayseh and Griffin, 2005)
or the magnitude of the additional vertical excitation. This does not necessarily mean the
first resonance is unaffected by vibration magnitude: the 0.25-Hz frequency resolution of
the analysis limited the ability to detect small changes in the resonance frequency. With
no measurable change in the resonance frequency, the variation in the apparent mass
modulus was used to quantify any nonlinearity evident with changing vibration

magnitude.

The moduli at the first resonances in the fore-and-aft inline apparent mass and the
vertical cross-axis apparent mass reduced with increasing magnitude of fore-and-aft
excitation, as found previously (Fairley and Griffin, 1990; Nawayseh and Griffin, 2005;

Qiu and Griffin, 2010). Similarly, with dual-axis excitation, the fore-and-aft inline apparent
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mass and the vertical cross-axis apparent mass decreased when the magnitude of
vertical excitation increased from 0.25 to 1.0 ms? r.m.s. while the fore-and-aft excitation
was held constant at 1.0 ms? r.m.s. This implies coupling between the response to
vertical and fore-and-aft excitation. To produce an equivalent reduction in the fore-and-
aft apparent mass at resonance, a greater increase was required in the magnitude of the
vertical excitation (0.5 ms?r.m.s., Section 5.3.1.2) than the magnitude of the fore-and-aft

excitation (0.25 ms? r.m.s., Section 5.3.1.2).
5.4.2 Transmissibility

The fore-and-aft transmissibility to each measurement location exhibited a principal
resonance frequency similar to the principal resonance in the fore-and-aft apparent
mass (i.e., around 1 Hz), with a second mode around 2 to 4 Hz. The findings imply that
the upper body moved like an inverted pendulum with a low resonance frequency.
However, at frequencies greater than the first resonance, the upper body did not move

like an inverted pendulum.

The effect of the magnitude of vibration on the first resonance in the fore-and-aft
transmissibility of the body has not previously been reported. In the present study,
similar to the apparent mass, the frequencies of the first resonances evident in the fore-
and-aft transmissibilities to the pelvis and the spine were not significantly changed by
changes in the magnitude of the fore-and-aft excitation. The absence of significant
changes in the first resonance frequencies in the transmissibilities and the apparent
masses implies that any changes are small relative to the frequency resolution employed
in this study, but it does not exclude the possibility of real changes that may become

apparent with further study using a finer frequency resolution.

The fore-and-aft transmissibility to the lumbar spine and the pelvis at the first resonance
decreased when the magnitude of additional vertical vibration increased from 0.25 to 1.0
ms r.m.s. while the magnitude of fore-and-aft excitation was held constant at 1.0 ms?
r.m.s. (Section 5.3.2.4). The reduction might be attributed to increased damping of the
pelvis tissue, but it could also be due to a change in stiffness with a variation in the
resonance frequency expected with a change in stiffness not measurable with the 0.25-
Hz frequency resolution. The addition of vertical excitation may also have moderated the
transmission of fore-and-aft seat vibration to fore-and-aft motion of the upper body and
the pelvis by encouraging a more erect posture of the upper body and the pelvis. It

seems that different body segments are not equally sensitive to changes in the
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magnitude of fore-and-aft excitation or the addition of vertical vibration: with increasing
magnitude of fore-and-aft vibration, and increasing magnitude of additional vertical
vibration, the fore-and-aft transmissibility to the pelvis, L3, T12 and T1was reduced at

the first resonance but there was no reduction in transmissibility to T5 (Section 5.3.2.4).
5.4.3 Relation between the apparent mass and the transmissibility

Motions of the lumbar spine and the pelvis seem to contribute to the first resonance in
the fore-and-aft apparent mass. The relative displacements in the fore-and-aft and
vertical directions between adjacent measurement locations were greatest between L3
and the pelvis (Figure 5.12). The first resonance frequency in the fore-and-aft
transmissibility to L3 was correlated with the first resonance in the fore-and-aft apparent
mass (Table 5.2). The second greatest fore-and-aft and vertical relative displacement
occurred between the pelvis and the seat, consistent with the first resonance in the fore-
and-aft transmissibility to the pelvis being associated with the first resonance in the fore-

and-aft apparent mass (Table 5.2).

Movements within the thoracic spine (i.e., T12, T5, and T1) do not seem to make a
major contribution to the resonance seen in the driving point fore-and-aft apparent mass.
The relative displacements between these locations along the thoracic spine were less
than relative motions in the pelvis and lumbar spine (Figure 5.12). Furthermore, there
was no significant correlation between the first resonance frequency in the fore-and-aft
transmissibility to either T5 or T1 and the first resonance in the fore-and-aft apparent
mass at the seat with any vibration excitation. There was a relation between the first
resonance frequency in the fore-and-aft transmissibility to T12 and the first resonance in

the fore-and-aft apparent mass, but only during dual-axis excitation (Table 5.2).

There was a high correlation between the first resonance frequency in the fore-and-aft
transmissibility to the pelvis and the first resonance frequency in the fore-and-aft
apparent mass. However, the pitch motion of the pelvis did not appear to contribute
much to the first resonance in the fore-and-aft apparent mass: the first resonance
frequency in the pitch transmissibility to the pelvis was not highly correlated with the
resonance frequency in the fore-and-aft apparent mass (Table 5.2). This suggests that
motion of the pelvis contributed to the resonance in the fore-and-aft apparent mass as a
result of shear deformation of the tissues beneath the pelvis rather than pitch motion of

the pelvis.
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Table 5.2 Correlation (Spearman test) between the first resonance frequency in the fore-
and-aft apparent mass and the resonance frequency in the fore-and-aft transmissibility
to the spine and the pelvis for all six vibration exposures.

dy ay
(ms? (ms? Pelvis
r.m.s.) r.m.s.) Pelvis | L3 | T12 | T5 T1 | pitch
Correlation | a5 | 804 | 0.356 | 0.324 | 0.059 | 0.384
0.25 0 coefficient
pvalue 0.265 | 0.002 | 0.256 | 0.304 | 0.856 | 0.121
Correlation | a59 | 0633 | 0.562 | 0.005 | 0.021 | 0.408
05 0 coefficient
pvalue 0251 | 0.027 | 0.057 | 0.988 | 0.949 | 0.142
Correlation |, a95 | 0.689 | 0.267 | 0.203 | 0.213 | 0.505
1.0 0 coefficient
pvalue | <0.001 | 0.013 | 0.401 | 0.527 | 0.507 | 0.094
Correlation | , he5 | 0.185| 0.06 | 0.083 | 0.282 | 0.416
1.0 0.25 coefficient
pvalue 0.842 | 0.566 | 0.852 | 0.798 | 0.375 | 0.156
Correlation | 555 | 0 646 | 0.755 | 0.455 | 0.182 | 0.107
1.0 05 coefficient
pvalue 0.08 |0.023|0.005] 0137 | 0.872 | 0.896
Correlation | , 154 | 0.684 | 0.708 | 0.311 | 0.207 | 0.302
1.0 1.0 coefficient
pvalue 0173 [0.014| 0.01 | 0.326 | 0.518 | 0.621

It seems logical to conclude that the combined movements of the lower thoracic spine,
the lumbar spine, and the pelvis were the main contributors to the first resonance
frequency in the fore-and-aft apparent mass. The motions of the middle and upper
thoracic spine contributed little. This contrasts with the conclusion that movements of the
upper thoracic spine (e.g., regions between T1 and T5) are associated with the first
resonance in the vertical apparent mass of the body during vertical excitation (e.g.,
Kitazaki and Griffin, 1998).

5.5 Conclusion

The apparent mass and the transmissibility obtained with fore-and-aft excitation
exhibited the primary resonance frequency around 0.7-1 Hz and the second mode
between 2 to 3 Hz.
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The primary resonance frequency of the fore-and-aft inline and vertical cross-axis
apparent mass and transmissibility was independent of the fore-and-aft vibration
magnitudes and the addition of vertical vibration. Resonances in the fore-and-aft inline
apparent mass, the vertical cross-axis apparent mass, and the transmissibility to the
spine decreased with increasing magnitude of fore-and-aft vibration and with the addition
of vertical excitation. The nonlinear behaviour of the apparent mass and transmissibility
during dual-axis excitation indicates coupling between the principal mode excited by

fore-and-aft vibration and the cross-axis influence of vertical excitation.

It was suggested that the bending of the lower thoracic spine, the lumbar spine and
possibly the shear deformation of the pelvis tissue, was a dominant mode at the primary
resonance frequency excited by fore-and-aft vibration. The relative contributions to this
mode from each body segment, especially the pelvis and the lower thoracic spine,

depends on the vibration magnitude.
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CHAPTER 6: TRANSMISSIBILITY AND APPARENT MASS OF SEATED
HUMAN BODY WITH VERTICAL AND FORE-AFT VIBRATION: EFFECT OF
SITTING POSTURE

6.1 Introduction

The biodynamic response of the seated human body exposed to vertical vibration
excitation is dependent on many factors including posture (e.g., Fairley and Griffin, 1989;
Kitazaki and Griffin, 1998; Matsumoto and Griffin, 2000; Mansfield and Griffin, 2002),
backrest contact (e.g., Fairley and Griffin, 1989; Mansfield and Griffin, 2002; Nawayseh
and Griffin, 2004; Wang et al., 2004; Qiu and Griffin, 2010; Toward and Griffin, 2009),
support for the thighs and the feet (e.g., Fairley and Griffin, 1989; Nawayseh and Giriffin,
2004; Toward and Giriffin, 2010), and holding a steering wheel (e.g., Wang et al., 2004;
Toward and Giriffin, 2010). Knowledge of the effect of sitting posture on the biodynamic
response with various excitations provides vital information for developing human body
model. A human body model taking into account of factors like sitting postures would
assist the evaluation of ride comfort of seat-occupant system and the development of

vehicle seats.

Changes in sitting posture alter the geometry of the back, and this has been suggested
as an explanation for the resonance frequency in the vertical apparent mass being at a
greater frequency in both “erect” and “tense” postures than in a “normal” sitting posture
(Fairley and Griffin, 1989; Lundstréom and Holmlund, 1998; Mansfield et al., 2005; Huang
and Griffin, 2006). For example, the mean resonance frequency in the vertical apparent
mass increased from 4.4 Hz in a slouched posture to 5.2 Hz in an “erect” posture

(Kitazaki and Griffin, 1998), with the change attributed to stiffening in the erect posture.

"« ” o«

For subjects sitting in nine conditions (i.e., “upright”, “anterior lean”, “posterior lean”,

“kyphotic”, “back-on”, “pelvis support”, “inverted SIT-BAR”, “bead cushion”, “belt”, and
“pelvis support”) the normalized vertical apparent mass at the resonance frequency was
lowest in the “kyphotic” posture (Mansfield and Griffin, 2002). Compared to the “upright”
posture, the resonance frequency increased in the “anterior lean” posture and decreased
in the “bead cushion” condition. Pitch transmissibility to the pelvis reduced in the “belt”
and the “pelvis support” conditions relative to the “normal” posture. During vertical

excitation, the fore-aft force on a seat is also influenced by sitting posture: with reduced
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thigh contact, the fore-and-aft forces (as reflected in the fore-and-aft cross-axis apparent

mass) tend to reduce (Nawayseh and Griffin 2004).

The vertical transmissibility to various locations on the spine exhibits a primary
resonance at about 5 Hz (e.g., Kitazaki and Griffin, 1998; Matsumoto and Griffin, 1998a).
At the principal resonance of the vertical apparent mass, the natural frequency of the
mode shapes of the pelvis and spine increase from 4.9 Hz in a normal upright posture to
5.2 Hz in an erect posture (Kitazaki and Griffin, 1998). Sitting posture also affects the
transmission of vertical vibration from the seat to the head: posterior tilting of the pelvis
increases vertical head motion in the frequency range 6 to 35 Hz while anterior tilting of
the pelvis reduces the transmissibility in the same frequency range (e.g., Messenger and
Griffin, 1989).

The fore-and-aft apparent mass of the seated human body exhibits a first resonance
around 1 Hz and a second resonance in the range 2 to 3 Hz (e.g., Fairley and Griffin,
1990; Nawayseh and Griffin, 2004; Chapter 5). During fore-and-aft excitation, there is
little effect of thigh contact on the fore-and-aft apparent mass measured at the seat at
frequencies less than 3 Hz or greater than 10 Hz, but the peak fore-and-aft apparent
mass measured at a backrest increases when there is increased contact between the
thighs and the seat (Nawayseh and Griffin, 2004). With the feet hanging and minimum

thigh contact, there are maximum forces in the fore-and-aft direction.

The resonance frequency in the vertical apparent mass (e.g., Nawayseh and Griffin,
2003) and vertical transmissibility to the spine (e.g., Chapter 4) decreased with
increasing vibration magnitude. Increasing the magnitude of fore-aft excitation reduces
the modulus of the first peak in the fore-and-aft apparent mass (e.g., Fairley and Giriffin,
1990) and the fore-aft transmissibility to the spine and the pelvis (e.g., Chapter 5) but

has no evident effect on the resonance frequency (e.g., Chapter 5).

The vertical and fore-and-aft apparent masses of the human body exhibit lower
resonance frequencies with multi-axis excitation than with single-axis excitation (Hinz et
al., 2006a; Mansfield and Maeda, 2006; Qiu and Griffin, 2010; Chapters 4 and 5), but the
effect of sitting posture on apparent mass and transmissibility has not been studied with

dual-axis vibration.

The research reported in this chapter was conducted to improve understanding of how

sitting posture influences the principal resonances in the apparent mass and the
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transmissibility of the body. It was hypothesised that the human body is stiffened in an
erect posture compared to normal upright posture during vertical excitation, fore-aft
excitation, and dual-axis excitation. It was also hypothesised that when a change of
posture stiffens the body there will be less nonlinearity associated with changes in the

magnitude of vibration in any direction.
6.2 Experiment design
6.2.1 Apparatus

A rigid seat was secured to a 6-axis motion simulator capable of 1-m vertical
displacement, 0.5-m fore-and-aft and lateral displacement, +10 degrees of roll and pitch,
and +10 degrees of yaw. A force plate (Kistler 9281 B) consisting of four tri-axial quartz
transducers at the four corners of a rectangular aluminium plate was secured to the
supporting surface of a rigid seat to allow the measurement of forces in the vertical and
fore-and-aft directions. Signals from the four force transducers orientated to be sensitive
to vertical force were summed and amplified by a charge amplifier (Kistler 5001).
Signals from the four force transducers orientated to be sensitive to fore-and-aft force
were summed and amplified by a similar charge amplifier. A tri-axial HVLab SIT-pad
was used to measure acceleration in the fore-and-aft and vertical directions at the centre
of the force platform. The signals were recorded using an HVLab data acquisition
system (issue 1.0, 2009).

6.2.2 Subjects and stimuli

Twelve male subjects with median age 26.5 years (range 23 to 36 years), weight 68.5
kg (range 60.4 to 80 kg), and stature 1.74 m (range 1.65 to 1.82 m) participated in the
study that was approved by the Human Experimentation Safety and Ethics Committee of

the Institute of Sound and Vibration Research.

Subjects adopted three postures: normal upright, erect, and slouched. In the normal
upright posture, subjects sat with their upper body in a comfortable upright position and
looked straight ahead. In the erect posture, the pelvis and lumbar spine were rotated
forward and the thoracic spine was rotated rearward to straighten the spine. In the
slouched posture, the pelvis and lumbar spine were rotated rearward and the thoracic
spine was rotated forward so subjects looked down with drooped shoulders. Subjects’
hands rested on their laps and their feet rested on the vibrator table that moved with the

seat. In each posture, the sitting weight was measured with electronic scales.
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Subjects were exposed to 60-s random vibration with approximately flat constant-
bandwidth acceleration spectra (0.2 to 20 Hz) in seven combinations of three
magnitudes of fore-and-aft vibration and three magnitudes of vertical vibration (Table

6.1). The motions in the fore-and-aft and vertical directions were uncorrelated.

Table 6.1 Vertical (z-axis) and fore-and-aft (x-axis) excitations experienced by subjects.

X-axis excitation
(ms?r.m.s.)
0 0.25 1.0

0 - ax ax

Z-axis 0.25 a, - a,+ a,
excitation
(ms?r.m.s.)
10 az ax+ aZ aX+ aZ

6.2.3 Motion measurement on the body

Acceleration was measured in the fore-and-aft and vertical directions on the body
surface over the first, fifth, and twelfth thoracic vertebrae, the third lumbar vertebra, and
the pelvis (at the iliac crest). Pitch motion of the pelvis was estimated from the difference
between two vertical accelerations at 25-mm separation on a single block located at the
iliac crest. Two miniature accelerometers (Entran EGA(X)) were attached orthogonally to
T-shaped balsa wood blocks weighing about 1 g, similar to each accelerometer. The
block was attached to the body surface with double-side adhesive tape with a contact
area similar to that of a vertebral body (Figure 6.1). The inclinations of the spine and the
pelvis in each sitting posture were measured. The measured angle was used for the

data correction based on Equation (4.7).
6.2.4. Data analysis

Forces and accelerations were acquired at 512 samples/second via 50-Hz anti-aliasing
filters. Mass cancellation in the time domain removed the influence of the mass above
the force transducers from the measured forces (Chapters 4 and 5). Signal processing
was conducted with a frequency resolution of 0.25 Hz. Details of signal processing have

been addressed in Chapters 4 and 5.
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Figure 6.1 Experiment set-up and the sitting postures: (a) normal upright posture; (b)
erect posture; (c) slouched posture; (d) accelerometers-blocks on the back; (e)
accelerometers-block on the pelvis.

6.3 Results
6.3.1 Response to vertical excitation
6.3.1.1 Vertical apparent mass and fore-and-aft cross-axis apparent mass

In all three postures (normal upright, erect, and slouched), the median vertical apparent
mass and the median fore-and-aft cross-axis apparent mass showed a primary
resonance in the range 4 to 6 Hz (see Appendix D). The nonlinearity in the vertical
apparent mass (reduction in resonance frequency when increasing the magnitude of
vibration in either direction), did not differ among postures (Friedman, p>0.05 for the
nonlinearity when increasing the magnitude of either the vertical excitation or the
additional fore-aft excitation), but the nonlinearity in the fore-and-aft cross-axis apparent
mass differed between postures (Friedman, p=0.03 when increasing the magnitude of
vertical excitation), with a greater reduction in the resonance frequency when sitting in
the slouched posture than in the normal upright posture (Wilcoxon, p=0.024), but no

difference between the normal upright and the erect posture (Wilcoxon, p=0.180).
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6.3.1.2 Effect of sitting posture on apparent mass

Sitting posture influenced the resonance frequency of the vertical apparent mass with
single-axis vertical excitation at 1.0 ms? r.m.s. (Figure 6.2; Friedman, p=0.046) and with
combined 1.0 ms™? r.m.s. vertical excitation and 0.25 ms? r.m.s. fore-and-aft excitation
(Figure 6.2; Friedman, p=0.013). Changing from normal upright to erect, the vertical
apparent mass resonance frequency increased from 4.75 to 5.0 Hz with single-axis
vertical excitation at 1.0 ms™ r.m.s. (Figure 6.2; Wilcoxon, p=0.04) and from 4.25 to 4.75
Hz with dual-axis vibration (1.0 ms™ r.m.s. vertical excitation with 0.25 ms® r.m.s. fore-

and-aft excitation; Wilcoxon, p=0.007).
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Figure 6.2 Effect of sitting posture on the modulus and the phase of the median vertical
apparent mass (left column) and the fore-and-aft cross-axis apparent mass (right
column): (a), (b), (e), (f), apparent mass and the phase at a, =1.0 ms?r.m.s.; (c), (d), (9),
(h), apparent mass and the phase at a, =1.0, a, =0.25 ms? r.m.s. ——, normal upright
posture; ——, erect posture; - - -, slouched posture.

The resonance frequency in the fore-and-aft cross-axis apparent mass differed between
the three postures (Friedman, p<0.05). The resonance frequency was lower in the
normal upright posture than in the erect posture (with single-axis vertical excitation at 1.0

ms? r.m.s.; Figure 6.2; Wilcoxon, p=0.007; with dual-axis excitation at a,=1.0 ms® r.m.s.,
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a,=0.25 ms? r.m.s., Wilcoxon, p=0.01). The resonance frequency was higher in the
normal posture than in the slouched posture (Figure 6.2, Wilcoxon, p<0.05 with single-
axis vertical excitation at 1.0 ms? r.m.s. and with dual-axis excitation at a,=1.0 ms?

r.m.s., a,=0.25 ms?r.m.s.).
6.3.1.3 Vertical transmissibility and fore-and-aft cross-axis transmissibility

In all three postures, the median vertical transmissibility to the spine, and the median
fore-and-aft cross-axis transmissibility to the spine show a primary resonance around 5
Hz that reduced in frequency as the vibration magnitude increased (see Appendix D).
With increased excitation, the reduction in the resonance frequency in the vertical
transmissibility to T1 differed among sitting postures (Friedman, p=0.041), with a greater
reduction in the erect posture than in the normal upright posture (Wilcoxon, p=0.02) but
no difference between the normal upright posture and the slouched posture. The
reduction in the resonance frequency in the vertical transmissibility to other

measurement locations did not differ between postures (Friedman, p>0.05).
6.3.1.4 Effect of sitting posture on the translational transmissibility to the spine

Sitting posture influenced the resonance frequency in the vertical transmissibility to T1
(Figure 6.3; Friedman, p=0.048 with 0.25 ms?r.m.s. vertical excitation; p=0.04 with 1.0
ms?r.m.s. vertical excitation; p=0.01 with combined 1.0 ms?r.m.s. vertical and 1.0 ms™
r.m.s. fore-and-aft excitation), to T5 with all vibration excitations (Friedman, p<0.05), and
to T12 (Friedman, p=0.013 with 1.0 ms™r.m.s. vertical excitation). Sitting posture had no
statistically significant effect on the resonance frequency in the vertical transmissibility to

L3 and or the pelvis at any vibration magnitude (Friedman, p>0.05).

Changing from the normal upright posture to the erect posture, resonance frequency in
the vertical transmissibility to T1 was increased (Figure 6.3; Wilcoxon, p=0.028 with
vertical excitation at 0.25 ms?r.m.s., p=0.024 with vertical excitation at 1.0 ms?r.m.s.,
p=0.007 with combined 1.0 ms?r.m.s. vertical excitation and 1.0 ms?r.m.s. fore-and-aft
excitation), to T5 (Wilcoxon, p<0.05), to T12 at 1.0 ms™ r.m.s.(Wilcoxon, p=0.018).
Changing from the normal upright posture to the slouched posture did not change the

resonance frequency of the vertical transmissibility (Figure 6.3; Wilcoxon, p>0.05).

Sitting posture did not change the resonance frequency in the fore-and-aft cross-axis

transmissibility to any measurement location (Figure 6.3; Friedman, p>0.05).
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Figure 6.3 Transmissibility from vertical motion to each measurement location of 12
subjects: effect of sitting posture. —.—, normal upright posture; ——, erect posture; - - -,
slouched posture. (a) vertical transmissibility at a,=0.25 ms? r.m.s.; (b) fore-and-aft
cross-axis transmissibility at a,=0.25 ms? r.m.s.; (c) vertical transmissibility at a, =1.0,
ay =0.25 ms? r.m.s.; (d) fore-and-aft cross-axis transmissibility at a, =1.0, a, =0.25 ms™
r.m.s.

6.3.1.5 Pitch transmissibility to the pelvis

In all three postures, the transmissibility from the vertical seat acceleration to pitch
acceleration of the pelvis had a primary resonance around 8 to12 Hz that reduced with
increasing magnitude of vertical excitation and with the addition of fore-and-aft excitation

(see Appendix D; Friedman, p<0.05).
6.3.1.6 Effect of sitting posture on pitch transmissibility to the pelvis

Sitting posture changed the resonance frequency in the pitch transmissibility with 1.0
ms? rm.s. vertical excitation (Figure 6.4; Friedman, p=0.048) but not with other
excitations. In the normal upright posture, the primary resonance frequency was lower
than in the erect posture (Figure 6.4; Wilcoxon, p=0.035) but higher than in the slouched
posture (Wilcoxon, p=0.033).
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Figure 6.4 Transmissibility from vertical seat motion to pelvis pitch motion of 12 subjects:
effect of sitting postures. ——, normal upright posture; ——, erect posture; - - -

slouched posture. (a) single-axis vertical vibration at a,=1.0 ms?r.m.s.; (b) dual-axis
vibration at a, =1.0, a, =1.0 ms? r.m.s.

6.3.2 Response to fore-and-aft excitation
6.3.2.1 Fore-and-aft apparent mass and vertical cross-axis apparent mass

In all three postures, the median fore-and-aft apparent mass and the vertical cross-axis
apparent mass showed a first peak around 1 Hz, second peak around 3 Hz, and a third

peak in the range 5 to 7 Hz (see Appendix D).
6.3.2.2 Effect of sitting posture on apparent mass

Sitting posture influenced the frequency of the first resonance in the fore-and-aft
apparent mass (Figure 6.5; Friedman, p=0.006) and the first resonance in the vertical
cross-axis apparent mass (Figure 6.5, Friedman, p<0.05). Changing from the normal
upright posture to the slouched posture increased the first resonance frequency in the
fore-and-aft apparent mass (during dual-axis fore-and-aft and vertical excitation at 1.0
ms? r.m.s., Figure 6.5; Wilcoxon, p=0.018) and increased the first resonance frequency
in the vertical cross-axis apparent mass (with single-axis fore-and-aft excitation at 0.25
ms™ r.m.s., Wilcoxon, p=0.024; and with dual-axis fore-and-aft and vertical excitation at

1.0 ms?r.m.s., p=0.034).
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Figure 6.5 The modulus and the phase of the median fore-and-aft apparent mass (left
column) and the vertical cross-axis apparent mass (right columng: effect of sitting
posture. (a), (b), (e), (f), apparent mass and the phase at a, =0.25 ms™ r.m.s.; (c), (d), (9),
(h), apparent mass and the phase at a, =1.0, a, =1.0 ms®? r.m.s. ——, normal upright
posture; ——, erect posture; - - -, slouched posture.

6.3.2.3 Fore-and-aft transmissibility and vertical cross-axis transmissibility

In all three sitting postures, the fore-and-aft transmissibility to the spine showed a first
peak around 1 Hz and second peak between 2 and 3 Hz. The vertical cross-axis

transmissibility to the spine had the primary peak around 4 Hz (see Appendix D).
6.3.2.4 Effect of sitting posture on the translational transmissibility to the spine

Sitting posture influenced the primary resonance frequency in the fore-and-aft
transmissibility to T12 (Figure 6.6; Friedman, p=0.03 with 0.25 ms™? r.m.s. fore-and-aft
excitation), to L3 (Figure 6.6; Friedman, p<0.05 with all excitations), and to the pelvis
(Figure 6.6; Friedman, p=0.048 with 1.0 ms™ r.m.s. fore-and-aft excitation), but not to T1
or T5 (Figure 6.6; Friedman, p>0.05).

Changing from the normal upright posture to the slouched posture increased the primary
resonance frequency in the fore-and-aft transmissibility to T12 (Wilcoxon, p=0.017).

Changing from the normal upright posture to the erect posture increased the primary
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resonance frequency in the fore-and-aft transmissibility to L3 (Wilcoxon, p<0.05) and to

the pelvis (Wilcoxon, p=0.027).

Sitting posture influenced the primary resonance frequency in the vertical cross-axis
transmissibility to T1 during fore-and-aft excitation at both 0.25 and 1.0 ms? r.m.s., and
with combined 1.0 ms? r.m.s. fore-and-aft excitation and 0.25 ms® r.m.s. vertical
excitation (Figure 6.6; Friedman, p<0.05). The primary resonance frequency to T1
reduced when changing from the normal upright posture to the slouched posture
(Wilcoxon, p<0.05).

Sitting posture did not significantly affect the primary resonance frequency in the vertical
cross-axis transmissibility to other measurement locations (Figure 6.6; Friedman,
p>0.05).
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Figure 6.6 Transmissibility from fore-and-aft seat motion to each measurement location
of 12 subjects: effect of sitting posture. —.—, normal upright posture; , erect posture;
- - -, slouched posture. (a) fore-and-aft transmissibility at a,=0.25ms™ r.m.s.; (b) vertical
cross-axis transmissibility at a,=0.25 ms® r.m.s.; (c) fore-and-aft transmissibility at a,
=1.0, a, =0.25 ms? r.m.s.; (d) vertical cross-axis transmissibility at a, =1.0, a, =0.25 ms™
r.m.s.

6.3.2.5 Pitch transmissibility to the pelvis

In all three postures, the transmissibility from fore-and-aft seat motion to the pitch motion

of the pelvis exhibited a primary resonance frequency in the range 3 to 6 Hz with single-
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axis fore-and-aft excitation and with dual-axis excitation (see Appendix D). Although
there is larger inter-subject variability and there are more than one peak in each

transmissibility, a primary peak is easy to identify for each subject.
6.3.2.6 Effect of sitting posture on pitch transmissibility to the pelvis

There were no statistically significant changes in the primary resonance frequency of the
pitch transmissibility to the pelvis, or the associated peak modulus, when changing

sitting posture (Figure 6.7; Friedman, p>0.05).
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Figure 6.7 Transmissibility from fore-and-aft seat motion to pelvis pitch motion of 12
subjects: effect of sitting postures. —.—, normal upright posture; ——, erect posture; - - -,

slouched posture. (a) single-axis fore-and-aft vibration at a,=0.25 ms?r.m.s.; (b) dual-
axis vibration at a, =1.0, a, =1.0 ms? r.m.s.

6.4 Discussion
6.4.1 Effect of the sitting posture on the apparent mass

Changing from the normal upright posture to the erect posture, the median sitting weight
increased from 50.7 kg to 54.7 kg. This change was accompanied by a reduction in the
contact area between the body and the seat surface, so that pressure at the ischial
tuberosities was increased. The increased pressure at the ischial tuberosities can be
expected to increase the axial stiffness of the local tissues. This is consistent with an
increase in the resonance frequency when altering from the normal upright posture to
the erect posture (Kitazaki and Griffin, 1998). The stiffer tissue might be partially
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responsible for the increase in the resonance frequency of the vertical apparent mass
with 1.0 ms?r.m.s. when changing from the normal upright posture to the erect posture,

which was observed in the present study and previously (Fairley and Griffin, 1989).

Changing from the normal upright posture to the slouched posture increased the first
resonance frequency of the fore-and-aft apparent mass. This might be associated with
increased shear stiffness of buttocks tissue when the thigh contact was increased in the

slouched posture.

6.4.2 Interaction between the effect of vibration magnitude and the effect of sitting

posture on apparent mass

The extent of the nonlinearity, defined as the absolute change in the primary resonance
frequency in the apparent mass due to the four-fold change of vibration magnitude from
0.25 to 1.0 ms? r.m.s., was posture-dependent. For example, when the magnitude of
vertical excitation was increased, the absolute change in the resonance frequency in the
fore-and-aft cross-axis apparent mass was greater in the slouched posture than in both
the normal upright posture and the erect posture. The increased nonlinearity in the
slouched posture is similar to the previous finding that the change in the resonance
frequency of the vertical apparent mass with variations in the magnitude of vertical
vibration was reduced when the stiffness of the pelvis tissue was increased (Nawayseh
and Griffin, 2004).

6.4.3 Effect of sitting posture on the transmissibility

The resonance frequencies of the vertical transmissibility to the thoracic spine and to the
pelvis, and the pitch transmissibility to the pelvis, were increased when changing from
the normal upright posture to the erect posture. However, the resonance frequency of
the vertical transmissibility to L3 was not changed significantly. This may have been
because the curvature of the thoracic spine and the inclination of the pelvis contributed
to the change of posture with the curvature of the lumbar spine varying somewhat less.
The stiffening effect observed in the vertical transmissibility might be associated with an
increase in the stiffness of pelvis tissue, which has previously been suggested as being
partially responsible for the increase in the resonance frequency of the vertical apparent
mass in an erect posture (Section 6.4.1). Changing from the normal upright posture to

the erect posture increased the first resonance frequency of the fore-and-aft
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transmissibility to L3 and the pelvis but not to the thoracic spine, implying that lumbar

spine is more sensitive to fore-and-aft excitation than the thoracic spine.

6.4.4 Effect of sitting posture on the association between the resonance of the

apparent mass and the transmissibility

With vertical excitation, the movement of the spine was seen to be associated with
changes in the resonance in the apparent mass in the different postures employed in the
present study. There was a correlation between the resonance frequency of the vertical
transmissibility to T5 and T1 with the resonance frequency in the vertical apparent mass
with 1.0 ms?r.m.s. in the normal upright posture but not in the erect posture. (Spearman,
p<0.05 for both locations), while the resonance frequency of the vertical transmissibility
to T12 and L3 was correlated with the resonance frequency in the vertical apparent
mass in the erect posture but not in the normal upright posture (Spearman, p<0.05 for
both locations in both postures). It seems that in the normal upright posture the motion of
the upper thoracic spine contributed more to the resonance of the vertical apparent
mass than the lower thoracic spine, whereas the opposite occurred in the erect posture.
This might be because more vibration is transmitted to the head in the erect posture than
in the normal upright posture. More pitch motion of the head is introduced in the erect
posture and is coupled with the vertical motion of the thoracic spine. The association
between the motion of the thoracic spine and the driving point dynamic response is

reduced.

There were correlations between the resonance frequencies of the vertical
transmissibilities to T1, T5, T12 and L3 with the resonance frequency in the vertical
apparent mass in the slouched posture (Spearman, p<0.05), suggesting the motion of
the whole spine contributed to the resonance of the vertical apparent mass in the

slouched posture.

With fore-aft excitation, the first resonance frequencies of the fore-aft transmissibility of
the pelvis, L3 and T12 were associated with the first resonance frequency of the fore-
and-aft apparent mass (Spearman, p<0.05) in all three sitting postures. However, the
first resonance frequencies of the fore-aft transmissibility of TS5 and T1 was not
correlated with the first resonance frequency of the fore-and-aft apparent mass
(Spearman, p>0.05) in any sitting posture, suggesting that the resonance in the driving

point apparent mass with fore-aft excitation was primarily contributed by the complex
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motion of the lower thoracic spine, the lumbar spine and pelvis while the motion of the

upper thoracic spine contributed little in any sitting posture.
6.5. Conclusion

With either vertical excitation or dual-axis excitation, an erect sitting posture tended to
increase the resonance frequency of the vertical apparent mass, the vertical
transmissibility to the thoracic spine and to the pelvis. With either fore-and-aft excitation
or dual-axis excitation, an erect posture tended to increase the first resonance frequency
of the fore-and-aft transmissibility to the lumbar spine and the pelvis. Changing from the
normal upright posture to the slouched sitting posture tended to reduce the resonance
frequency of the fore-and-aft cross-axis apparent mass but increase the first resonance
frequency of the fore-and-aft apparent mass and the vertical cross-axis apparent mass.
The nonlinearity evident when changing the magnitude of vibration tended to be less
when sitting in an erect posture, and greater when sitting in a slouched posture, than

when sitting in a normal upright posture.

The association between vibration modes of the upper body and the resonance of the
vertical apparent mass differs between postures. In the normal upright posture, the
resonance of the vertical apparent mass was more associated with the motion of upper
thoracic spine than the lower thoracic spine. In the erect posture, the resonance of the
vertical apparent mass was more associated with the motion of lower thoracic spine than
the upper thoracic spine. In the slouched posture, the resonance of the vertical apparent
mass was associated with the motion of the whole spine. The motions of the lower
thoracic spine, the lumbar spine and the pelvis were associated with the first resonance

in the fore-aft apparent mass irrespective of sitting postures.
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CHAPTER 7: A MULTI-BODY DYNAMIC MODEL OF THE SEATED HUMAN
BODY WITH COMBINED VERTICAL AND FORE-AND-AFT EXCITATIONS

7.1 Introduction

Various studies have measured the biodynamic responses of the seated human body to
vertical vibration (e.g., Fairley and Griffin, 1989) and fore-and-aft vibration (e.g., Fairley
and Griffin, 1990). The apparent mass, the complex ratio of force and acceleration at the
same location, has often been used to characterise how the vibration is transmitted to
the body. With vertical excitation, it is widely accepted that the vertical apparent mass
has a primary resonance in the frequency range 4 to 6 Hz, with the resonance
depending on the body weight, the vibration magnitude, and contact with a backrest,
sitting posture, and other factors. With fore-and-aft excitation, the apparent mass shows

a peak around 1 to 2 Hz if there is no backrest and a peak near 4 Hz with a backrest.

Exposures to whole-body vibration usually involve multi-axis excitation. Experimental
studies with dual-axis excitation (Hinz et al., 2006a, Mansfield and Maeda, 2006; Qiu
and Giriffin, 2010; Chapters 4-6) and tri-axial excitation (Hinz et al., 2006a) have found
that the apparent mass of the seated body is similar to that with single-axis excitation.
However, consistent with the non-linearity found with single-axis excitation, the
resonance frequency with dual-axis excitation is shifted to a lower frequency and the
coherence is reduced between, for example, the vertical force and the vertical

acceleration by the addition of fore-and-aft excitation (Qiu and Giriffin, 2010).

Various lumped parameter models, multi-body dynamic models, and finite element
models have been used to represent the apparent mass or transmissibility of the human
body. Lumped parameter models (e.g., Wei and Griffin, 1998; Qiu, 2007) are easy to
formulate and can provide a good fit to experimental data, but they are generally limited
to one dimensional analysis. For example, a model with several masses and vertical
springs and dampers only provides kinetic information in the vertical direction. Multi-body
dynamic models (e.g., Matsumoto and Griffin, 2001; Yoshimura et al., 2005; Chapter 3)
are more anatomically representative than lumped parameter models and, with sufficient
degrees-of-freedom, they can model the dynamic responses (e.g., force on the seat
surface or the acceleration on the body surface) in the vertical, fore-and-aft, and pitch
directions within the sagittal plane. Multi-body models are too simplified to predict spinal
forces or represent the contact conditions between a compliant seat and the human

body because contact is represented by a very limited number of springs and dampers,
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such as one beneath the pelvis and another beneath the thighs. Finite element models
(e.g., Kitazaki and Griffin, 1997; Siefert et al., 2008) can provide contact simulation
closer to reality and, with an appropriate spinal structure, they may improve
understanding of the spinal motions during vibration. However, it is challenging to
determine appropriate properties for the spine, inter-vertebral disks, ligaments, and

muscles.

A human body model reflecting response to dual-axis excitation has not been reported to
the authors’ knowledge. Such a model is needed to represent the dynamic response of
the seated human body (e.g., drivers and passengers of vehicles) exposed to
simultaneous vertical and fore-and-aft vibration so as to predict ride discomfort. The
objective of this study was to determine the required characteristics of a human body
model for it to represent the vertical and fore-and-aft forces on the seat and the
acceleration over the body surface of the human body with dual-axis vertical and fore-
and-aft excitation, and identify how a human body model developed with single-axis
excitation (Chapter 3) can be improved to work with dual-axis excitation. The study was
also designed to investigate the contributions of the principal body segments to the

dynamic responses with dual-axis vibration excitation, especially the primary resonance.
7.2 Method
7.2.1 Model description

The model developed in this study was represented by five rigid bodies: upper body,
middle body, pelvis, thighs, and legs (Figure 7.1). Although simplified, the model

represents the gross anatomy of the body.

The upper body was associated with the thoracic spine and combined thorax, head,
neck, and upper limbs. The motions of the head and the seat-to-head transmissibility
were not of interest in this study, so the head and neck were not modelled as separate
entities in the model. The middle body was associated with the lumbar spine and can be
considered to represent the abdomen including the viscera. The pelvis was associated
with the segment from the fifth lumbar vertebra to the ischial tuberosities. These rigid
bodies inter-connected by joints represent the thoracic spine (upper body), lumbar spine
(middle body), and pelvis. Between the joints, the spine was assumed to be straight,

assuming bending between individual vertebrae was small and could be represented by
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rotation among the three rigid bodies. The vertebrae and disks were not modelled

because the model was not designed to predict spinal forces.

The mass and inertia of the hands and forearms, that were assumed to rest on the
thighs, were included in the mass and mass moments of inertia of the thighs. The feet

were included in the segment representing the legs.

The five rigid bodies were inter-connected by pin joints, assuming no translational
movements between the bodies. The axial and the shear deformations of the pelvis and
thigh tissue at the seat-occupant interface were simulated using linear springs and

dampers. The complete model is shown in Figure 7.1.
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Figure 7.1 A two-dimensional multi-body biodynamic model with dual-axis vibration: (a)
mechanical properties; (b) motion description in arbitrary position. J;, i = 1, 2, 3, and 4:
revolute joint simulated with rotational spring k; and damper c4; kix, Cix, Shear stiffness
and damping of pelvis tissue; k1, ¢, axial stiffness and damping of pelvis tissue; ki, Cax,
shear stiffness and damping of thigh tissue; k4., ¢4, axial stiffness and damping of thigh
tissue; q,, vertical vibration excitation; q,, fore-and-aft vibration excitation; xyo the
horizontal coordinate of the pelvis joint in static equilibrium position; zo, the vertical
coordinate of the pelvis joint in static equilibrium position; x,, the horizontal oscillation of
the pelvis joint; z; the vertical oscillation of the pelvis joint; 8y, i = 1, 2, 3, 4, and 5, the
initial inclination of each rigid body in static equilibrium position; 6;, i = 1, 2, 3, 4, and 5,
the rotational oscillation of each rigid body with respect to static equilibrium position.
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The initial inclination of each body segment (i.e., 8p) was measured when the
experiment was conducted (Chapter 4). The locations used for predicting transmissibility
are the iliac crest, L3 and T1 (Figure 7.1). The distance between the iliac crest where the
motion of the pelvis was measured and J1 was assumed to be the same as the distance
between J1 and J2. The angle between the line connecting iliac crest and J1 and the
horizontal line were also measured during the experiment. The location of L3 was
assumed to be at the middle of the lumbar spine, (i.e., the middle body location). The
distance between T1 and J3 along the thoracic spine (i.e., the upper body location) was

assumed to be 80% of the total length of the thoracic spine.
7.2.2 Parameter identification

The equations of motion were derived with Lagrange formulation using the method
adopted in Chapter 3 when developing a multi-body human body model with vertical
excitation. The definitions of system mass matrix M, stiffness K and damping matrix C

which were derived from the equations of motion were detailed in Appendix E.

The Simulink model was built in Matlab 7.9.0 (R2009b), details of which are shown in
Appendix E.

The mechanical properties and the mass of each body segment were first identified by
an optimisation procedure using the measured biodynamic responses of the seated
human body (subject 8) exposed to single-axis vertical excitation as presented in
Chapter 4. The optimization procedure identified the model parameters that minimized
the mean square errors between the computed and measured vertical apparent masses
and between the computed and measured fore-and-aft cross-axis apparent masses at
the seat with single-axis vertical vibration at 1.0 ms™ r.m.s. over the frequency range of
0.25 to 20 Hz. The optimized parameters reported in Chapter 3 were adopted as the

initial values.
The objective function was defined as

E(2) = min(E,, (2)+E,, (2))" (7.1)

Where E, (1), E, (4)and are sums of squared-errors of the vertical apparent mass and

the fore-and-aft cross-axis apparent mass. The errors between the measured phases
and the calculated phases of the apparent mass and transmissibility were not included in

the parameter identification.
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where

N is the number of data samples containing the apparent mass or cross-axis
apparent mass in the frequency range 0.25 to 20 Hz with a frequency resolution
0.25 Hz.

M, () and M, (f;) are the model calculated vertical apparent mass and fore-and-aft

cross-axis apparent mass at vibration frequency f; (=1, 2, ...... , N), respectively;

M, (f;) and M, (f;)are the measured vertical apparent mass an fore-and-aft cross-axis

apparent mass at vibration frequency f; (i=1, 2, ...... , N), respectively.

A is the vector of the parameters of the model to be optimized. A total of 21

parameters were involved in the optimization procedure, with A given by:
— T
A=[my, Mz, M3, M4, Ms, K1z, C1z, K1x, C1x, Kaz, Caz, Kax, Cax, Ki1, Cr1, K2, Ci2, Ki3, Ci3, K, Cual

The set of identified parameters via the optimisation procedure was then assigned to the
human body model in MATLAB/SIMULINK with the measured fore-and-aft and vertical
accelerations on the seat surface (over a duration of 60 s with a sampling rate of 512
samples per second) used as the input motions. The same excitation was used for the
simulation and the experiment so as to make the predicted response comparable to the
experimental data. The Simulink model was run with ODE45 solver which solved the
equations of motion numerically in the time domain. The time history of each degree-of-
freedom (i.e., x1, z1,6,, 0,, 6,, 6,, 6;) was output and saved. The time histories of the
vertical and fore-and-aft forces, the vertical and fore-and-aft acceleration at the pelvis,
L3 and T1 were obtained. The apparent mass and transmissibility were calculated using
the CSD method which was used in Chapters 4 and 5. The length of FFT (Fast Fourier
Transfer) was 2048. A Hanning window was used with an overlap of 50%. About 30

averagings were then conducted for the signal of 60-s duration.
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The model parameters were finally slightly adjusted through comparing the model
calculated biodynamic responses with the corresponding measured data. To provide a
better match to the experimental data with dual-axis excitation, the vertical stiffness
beneath the pelvis was reduced from 73605 N m” to 63605 N m™ and the vertical
damping of the tissue beneath thighs was increased from 1650 Ns m™ to 8650 Ns m™,
which was in line with the observation that human body tissue on the seat-occupant

interface became softened and more damped with the addition of fore-and-aft vibration.

The final set of parameters is listed in Tables 7.1 to 7.4, where the stature of the human
body, H, is 1.66 m, and the total mass of the body, M, is 63 kg.

Table 7.1 Length and centre of mass of each body segment?®.

Length (m) centre of mass
Upper body (/3) 0.23H 0.50/3
Middle body (/) 0.17H 0.55/,
Pelvis (/) 0.08H 0.7114
Thighs (I4) 0.20H 0.43/,
Legs (Is) 0.20H 0.43/5

2 data based on Dempster et al. (1967) and a NASA Reference Publication.

Table 7.2 Mass and second moments of inertia of each body segment.

Mass (M=63 kg) moment of inertia (kg m?)°
Pelvis (my) 0.13M 8.19 0.025
Middle body () 0.16M 10.08 0.12
Upper body (ms) 0.33Mm 20.79 1.20
Thighs () 0.26M 1613 0.45
Legs (ms) 0.12M 781 0.13

® the initial value of the moment of inertia were estimated on the basis of Dempster et al.
(1967) and modified according to the optimized mass.
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Table 7.3 Translational stiffness and damping.

Stiffness (Nm") Damping (Ns m™)
K 64000° Crz 400
Kix 75000 Cix 15
Ky 14600 Caz 9000°
Kax 10 Cax 1500

°, ki; and ¢4, was 73605 and 1650 respectively during the parameters identification
based on the measured apparent mass and transmissibility with single-axis vertical

vibration.

Table 7.4 Rotational stiffness and damping.

Stiffness (Nm rad”") Damping (Nms rad”)
ke 600 cu 50
Ke 800 Ca 450
ke 930 Ce 500
ke 20 Cu 2000

7.3 Prediction of apparent mass and transmissibility

The calibration of model is based on the vertical and fore-and-aft forces at the seat-
occupant interface, vertical and fore-and-aft acceleration over the pelvis, L3, and T1
measured with a subject having a stature of 1.66 m and total body mass 63 kg (Chapters
4 and 5). The overall force on the seat surface and the accelerations on the pelvis and
the spine were calculated with the dual-axis model and the parameters shown above.
The power spectral density of the calculated vertical force at the seat, the vertical
acceleration over the pelvis, L3 and T1 (Figure 7.2) had similar first resonance
frequencies and modulus to the experimental data except the vertical acceleration over
the pelvis being lower than the tested value between 6 Hz and 15 Hz. The calculated
fore-and-aft force had the first mode at a similar frequency to that of the experimental
value but the associated magnitude of the power spectral density was only half of the

measured value (Figure 7.2(b)). The second mode around 6 Hz was observed in the
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calculated fore-and-aft force, which was not evident in the measured value. The principle
mode of the calculated fore-and-aft acceleration over the pelvis occurred at about 6 Hz,
lower than the primary experimental resonance frequency (around 9 Hz) but had
comparable peak magnitude (Figure 7.2(d)). The predicted fore-and-aft acceleration
over L3 and T1 also had comparable resonance frequencies and modulus with the
measured value except that the peak magnitude of the first mode of calculated fore-and-

aft acceleration over L3 was lower than the experimental counterpart (Figure 7.2(f)).

1000 : : : . 100
@ | (b)

PSD ((ms2) /Hz)

(62
o
o

a2 10 5 10 15

Frequency (Hz) Frequency (Hz)
Figure 7.2 Power spectral densities of the overall dynamic response of the human body
with dual-axis excitation: (a) vertical force at the seat; (b) fore-and-aft force at the seat;
(c) vertical acceleration over the pelvis; (d) fore-and-aft acceleration over the pelvis; (e)
vertical acceleration over L3; (f) fore-and-aft acceleration over L3; (g) vertical
acceleration over T1; (h) fore-and-aft acceleration over T1. ——, calculated value; - - -,
experimental value.

The model was further calibrated by comparing the calculated apparent mass and
transmissibility to the measured values (Figure 7.3 and Figure 7.4). The calculated
vertical apparent mass and fore-and-aft cross-axis apparent mass showed comparable
resonance frequencies and modulus of the first peak with the corresponding

experimental values (Figure 7.3). The calculated vertical transmissibility and fore-and-aft
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cross-axis transmissibility also had similar first resonance frequencies and modulus to
the experimental data. The main discrepancy was observed in the vertical

transmissibility to the pelvis at frequencies greater than 5 Hz.
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Figure 7.3 Apparent mass and transmissibility of the human body with dual-axis
excitation: (a) vertical apparent mass; (b) fore-and-aft cross-axis apparent mass; (c)
vertical transmissibility to the pelvis; (d) fore-and-aft cross-axis transmissibility to the
pelvis; (e) vertical transmissibility to L3; (f) fore-and-aft cross-axis transmissibility to L3;
(g) vertical transmissibility to T1; (h) fore-and-aft cross-axis transmissibility to T1. —,
calculated value; - - -, experimental value.

The calculated fore-and-aft apparent mass, the fore-and-aft transmissibility to the pelvis,
L3 and T1 showed the same numbers of peaks and similar peak moduli to their
experimental counterparts but resonated at higher frequencies (Figure 7.4). The
calculated vertical cross-axis apparent mass and the transmissibility had similar number

of peaks occurring at similar frequencies.
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It is noted that there are only one or two modes in the vertical apparent mass and
vertical transmissibility in Figure 7.3 while the vertical force and vertical acceleration in
Figure 7.2.2 are more rugged. This is because the figures only show the output of the
system rather than the transfer functions which are shown in Figure 7.3 In other words,

peaks in Figure 7.2 are not necessarily attributed to any modes.
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Figure 7.4 Apparent mass and transmissibility of human boay with dual-axis excitation:
(a) fore-and-aft apparent mass; (b) vertical cross-axis apparent mass; (c) fore-and-aft
transmissibility to the pelvis; (d) vertical cross-axis transmissibility to the pelvis; (e) fore-
and-aft transmissibility to L3; (f) vertical cross-axis transmissibility to L3; (g) fore-and-aft
transmissibility to T1; (h) vertical cross-axis transmissibility to T1. ——, calculated value;
- - -, experimental value.

7.4 Parameter sensitivity

The values of the six most influential mechanical parameters (i.e., K1z, Caz, Kix, Cax, Kt1, C2)
were doubled so as to investigate how the biodynamic response with dual-axis excitation
was influenced by changes of the mechanical properties of human body. The
parameters to be changed were selected because they were observed to produce major
variations in the resonance frequency and ‘peak modulus of the apparent mass with

vertical excitation (Chapter 3).
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The variations in the force and both the inline apparent mass and the cross-axis
apparent mass in the frequency range of 0.5 to 15 Hz with increased vertical stiffness of
tissue beneath the pelvis (i.e., k1) and increased vertical damping of tissue beneath the
thighs (i.e., cs;) are shown in Figure 7.5. Whether the primary resonance (either
resonance frequency or peak modulus) is changed is checked firstly. If the primary
resonance is changed little, the variation in the second resonance (or the response

around the second resonance) is checked.
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Figure 7.5 Effect of increasing the vertical stiffness of tissue beneath the pelvis (k1;) and
the vertical damping of tissue beneath the thighs (cs4;) on: (a) power spectral densities
(PSDs) of the vertical force on the seat; (b) PSDs of the fore-and-aft force; (c) vertical
apparent mass; (d) fore-and-aft apparent mass; (e) vertical cross-axis apparent mass; (f)
fore-and-aft cross-axis apparent mass: ——, nominal value (i.e., the value obtained with
optimized parameters); ——, increased stiffness; - - -, increased damping.

The changes in the acceleration at the pelvis and T1 and both the inline and cross-axis

transmissibility with the doubled ki, and c,, are shown in Figure 7.6. The peak

magnitude of the PSD and the peak frequencies in the vertical acceleration at T1 and
the pelvis were increased due to the increased stiffness (Figure 7.6(a) and Figure
7.6(c)), accompanied by the increase in the vertical transmissibility to T1 and to the

pelvis, respectively (Figure 7.6(e) and Figure 7.6(g)). The vertical cross-axis
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transmissibility to T1 and the pelvis increased only at frequencies greater than 6 Hz
(Figure 7.6(i) and Figure 7.6(k)). Increasing the stiffness increased the PSD of the fore-
and-aft acceleration at T1 and the pelvis marginally above 5 Hz (Figure 7.6(b) and
Figure 7.6(d)), accompanied by an increase in the fore-and-aft cross-axis transmissibility
to T1 and to the pelvis, respectively, in a similar frequency range (Figure 7.6(f) and
Figure 7.6(h)). Increasing damping decreased the PSD of the vertical acceleration at T1
and the pelvis and the corresponding vertical transmissibility around resonance
frequencies, but had little influence on the other responses.
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Figure 7.6 Effect of increasing the vertical stiffness of tissue beneath the pelvis (k;,) and
the vertical damping of tissue beneath the thighs (c4,) on: (a) the power spectral density
(PSD) of the vertical acceleration at T1; (b) the PSD of the fore-and-aft acceleration at
T1 ; (c) the PSD of the vertical acceleration at the pelvis; (d) the PSD of the fore-and-aft
acceleration at the pelvis; (e) the vertical transmissibility to T1; (f) the fore-and-aft
transmissibility to T1; (g) the vertical transmissibility to the pelvis; (h) the fore-and-aft
transmissibility to the pelvis; (i) the vertical cross-axis transmissibility to T1; (j) the fore-
and-aft cross-axis transmissibility to T1; (k) the vertical cross-axis transmissibility to the
pelvis; (I) the fore-and-aft cross-axis transmissibility to the pelvis. ——, nominal value;

——, increased stiffness; - - -, increased damping.

The variations in the force and both the inline and cross-axis apparent mass in the

frequency range of 0.5 to 15 Hz with increased fore-and-aft stiffness (ki) and fore-and-
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aft damping (cix) of the tissues beneath thighs are shown in Figure 7.7. Neither
increasing the fore-and-aft stiffness nor the fore-and-aft damping changed the spectra of
the vertical force, the vertical apparent mass, or the vertical cross-axis apparent mass.
Increasing stiffness did not change the spectra of the fore-and-aft force or the fore-and-
aft apparent mass around the first peak but increased the force and apparent mass at
frequencies greater than 5 Hz. Increased damping decreased the spectra of the fore-
and-aft force and the fore-and-aft apparent mass at frequencies around the second peak
between 3 to 8 Hz. Increased stiffness and increased damping had little effect on the
fore-and-aft cross-axis apparent mass across the frequency range.
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Figure 7.7 Effect of increasing fore-and-aft stiffness of tissue beneath the pelvis (i.e., k)
and the fore-and-aft damping of tissue beneath the thighs (i.e., c4) on the force
response and the apparent mass. The keys are the same as Figure 7.5. ——, nominal
value; —, increased stiffness; - - -, increased damping.

The change in the acceleration at the pelvis and T1 and the transmissibility with k4, and
C4x doubled is shown in Figure 7.8. Neither increasing the fore-and-aft stiffness nor
increasing the fore-and-aft damping affected the vertical acceleration responses or

vertical transmissibility and fore-and-aft cross-axis transmissibility to T1 or the pelvis.
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Increasing the stiffness (ki) increased the PSD of the fore-and-aft acceleration at T1 at
frequencies greater than 7 Hz (Figure 7.8(b)) and was similar to the increase in the fore-
and-aft transmissibility to T1 in the same frequency range (Figure 7.8(f)). Increasing the
stiffness (kix) had little influence on the fore-and-aft cross-axis transmissibility to T1
(Figure 7.8(j)). There was no major effect of increasing damping (c4x) on the PSD of the

fore-and-aft acceleration on T1 (Figure 7.8(j)) and the transmissibility.
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Figure 7.8 Effect of increasing the fore-and-aft stiffness of tissue beneath pelvis (i.e., k1)
and the fore-and-aft damping of tissue beneath thighs (i.e., c4x) on the resultant
acceleration response and the associated components. The keys are the same as
Figure 7.6. —.—, nominal value; ——, increasing stiffness; - - -, increasing damping.

With increasing stiffness (kix) there was an increase in the peak modulus and the peak
frequency of the PSD of the fore-and-aft acceleration on the pelvis (Figure 7.8(d)) and
the fore-and-aft transmissibility to the pelvis (Figure 7.8(h)) but not in the fore-and-aft
cross-axis transmissibility to the pelvis. Increasing the damping (c4x) decreased the PSD
of the fore-and-aft acceleration and the fore-and-aft transmissibility at the frequencies
between 5 to 8 Hz but did not change the fore-and-aft cross-axis transmissibility to the

pelvis (Figure 7.8(1)).

With increased rotational stiffness ky and rotational damping cp, the variations in the
force, and both the inline and cross-axis apparent mass, in the frequency range 0.5 to 15
Hz are shown in Figure 7.9. Increasing the rotational stiffness did not influence either the

force or the apparent masses. A marginal reduction was observed with the PSD of the
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vertical force (Figure 7.9(a)) and the vertical apparent mass (Figure 7.9(c)) around the
resonance frequency. A decrease in the fore-and-aft apparent mass (Figure 7.9(d)) and
the power spectral densities of the fore-and-aft force (Figure 7.9 (b)) around their first
peaks and the fore-and-aft cross-axis apparent mass (Figure 7.9(f)) between 4 to 8 Hz

was observed.

800 ‘ : : ‘ 60

600 |

400 ¢

200}

0

50—

5 10 2 4 6 8 10 12 14
Frequency (Hz) Frequency (Hz)

Figure 7.9 Effect of increasing the rotational damping, ce, and rotational stiffness, ks, on
the force and the apparent mass. The keys are the same as in Figure 7.5. ——, nominal
value; ——, increasing rotational damping; - - -, increasing rotational stiffness.

The changes in the acceleration at the pelvis and at T1 and in both the inline and the
cross-axis transmissibility with the same increase in rotational stiffness ku and rotational
damping ¢ are shown in Figure 7.10. Increasing rotational stiffness did not influence
any of the spectra of the monitored responses. Small reductions were observed in the
PSD of the vertical acceleration at T1 (Figure 7.10(a)) and the vertical transmissibility to
T1 (Figure 7.10(e)) around the resonance frequency but not in the acceleration and
transmissibility to the pelvis. A decrease was observed in the fore-and-aft transmissibility
to T1 (Figure 7.10(f)) and the magnitudes of the PSD of the fore-and-aft acceleration

(Figure 7.10(b)) around their first peaks. A decrease was also observed in the fore-and-
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aft cross-axis transmissibility between 4 to 8 Hz (Figure 7.10(j)). No effect of increasing

the damping on the monitored variables associated the pelvis was observed.
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Figure 7.10 Effect of increasing rotational damping c» and rotational stiffness k¢ on the
acceleration and the transmissibility. The keys are the same as in Figure 7.6. ——,
nominal value; ——, increasing rotational damping; - - -, increasing rotational stiffness.

7.5 Discussion

7.51 The necessary characteristics of a human body model for dual-axis

excitation

To identify the necessary elements that should be included in a human body model with
dual-axis excitation, the simplest model with a lumped mass connected to vertical and
fore-and-aft springs and dampers was first formulated, as shown in Figure 7.11. The
mass is able to move horizontally, with ks, and ¢4, simulating the shear properties of the
body tissues at the seat-human body interface, and move vertically with k¢, and c1;
simulating the axial properties of the tissue. The model assumes that motion in the fore-
and-aft direction results solely from fore-and-aft excitation while vertical motion is
induced solely by vertical excitation, so the motions in the two directions are
independent. This model can be regarded as the linear superposition of two models,

each with a single degree-of-freedom, as shown in Figure 7.12.
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Figure 7.11 A human body model with two degrees-of-freedom for predicting the
apparent mass in the vertical and fore-and-aft directions.
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Figure 7.12 Two single degree-of-freedom human body models for representing: (a)
vertical apparent mass; (b) fore-and-aft apparent mass.
In practice, when there is dual-axis excitation, the response of the human body caused
by the vertical excitation is coupled with the response caused by the fore-and-aft
direction, which is not the same as that obtained using two single degree-of-freedom
models as in Figure 7.12. So such a model is not suitable for representing the coupling

effect of the dual-axis excitation on the biodynamic response.

A rotational element was introduced into the model in Figure 7.11 so as to produce a
human body model with pitching motion as shown in Figure 7.13. The rotational element
was introduced because a pitching motion of the upper body has been observed as a
dominant vibration mode (Kitazaki and Griffin, 1997; Matsumoto and Griffin, 1998a). The
two components of the body simulate the lower-body and the upper-body. The model
has three degrees of freedom (i.e., vertical displacement of the lower-body, fore-and-aft

displacement of the lower-body, and rotational displacement of the upper-body).
The vertical apparent mass and fore-and-aft apparent mass could be derived as

MZZ _ 81(M,2C:,K) _ SZ(M,ZC,K) (%) ) (73)
S S QZO
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s Qo s

where Q,o and Q. are the nominal Laplace expression of the fore-and-aft excitation
(Figure 7.13, gyx) and the vertical excitation (Figure 7.13, g) in the frequency domain;
M, C, and K are the mass matrix, damping matrix and stiffness matrix of the model.

8,(M,C,K), 8,(M,C,K) and &,(M,C,K), &,(M,C,K)are symbolic expressions consisting of

system parameters.

Figure 7.13 Three degree-of-freedom model for representing coupling effect of dual-axis
excitation.

The vibrations in the two directions are coupled with each other in this model. It seems
reasonable to suggest that a model of the human body with dual-axis excitation should

have at least three degrees-of-freedom, one of which represents rotational motion.
7.5.2 The justification of time domain method

For the human body model with dual-axis excitation proposed in this study (Figure 7.1),
the equations of motion were initially solved by performing the Laplace transform with

respect to each independent coordinate and the inputs with the following assumption:

Qu=L(gx0(1)); Qo=L(gz0(1)), (7.5)

where, q,(t) is the fore-and-aft input displacement, g, (f) vertical input displacement,

and L is Laplace calculator.

The symbolic expression of the shear deformation of the pelvis tissue (i.e., x4) in the
frequency domain, expressed as the formulation of the mass matrix, M, stiffness matrix,

K, and damping matrix, C, of the system and the input frequency, f, was then defined as:

L(x1) = g1 () = Po (M, C, K, HQx*+P1 (M, C, K, NQx. (7.6)
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Similarly, the symbolic expression of the axial deformation of the pelvis and rotational
motion of the thighs with respect to joint 1 (Figure 7.1) were defined as Equations (7.7)
and (7.8):

L (z1) = q2(f)
=(Wo(M, C, K, fy+ W o(M, C, K, f) Do (M, C, K, ) Qo+( W1 (M, C, K, i+ W, (M, C, K,
H®(M, C, K, 1)) Q. (7.7)
L (64) = qe(f)

=(Go(M, C, K, N+ 5oDo (M, C, K, N)Qu+(C1(M, C, K, N+ (o(M, C, K, N®4(M, C, K, )) Qq.
(7.8)

The vertical apparent mass can thus be obtained as Equation (7.9):
M,,= F,|Qy (211f)?

= ((K1z+C1z (2111)) (G2 Quo) + (Kaz+C422TTF) (G2 +COS(Ba0) reuGe- Quo))/( Quo(TTf) ).
(7.9)

The fore-and-aft apparent mass was obtained as Equation (7.10):
Moo= F o/ Quo(2171)?

= ((kix*+Cix (2T19)) (q1- Quo) + (Kax+Cax (2T11)) (g1 +in (Bao) reaQs~ Qo)) (Quo (2TT1)7).
(7.10)

It is clear that the solution for the apparent mass with dual-axis excitation is dependent
on both stimuli (Equations (7.9)-(7.10)). To predict the biodynamic response of the
human body with dual-axis excitation using the above frequency domain method needs
a close-form solution of the Laplace transform of the inputs. However, there are no
mathematical functions for the Laplace transform of random signals. So the explicit
expression of the ratio between the Laplace transform of the two inputs as a function of
frequency was difficult to obtain. Although other frequency domain methods like the one
based on modal superposition could be an alternative to solve the equations of motion, it
was decided to calculate the response in the time domain with a Simulink model and

calculate the transfer functions in the frequency domain using CSD method.
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7.5.3 The application and limitations of the model

The model is expected to reflect the dynamic response of a real subject. The parameters
have to be changed, e.g., length, mass, stiffness and damping, to match the data of

other individuals.

The model in this study provided a reasonable prediction of the inline apparent masses
and the cross-axis apparent masses, the inline transmissibilities and the cross-axis
transmissibilities of the human body in the vertical and fore-and-aft directions when the
body was exposed to simultaneous vertical and fore-and-aft excitation. However, the
second peaks of the vertical acceleration at the pelvis and the vertical transmissibility to
the pelvis were not well represented (Figure 7.3). The reason might be that the
mechanical properties were predominately determined to provide a reasonable match to
the vertical apparent mass. Consequently, the fitting of the first peak of the vertical
acceleration at the pelvis which occurred at frequencies similar to the peak frequency of
the vertical apparent mass was given the priority to. The second peak of the vertical

acceleration at the pelvis which occurred at a high frequency was thus less fitted.

The mechanical properties of the model were based on parameter identification with the
apparent mass with single-axis vertical vibration at 1.0 ms? r.m.s., as mentioned in
Section 7.2.2. The identified parameters will vary when the vibration magnitude is
changed, due to the nonlinearity reported in many of the previous studies. The
parameters in the model will also vary between subjects. It was suggested that by
varying anthropometric properties (e.g., body mass) and some of the key mechanical
properties, such as the vertical stiffness of the spring representing the tissue beneath the
pelvis, the model would be able to provide a reasonable representation of the
biodynamic response of other individuals exposed to the same vibration. The suggestion
was supported with the parameter sensitivity analysis presented in Section 7.4 (e.g.,
Figure 7.5). It is also noted that the model is expected to reflect the dynamic response of
a real subject. The parameters have to be changed, e.g., length, mass, stiffness and

damping, to match the data of other individuals.

The apparent mass and transmissibility of the body with single-axis excitation were
similar to those with simultaneous vertical and fore-and-aft vibration, especially when the
magnitude of the additional fore-and-aft vibration was less than that of the vertical
vibration (e.g., Qiu and Giriffin, 2010; Chapter 4). This implied that the combination of the

mechanical properties of human body that reflect the biodynamic response with single-
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axis excitation could largely determine the dynamic response with dual-axis vibration.
Therefore, it seemed logical to use the parameters obtained by matching the response
with single-axis vibration to predict the response with dual-axis vibration, and adjust only

those parameters to which the response was sensitive.

With the introduction of the rotational element, the resultant biodynamic response with
dual-axis vibration was assumed to be the superposition of the component due to the fore-
and-aft excitation and that due to the vertical excitation. The assumption might be sensible
when the magnitude of the simultaneous fore-and-aft vibration was lower than that of the
vertical excitation, which was the case in the present study. However, when the magnitude
of the fore-and-aft vibration is increased, more muscular activity may be involved to
maintain the body balance and this may increase the nonlinearity. The dual-axis model

proposed on the basis of the assumption of superposition might not work.
7.5.4 Understanding of the vibration modes

The vertical transmissibility to the pelvis and T1 was sensitive to an increase in the
vertical stiffness of the pelvis tissue and an increase in the vertical damping of the thigh
tissue in the similar way to the vertical apparent mass (Figure 7.5 and Figure 7.6). This
implies that the force at the seat-occupant interface is associated with the motion of the
pelvis and the spine when there is dual-axis excitation. The result was consistent with
correlations in the experimental data showing that the resonance frequency of the
vertical apparent mass with dual-axis excitation (a, =1.0 ms® r.m.s., a, =0.5 ms? r.m.s.)
was related to the first resonance frequency of the vertical transmissibility to the pelvis
and to T1 (p<0.05, Spearman; Chapter 4).

Increasing the fore-and-aft stiffness of the pelvis tissue increased the peak frequency
and the associated modulus of the second resonances of the fore-and-aft apparent
mass and the fore-and-aft transmissibility to the pelvis and T1. Increasing the rotational
stiffness (i.e., ku#) reduced the fore-and-aft apparent mass and the fore-and-aft
transmissibility at low frequencies around the first mode but did not influence either the
peak modulus or the peak frequency of the second mode. It was indicated that the
second mode of the fore-and-aft apparent mass and fore-and-aft transmissibility was
associated with fore-and-aft movement of upper-body caused by shear deformation of
the pelvis tissue, while the first mode was attributed to fore-and-aft movement of the

upper-body due to the pelvis pitch.
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7.6 Conclusion

A multi-body dynamic human body model with five rigid bodies and seven degrees-of-
freedom can provide a reasonable prediction of the frequency and modulus of the first
resonance in the inline apparent masses and cross-axis apparent masses in the vertical
and fore-and-aft directions, and the inline transmissibilities and cross-axis
transmissibilities to the pelvis and the spine in the vertical and fore-and-aft directions

when the human body is exposed to combined vertical and fore-and-aft excitation.

With dual-axis excitation, the resonance of the vertical apparent mass is sensitive to the
vertical stiffness of tissues beneath the pelvis and closely related to the vertical motion of
the pelvis and the spine. It has also been shown that the first mode of the fore-and-aft
apparent mass and the fore-and-aft transmissibility can be attributed to the fore-and-aft
movement of the upper-body due to the pelvis pitch, while the second mode can be
attributed to the fore-and-aft movement of the upper-body caused by shear deformation

of the pelvis tissue.
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CHAPTER 8: A FINITE ELEMENT MODEL OF THE SEATED HUMAN BODY
8.1 Introduction

Various dynamic models of the human body have been proposed for predicting the
biodynamic responses of the human body to whole-body vibration. Published models
may be categorized as lumped-parameters models (e.g., Wei and Griffin, 1998; Qiu,
2007), multi-body models (e.g., Matsumoto and Giriffin, 2001; Yoshimura et al., 2005;
Chapters 3 and 7), or finite element models (e.g., Pankoke et al., 2008). These models
vary in terms of both the extent of the complexity of the model structure and their

applications.

Finite element models of the human body have numerous elements connected by nodes
(e.g., Pankoke et al., 2008) or a lumped spring-damper (e.g., Kitazaki and Griffin, 1997;
Pankoke et al., 1998). Such models may depict the anatomy of the body with detailed
skeletal structure and soft tissue in regions of interest such as the spine, back, pelvis
and thighs. This type of model might be used to predict motion at the body surface and
also internal forces associated with injury. However, the properties of the elements and
materials are difficult to determine. Furthermore, such finite element models of the

human body are complex and computational inefficient.

Some models have been developed to investigate relationships between mode shapes
and human response. Modal analysis performed using 2D finite element methods has
extracted seven mode shapes at frequencies less than 10 Hz (Kitazaki and Griffin, 1997).
The fourth calculated mode shape, consisting of an entire body mode with vertical and
fore-and-aft motion of the pelvis (due to deformation of tissue beneath the pelvis) moving

in phase with vertical motion of the viscera corresponded to the primary resonance.

A planar finite element model of a sitting man consisting of rigid bodies representing the
lower lumbar spine, upper torso, neck, head, arms, viscera, pelvis, and legs has been
proposed (Pankoke et al., 1998). The model was designed to predict the dynamic
response in different postures by adjusting the static force and moment on the pelvis
relative to the predicted value in a standard posture, and by adjusting body weight
parameters and body height parameters for individual subjects relative to the 50™

percentile male.

A combined car seat and occupant model for predicting seating comfort, the H-point, and

backrest pressure was developed to assist seat design (Pankoke et al., 2008). The
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CASIMIR occupant model, with detailed geometry and dynamic characteristics of the
lumbar spine, abdominal and dorsal musculature, abdominal cavity, upper-torso, arms,
pelvis, legs, neck, and head was proposed but calibrated only with measures of vertical

apparent mass and seat transmissibility.

Some other finite element models of the human body have been produced (e.g.,
ALASKA, PAM-CRASH, MADYMO, LSTC 50" percentile DUMMY). Most of these
models are designed for crash analysis and are not suitable for predicting ride comfort.
Some of the models may be computationally inefficient for optimising ride comfort

because of unnecessary complexity in the model structure.

The multi-body models proposed in Chapter 3 and Chapter 7 are capable of
representing the first resonance frequencies and the associated modulus of the dynamic
response with vertical vibration and dual-axis vibration. However, simulation of the
contact between the human body and the seat is oversimplified, and the models
developed in the earlier chapters consisting of linear springs and dampers. The objective
of this study was to develop a simple 3D finite element human body model with sufficient
complexity and capacity to predict the vertical inline and fore-and-aft cross-axis apparent
mass and the transmissibility to the lumbar spine. The model was developed to assist
the prediction of vehicle ride dynamics and seating comfort. It is assumed that the
nonlinear tissue is the main contributor to the nonlinearity observed in the apparent

mass.
8.2 Proposed occupant-seat model

The 3-D occupant-seat finite element model was developed using the commercial
software LS-DYNA. The human body model consisted of rigid bodies representing head-
neck, arms, torso, pelvis, thighs, and legs-feet. Simple flat plates representing a
horizontal rigid seat and a footrest that moved with the seat were included (Figure

8.1(a)).

The pelvis and the thighs were modelled as soft tissue and a simple bony structure
(Figure 8.1 (b)). The proximal end of the thigh bone was at the ischial tuberosities. The
soft tissue was initially assigned elastic material properties and the bone was rigid. All
the other body parts were modelled as rigid bodies, each of which was assigned a
uniform material property. The rigid bodies were meshed to represent only their inertial

properties.

180



: il
A A .
| ﬁnguwézas%%

ST

(@) (b)

Figure 8.1 Finite element model of the seated human body: (a) the complete human
body; (b) the soft tissue and the bony structure of the pelvis and thigh.

The outer surface of the bone was connected with the inner surface of the pelvis and the
thighs by shared common nodes. The same connection was applied between the pelvis
tissue and the thigh tissue. The arms were rigidly connected to the torso. The head was
connected to the torso via a spherical joint to identify the head motion around the
resonance frequency in the vertical apparent mass on the seat. The torso was
connected to the pelvis via a revolute joint so that it could only rotate in the sagittal plane.
The revolute joint was used because the pitch motion of the upper body had been
observed to contribute to the resonance in the apparent mass on the seat (e.g., Chapter
4). The connections between the thighs and the legs were also via revolute joints to
identify effect of rotation of leg on the apparent mass on the seat (Nawayseh and Giriffin,
2003).

The geometry of all body segments except the head was referred to the corresponding
parts of the LSTC Front Impact Hybrid Ill -50™ percentile Male (LSTC Dummy Models,
2010) for the width and length of the cross sections. The linkage lengths were based on
values reported previously (Dempster et al., 1967). The head was simplified as a solid
sphere. The geometric dimensions were adjusted so that the ratios of the masses of

these segments to the total mass were consistent with values defined in the literature
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(Dempster et al., 1967). The total mass of the human body model was 70 kg and the
total height was 1.76 m (subject 2 in the experimental study in Chapter 4).

For all rigid and deformable parts of the model the density was 1.0 kg m™. The Young’s
modulus of the deformable bodies (i.e., the soft tissues of the pelvis and the thighs) was
initially assigned a value of 5 x 10° N m?, which is in the range of the recommended
values in LS-DYNA for low-density foam. It was later adjusted to 5.8 x 10° N m? to
match the calculated apparent mass and transmissibility to the experimental values. The
Poisson’s ratio was 0.45 for the soft tissue. A Rayleigh damping of 0.1 was used for the

whole model.
8.3 Calibration of the model

A random signal with a duration of 10-s, sampling rate 512 samples per second was
used as the input. The magnitude of signal was at 0.5 ms™ r.m.s. between 0.25 to 20 Hz.
The signal was applied to the rigid seat as vertical acceleration. The reaction force on
the seat surface and the acceleration on the seat surface and on the spine were saved
with a sampling rate 512 samples per second. Apparent mass and transmissibility was
calculated with the CSD method. The length of each FFT (Fast Fourier Transfer) was
2048. Hanning window was used with an overlap of 50%. Averaging was conducted

among FFTs.

The model was first calibrated using the measured in-line and cross-axis apparent
masses (subject 2). Figure 8.2 shows the moduli, phases and coherencies of the

predicted apparent masses compared with their measured values.

The resonance frequency of the predicted vertical apparent mass was in good
agreement with the resonance in the experimental apparent mass (Figure 8.2). The
associated peak modulus of the apparent mass was close to the measured value,
although the apparent mass at frequencies greater than 5 Hz was underestimated. The
resonance frequency in the predicted fore-and-aft cross-axis apparent mass was similar
to the measured value although the modulus of the predicted fore-and-aft cross-axis

apparent mass at frequencies less than 5 Hz was less than the measured values.
8.4 Prediction of transmissibility and pressure distribution

The calibrated model was applied to predict both the body transmissibility and the

pressure distribution at the interface between the rigid flat seat and the subject.
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Figure 8.2 The calibration of the model with the measured apparent mass on the seat: —
—, calculated values; —.—, experimental values. (a) vertical apparent mass; (b) fore-

and-aft cross-axis apparent mass.
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Figure 8.3 The transmissibility to the spine (L3) calculated with the model in comparison
with experimental data: ——, calculated values; —.—, experimental value. (a) vertical

transmissibility; (b) fore-and-aft cross-axis transmissibility.
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The model provided a reasonable prediction of the modulus, the phase and coherencies
of the transmissibility from the seat to the spine in both the vertical and the fore-and-aft
directions (Figure 8.3). However, the peak vertical in-line transmissibility to the spine
was slightly overestimated.

After a dynamic relaxation of the model so that it settled in its equilibrium position, the
static pressure distribution was determined at the interface with the horizontal flat seat.
The maximum pressure, which occurred around the ischial tuberosities (Figure 8.4(a)),
was about 7.1 x 10* N m? compared with 4.2 x 10* N m? measured by Wu et al. (1998).
With vertical random excitation at 0.5 ms? r.m.s., the maximum dynamic pressure still
occurred at the ischial tuberosities (Figure 8.4(b)) and had a value of 10.1 x 10* N m?
compared to maximum dynamic pressures of 5 x 10* N m? reported by Hinz et al.
(2006b) and 6.0 x 10* N m™? reported by Wu et al. (1998). In both of these other studies
(Wu et al., 1998; Hinz et al., 2006b) the pressure distribution was measured for a person
sitting on a flat rigid seat. The vibration used by Wu et al. (1998) was sinusoidal with a
frequency of 5.0 Hz and magnitude of 2.0 ms™ r.m.s. whereas the vibration used by Hinz
et al. (2006b) was random with magnitude of 1.37 ms™ r.m.s.

(@) (b)

Figure 8.4 Calculated pressure distributions: (a) static pressure distribution; (b) dynamic
pressure distribution with vertical excitation at 0.5 ms™® r.m.s. H 59602 and H 56028 are
the elements where the maximum pressure occurred.
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It is noted that although the geometry of the pelvis is symmetric, the elements on the
pelvis and the pressure distribution are not symmetric. The asymmetric result is

consistent with the previous experimental findings (e.g., Wu et al., 1998).
8.5 Modal analysis of the model

The calibrated model was further applied to perform a modal analysis. Six modes were

found at frequencies less than 10 Hz (Figure 8.5).

,=5.46 Hz f;=6.83 Hz f6=9.14 Hz

Figure 8.5 Modes shapes of the human body at frequencies less than 10 Hz.

The first mode at 1.30 Hz was dominated by pitch motion of the pelvis, accompanied by
slight pitch of the thighs and vertical motion of the legs. The second mode at 1.98 Hz
consisted of roll of the upper-body and the pelvis with lateral shear deformation of the
soft tissues of the pelvis and the thighs. The third mode at 5.31 Hz involved yaw of the
pelvis and the upper body with lateral shear deformation of buttocks tissue. The fourth
mode at 5.46 Hz included pitch of the head out of phase with pitch of the pelvis and the

torso. The legs moved up and down with the vertical motion and fore-and-aft shear

185



deformation of the buttocks tissue. The shape of the fifth mode at 6.83 Hz was similar to
the fourth mode but with larger axial deformation of the pelvis tissue. Pitch of the thighs
was also evident. The sixth mode at 9.15 Hz mainly consisted of lateral shear
deformation of the soft tissue beneath the pelvis and roll of the upper-body, similar to the

second mode.
8.6 Nonlinearity in dynamic response

Hyperelastic properties of soft tissues of the human body and animals have been
reported (e.g., Zheng et al. 1999; Oomens et al., 2003; Snedeker et al., 2005; Saraf et
al., 2006; Loocke et al., 2008; Makhsous et al., 2008). The nonlinear force-deformation
(or stress-strain) relationship observed in the soft tissue is similar to the behaviour of
foam or rubber (e.g., Ippili, et al., 2008). A few material models have been proposed to
represent the constitutive relationships of soft tissue (e.g., Loocke et al., 2005; Loocke et
al., 2008; MAT_MOONEY-RIVLIN_RUBBER, MAT_LOW_DENSITY_FOAM and
MAT_VISCOELASTIC, as suggested in the LS-DYNA keyword user's manual, 2007).

When the vibration magnitude was increased from 0.5 to 1.0 ms™ r.m.s., the resonance
frequency of the measured vertical apparent mass was reduced from 5 Hz to 4.5 Hz
(Chapter 4). To account for the shift of the resonance frequency, a piecewise material
model was adopted for the tissue of the pelvis and the thighs. This type of material
model simulates low density foam, which exhibits hyperelastic behaviour when
compressed but recovers its original shape after unloading (LS-DYNA keyword user’s
manual, 2007). The non-linear stress-strain relation consisted of two straight lines
(Figure 8.6).

The curve starts from the origin of the coordinate system. The coordinates of the end
points of the first line and second line were determined by matching the predicted
apparent mass to the experimental value measured with a vertical excitation at 0.5 ms?
rm.s. and 1.0 ms? r.m.s. The calibration was completed when: (a) resonance frequency
of calculated apparent mass with vertical random excitation at 0.5 ms® r.m.s. was 5.0 Hz
and (b) the predicted shift of the resonance frequency in the vertical apparent mass was
0.5 Hz (i.e., the shift in the resonance frequency of experimental apparent mass when

the vibration magnitude was increased).
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Figure 8.6 The nominal stress-strain curve for the compressive behaviour of the tissue
beneath the pelvis and the thighs.

The calculated compressive deformation (i.e., the relative displacement between the
node on the inner surface in contact with bone and the node on the outer surface of the
buttocks in contact with the seat; see Figure 8.1(b)), vertical force and vertical apparent
mass showed lower resonance frequencies with a high excitation magnitude than with a

low excitation magnitude (Figure 8.7).

With the nonlinear tissue, the predicted resonance frequency of the deformation, the
vertical force and the vertical apparent mass shifted from 5.5 to 3.0 Hz, 5.5 to 3.0 Hz,

and 4.5 to 4.0 Hz, respectively.

With vertical excitations at both 0.5 and 1.0 ms™ r.m.s., the maximum pressure occurred
at the ischial tuberosities (see Figure 8.4 for pressure calculated with a linear tissue
model at 0.5 ms™? r.m.s.). The peak modulus of the PSD (power spectral density) of the
maximum pressure at 1.0 ms™? r.m.s. was four times that at 0.5 ms™ r.m.s. (Figure 8.8).
The r.m.s. (root mean square) value of the time history of the maximum pressure with
vertical excitation at 0.5 ms? r.m.s. was 7.67 x10® Nm™ while the value was 1.31 x10°

Nm-2with vertical excitation at 1.0 ms? r.m.s.
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Figure 8.7 Calculated dynamic response with nonlinear tissue property: (a) compressive
deformation of the tissue beneath the ischial tuberosities; (b) vertical force on the seat;
(c) vertical apparent mass. ——, vertical excitation at 0.5 ms® r.m.s.; ——, vertical
excitation at 1.0 ms?r.m.s.

8.7 Discussion
8.7.1 Necessary complexity of a linear finite element model

The torso in the present model was simplified to be a single rigid body without spinal
structure. This was because the deformation of the spine and the spinal forces were not
of interest in this study. The bony structure in the pelvis and the thighs was less detailed
than in some previous models (e.g., Pankoke et al., 2008) but it was sufficient to predict
the location where maximum pressure occurred and the approximate pressure at this
location.

The force at the feet was less than at the seat (consistent with the findings of Nawayseh
and Griffin, 2004) and by using the same excitation at both locations it was possible to
take into account the effect of the footrest on the dynamic response at the seat (as

suggested in Fairley and Griffin, 1989).
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Figure 8.8 The power spectral density of the maximum pressure on the occupant-seat
interface: ——, vertical excitation at 0.5 ms-2 r.m.s.; ——, vertical excitation at 1.0 ms-2

r.m.s.

For this preliminary development of a simplified model, elastic material properties were
used for the deformable tissues of the pelvis and the thighs and optimised to simulate
the dynamic response at a typical vibration magnitude (i.e., 0.5 ms-2 r.m.s.). The linear
material provided a sensible response as shown in Figures 8.2, 8.3 and 8.4. The model
was further developed to include nonlinear characteristics of the soft tissue so as to
improve predictions and take into account the nonlinear response observed in
measurements of the apparent mass and pressure distribution of the body (Figures 8.7
and 8.8).

8.7.2 Vibration modes

The first mode of the model at 1.30 Hz involved pitch of the pelvis and might correspond
to the first mode in the fore-and-aft apparent mass around 1 Hz as observed in
experimental studies (e.g., Fairley and Giriffin,1990; Nawayseh and Griffin, 2005). The

second mode involved roll of the pelvis and lateral shear deformation of the pelvis tissue,
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and had a natural frequency close to the second mode of the lateral apparent mass
around 1.5 to 3 Hz (e.g., Fairley and Giriffin, 1990).

The fourth mode at 5.46 Hz and the fifth mode at 6.83 Hz both involved pitch motion of
the pelvis (and the upper-body), consistent with experimental data (Sandover and
Dupuis, 1987). Up-and-down motions of the legs and feet were evident in both the fifth
and the sixth modes, the natural frequencies of which were similar to the resonance
frequency of the vertical apparent mass and the fore-and-aft cross-axis apparent mass
at the feet (Nawayseh and Giriffin, 2003).

8.7.3 Predicted nonlinearity in the vertical apparent mass

The use of the bi-linear material model for tissue appeared effective in reflecting the
resonance shift in the vertical apparent mass associated with increasing vibration
magnitude. These material properties are also suitable for low density foam, consistent
with the assumption that the stiffness of the tissue beneath the pelvis and thighs was
dependent on deformation when exposed to vibration (Figure 8.6). When the vibration
magnitude was low (e.g., 0.5 ms? rm.s.), the vertical force was relatively small. The
compression of the tissue might be mainly within the scope of the first line in Figure 8.6.
When the vibration magnitude was increased (e.g., to 1.0 ms? r.m.s.), the vertical force
increased. It is possible that the vertical compression was mainly within the scope of the
second line in Figure 8.6. However, the increases in the deformation (Figure 8.7(a)) and
the force (Figure 8.7(b) were not proportional (Table 8.1). The r.m.s. value of the
dynamic force at the seat increased by 70.6 % while the axial deformation increased by
85.6%. The disproportionate change in the force and deformation is reflected by a

reduced stiffness shown by the second line of Figure 8.6.

Table 8.1 The r.m.s. value of the vertical force, the compressive deformation and the

dynamic stiffness calculated with excitation at 0.5 m.s? r.m.s. and 1.0 ms? r.m.s.

Excitation F, Al, DF=F,.I"
(ms?rm.s.) (Nr.ms.) (mrms.) (Nm'r.m.s.)
0.5 30.64 5.02 x10* 6.10 x10*
1.0 52.27 9.31 x10* 5.61 x10*
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8.8 Conclusions

A simplified finite element model of the seated human body has been developed and
calibrated using the vertical apparent mass and the fore-and-aft cross-axis apparent
mass measured on a seat. The calculated vertical inline apparent mass, the fore-and-aft
cross-axis apparent mass, the vertical transmissibility to the lumbar spine, and the fore-
and-aft cross-axis transmissibility to the lumbar spine had first resonance frequencies
and peak modulus similar to the experimental data. The peak value of the predicted
pressure distribution on a seat was observed at the similar region to the experiment

results and the peak magnitudes had the same order.

The fourth mode of the model at 5.6 Hz, consisting of pitch motion of the upper-body and
the pelvis, with axial and shear deformation of buttocks tissues, may be related to the

principal resonance of the vertical apparent mass and transmissibility.

A decrease in the resonance frequency of the vertical apparent mass with increasing
vibration magnitude was achieved by using a simplified bi-linear material model for the
deformable tissue. It was shown that increasing magnitude of the vertical vibration
introduced an increase in the axial deformation of the tissue by a larger percentage than

the increase in the vertical force.
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CHAPTER 9: GENERAL DISCUSSION

9.1 Introduction

The previous chapters have considered how resonances in the apparent mass and
transmissibility, and their association, are affected by vibration magnitude (Chapters 4
and 5), coupling of dual-axis excitation (Chapters 4 and 5), and sitting posture (Chapter
6). The necessary characteristics of a model with a capacity to predict the inline and
cross-axis apparent mass, transmissibility and the nonlinearity with single-axis and dual-
axis excitation have been examined in Chapter 3 (a multi-body model with vertical
excitation), Chapter 7 (a multi-body model with combined vertical and fore-and-aft
excitation), and Chapter 8 (a finite element model simulating the nonlinearity). The main

findings of these chapters are summarised and discussed in sections below.
9.2 Nonlinearity associated with vibration magnitude

The biodynamic responses associated with vertical excitation and fore-and-aft excitation
both exhibited nonlinearity with changes in the magnitude of excitation (Chapters 4 and
5). The human tissue (or tissue from porcine, etc.) has also been reported to be load-
dependent and exhibit nonlinear force-deflection behaviour (e.g., Zheng et al. 1999;
Oomens et al., 2003; Snedeker et al., 2005; Saraf et al., 2006; Loocke et al., 2008;
Makhsous et al., 2008). It is therefore speculated that the nonlinear dynamic response

occurs with a change in the mechanical properties of the human body.

With single-axis excitation, the experimental apparent mass and transmissibility
calculated with the cross-spectral density, CSD method, are very close to the values
calculated with the power spectra density, PSD method (Appendix F; also Nawayseh
and Griffin, 2003; Nawayseh and Griffin, 2005). It is therefore assumed that the human

body is linear within one vibration stimulus.

The mechanical properties are supposed to be changed only when the vibration
characteristic is changed. If the human body which is exposed to single-axis excitation
and represented by a single degree-of-freedom model (Figure 9.1), the natural
frequency, the peak modulus and the phase lag of the transfer function (only the
transmissibility is discussed in Section 9.2 as an example) are expressed by the
Equations (9.1-9.3).
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Figure 9.1 Single degree-of-freedom model with: (a) vertical excitation; (b) fore-and-aft
excitation.
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Assuming that mass is constant when changing the magnitude of excitation (i.e., g, or
gxo), @n increase in the phase lag could be attributed to either a decrease in the stiffness

or an increase in the damping factor (Equation (9.3)).
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With increasing magnitude of vertical excitation (i.e., q,), the increase in the phase lag

(Chapter 4; ¢, in Equation (9.3)) and the decrease in the natural frequency (i.e., o, in
Equation (9.1)) were possibly caused by a decrease in the stiffness (i.e., k;). An increase
in the damping could also contribute to an increased phase and a decreased natural
frequency, as suggested by Equations (9.1) and (9.3). However, an increase in the

a:
qu

damping (i.e., ¢;) would introduce a smaller peak modulus (the maximum value of

as suggested by Equation (9.2)). This is not consistent with the experimental finding that
there is no significant reduction in peak modulus in the vertical transmissibility (see
Chapter 4). It is therefore difficult to tell whether the damping factor was increased or not

with the frequency resolution of 0.25 Hz employed in the study.
With increasing magnitude of fore-and-aft excitation, the decrease in the modulus of the

A
qu

first peak in the fore-and-aft transmissibility (Chapter 5; the maximum value of in

Equation (9.2)) and the increase in the phase lag (Chapter 5; ¢ in Equation (9.3)) were

possibly caused by an increase in the damping (i.e., ¢,). A decrease in the stiffness (i.e.,
ky) could also increase the phase lag (Equation (9.3)), it will reduce the natural frequency

(i.e., o, in Equation (9.1)). However, the first resonance frequency in the fore-and-aft

transmissibility was not observed to be changed significantly (see Chapter 5). It is
possible that the stiffness was not decreased, or the decrease was not large enough to
introduce a detectable deviation in the first resonance frequency in the fore-and-aft

transmissibility with the frequency resolution of 0.25 Hz employed.
9.3 Nonlinearity associated with coupling effect

The uncorrelated signals in the experiments in this thesis means the coherency of two
inputs is very close to 0 (about 10% in the experiment) so the transfer functions could be
calculated with the CSD method which is normally used for single-axis case (Bendat and
Piersol, 1986). However, with dual-axis excitation, the vertical excitation still produces
response in the fore-and-aft direction, e.g., fore-aft force, similar to single-axis vertical
excitation producing fore-aft force. Similarly, with dual-axis excitation, the fore-aft
excitation still produces response in the vertical direction, e.g., vertical force, similar to
single-axis fore-aft excitation producing vertical force. This is the coupling effect.

Although the vertical force generated by the fore-aft excitation is small compared to the
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vertical force generated with vertical excitation, it does contribute to the change in the
vertical apparent mass with dual-axis excitation, compared to that with single-axis

vertical excitation.
9.3.1 Effect of x-axis excitation on the z-axis response

With increasing magnitude of the additional fore-and-aft excitation from 0 to 1.0 ms?
r.m.s. while the magnitude of vertical excitation was held constant at 1.0 ms? r.m.s., the
resonance frequency in both the vertical apparent mass and the vertical body

transmissibility decreased (Chapter 4).

A Poisson ratio of around 0.45 has been reported for human body tissue (e.g., Li et al.,
2001). The observed coupling influence of x-axis excitation on the z-axis response is
suggested to be associated with the Poisson’s effect of human body tissue. When the
human body is exposed to vertical excitation, the buttock tissue is compressed (Figure
9.2(b)) relative to the initial shape (Figure 9.2(a)). With dual-axis excitation, the
compression of the tissue is not only caused by the vertical excitation but also caused by
the fore-and-aft excitation (Figure 9.2(c)). It is possible that the total deflection of tissue
with dual-axis excitation is greater than that with single-axis excitation. It seems that the
dynamic stiffnress was reduced due to the increased compression when there was
combined vertical and fore-and-aft excitation during the experiment, analogous to the
softening effect associated with increasing the magnitude of the single-axis vertical

excitation.

@ . |

(a) (b) (c)

Figure 9.2 Deformation of buttocks tissue with single-axis vertical vibration and
combined vertical and fore-and-aft vibration: (a) —, initial position of buttocks tissue; (b)
- - -, buttocks tissue position undergoing vertical vibration; (c) —.—, buttocks tissue
position exposed to vertical vibration and fore-and-aft vibration.

9.3.2 Effect of z-axis excitation on the x-axis response

With increasing magnitude of the additional vertical excitation from 0 to 1.0 ms? r.m.s.

while the magnitude of fore-and-aft excitation was held constant at 1.0 ms® r.m.s., the
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modulus of the first peak in the fore-and-aft apparent mass and fore-and-aft body

transmissibility decreased (Chapter 5).

The observed coupling influence of z-axis excitation on the x-axis response is also
suggested to be associated with the Poisson’s effect of human body tissue. When the
human body is exposed to single-axis fore-and-aft excitation, the buttock tissue is
compressed in the fore-and-aft direction (Figure 9.3(b)) relative to the initial shape
(Figure 9.3(a)). With dual-axis excitation, the fore-and-aft deformation of the tissue is not
only caused by the fore-and-aft vertical excitation but also caused by the vertical

excitation (Figure 9.3(c)).

ax
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Figure 9.3 Deformation of buttocks tissue with single-axis fore-and-aft excitation and
combined fore-and-aft and vertical excitation: (a) —, initial position of buttocks tissue;
(b) - - -, buttocks tissue position undergoing fore-and-aft excitation; (c) —.—, buttocks
tissue position exposed to fore-and-aft excitation and vertical excitation.

The total fore-and-aft deflection of tissue with dual-axis excitation may be expected to be
greater than that with single-axis excitation alone. It seems that the fore-and-aft damping
is increased due to the increased compression when there was combined fore-and-aft
and vertical excitation. This was similar to increased damping with increased magnitude
of single-axis fore-and-aft excitation, which was discussed in Section 9.2. It is still difficult
to determine whether the stiffness of the tissue is changed or not. This is because the
first resonance frequency in the fore-and-aft apparent mass was not significantly change

with the addition of the vertical excitation when using a frequency resolution of 0.25 Hz.

It is noted that the discussion in Sections 9.2 and 9.3 was conducted that assuming that
the tissue was the main source of the nonlinearity that was observed in both the

apparent mass and the transmissibility (as suggested by Huang, 2008).
9.4 The necessary complexity of human body models

The complexity of a mathematical model is determined by the application of the model.
The human body models proposed in this research are designed to represent both the

inline and the cross-axis dynamic response at the seat surface and over the body
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surface with single-axis and dual-axis excitation. The models were also required to have

the capability to reflect an effect of posture change on the biodynamic response.

The intent of predicting cross-axis response at the seat surface requires including
rotational connections between the segments that represent thighs and pelvis. Therefore,
the pelvis and thighs are simulated with rigid bodies, each of which is able to move
vertically, horizontally, and rotate in the sagittal plane. Similarly, predictions of the
biodynamic responses in the vertical and fore-and-aft directions over the spine require
rotational joints between the elements which represent the thoracic spine and the lumbar
spine. Simulating body segments with rigid bodies not only enables the model to
represent a coupling effect between z-axis excitation and x-axis excitation but also
makes it possible to model different sitting postures. For example, by varying the initial
inclination of the spine and pelvis, the model is able to take into account the effect of a
change in the geometry on the apparent mass when changing from a normal posture to
an erect posture or to a slouched posture. By adding sets of springs and dampers to the
thoracic spine or lumbar spine, the model could be used to investigate the effect of
backrest contact on the apparent mass at the seat. By varying the inclination of the
thighs and legs, the model is able to simulate the effect of the height of a footrest (e.g.,
Nawayseh and Griffin, 2004) and the distance between the footrest and the seat (e.g.,
Toward and Griffin, 2010).

Rotational connections are essential for a human body model with dual-axis excitation to
be able to model the coupling effect caused by the two perpendicular excitations. With
the additional fore-and-aft input applied to the horizontal sets of springs and dampers at
the seat-occupant interface, the multi-body model that worked for vertical excitation also
worked for dual-axis excitation. However, some of the key parameters (e.g., the vertical
stiffness of the pelvis tissue, the vertical damping of the tissue beneath the thighs) for
the single-axis model were changed to match the transfer functions obtained with dual-
axis model. This is because the resonance shift with dual-axis excitation is assumed to
be due to the nonlinearity of the tissue beneath the pelvis and thigh, i.e., the coupling

effect as discussed in Section 9.3.2.

Although the upper torso, arms and legs are rigid bodies and contain no bony structure,
a finite element human model with the buttocks represented by flexible bodies containing
a simple pelvis bony structure has the ability to provide sensible predictions of the

apparent mass at the seat, transmissibility to the spine, and pressure distribution at the
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seat. It seems unwise to develop a complicated human body model with detailed muscle
and skeleton structure for the cervical spine, thoracic spine, lumbar spine, and pelvis for

the applications in this study.

It is noted that the modelling places an emphasis on reflecting the primary resonance,
especially the resonance frequencies of the transfer functions (i.e., apparent mass and
transmissibility to the spine). The second mode is much less profound and little is
unknown about how it is generated. Features that are needed to reflect the second

modes are worth identifying in the future studies.
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CHAPTER 10: GENERAL CONCLUSIONS
10.1 General conclusions

With vertical excitation, the resonance frequency in the vertical inline and fore-and-aft
cross-axis apparent mass and transmissibility to the spine and pelvis (and the pitch
motion of pelvis) reduce with the addition of the fore-and-aft excitation, similar to the
softening effect caused by increasing magnitude of single-axis vertical excitation. The
primary resonance frequency in the dynamic response associated with vertical excitation
in the normal upright posture is less than that in an erect posture but greater than that in
a slouched posture. The association between the apparent mass and the transmissibility

varies with the magnitude of vertical vibration and the addition of fore-and-aft excitation.

With fore-and-aft excitation, the peak modulus in the fore-and-aft inline and vertical
cross-axis apparent mass and transmissibility to the spine and pelvis (and the pitch
motion of pelvis) reduce with increasing magnitude of fore-and-aft excitation and the
addition of vertical excitation. The first resonance frequency in the apparent mass and
the transmissibility to the pelvis and the spine with fore-and-aft excitation is greater in an
erect posture than in a normal upright posture and in a slouched posture. The
association between the apparent mass and the transmissibility also vary with the

magnitude of fore-and-aft excitation and the addition of vertical excitation.

A seven degree-of-freedom multi-body model can provide sensible predictions of the first
resonance frequencies and the associated peak modulus in the vertical apparent mass
and transmissibility and fore-and-aft cross-axis apparent mass and transmissibility with
dual-axis excitation (Chapter 7). The predictions were achieved by reducing the axial
stiffness of the pelvis tissue and the axial damping of the thigh tissue in the model with
single-axis vertical excitation (as developed in Chapter 3). The multi-body model
(Chapter 7) suggests that the first mode in the fore-and-aft apparent mass and the fore-
and-aft transmissibility to the upper body (see Chapter 5) is caused by fore-and-aft
movement of the upper body which arises from pitch motion of the pelvis. The model
also indicates that the second mode is associated with fore-and-aft movement of the

upper body caused by shear deformation of pelvis tissue.

With the deformable bodies (i.e., pelvis tissue and thigh tissue) simulated with nonlinear
low density foam material model (Chapter 8), a finite element model is able to reflect the

resonance shift seen in the vertical apparent mass with increasing vibration magnitude.
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The model suggests that increasing magnitudes of vertical vibration increase the axial
deformation of the tissue by a greater percentage than the increase in vertical force.
With this characteristic, a finite element model predicts a reduction in the resonance
frequencies of the vertical apparent mass, the axial deformation of the pelvis tissue, and
the maximum pressure at the seat-occupant interface when increasing magnitude of

vertical excitation.
10.2 Recommendations

The finite element model in this research used low density foam material to represent
the nonlinear force-deflection properties of the pelvis tissue. As the tensile and shear
behaviour of this type of material is governed by Young’s modulus, it has no capability to
model the nonlinear cross-axis response (i.e., the nonlinearity seen in the fore-and-aft
cross-axis apparent mass). Other nonlinear material types may be investigated for
modelling both the nonlinear inline and the nonlinear cross-axis dynamic response (e.g.,
Mooney-Rivlin-Rubber in the LS-DYNA platform). Whatever nonlinear material is used, it
will be difficult to determine the parameters needed to quantify the nonlinear
performance of the material. The samples used in the measurements of tissue
properties reported so far are either from cadavers or animals. Tests with living humans
are not conducted with dynamic excitation and how well they reflect human tissue

properties in dynamic vibration conditions has yet to be identified.

Previous studies, and the research in this thesis, show that sitting posture can change
the resonance frequency and the peak modulus in the apparent mass and
transmissibility (Chapter 6). The multi-body models (in Chapter 3 and Chapter 7), and
the finite element model (in Chapter 8), were calibrated only with experimental data in
the normal upright posture. It is desirable to fit the models to the dynamic responses in
other postures (e.g., an erect posture and a slouched posture) by adjusting the
inclination, stiffness, and damping of the body segments. Identifying how the model
parameters vary with sitting posture will advance understanding of the effect of posture

on the dynamic response of the body.

Nonlinear changes in pressure distribution with changes in vertical excitation have been
measured experimentally (e.g., Wu et al., 1998; Hinz et al., 2006b) and calculated using
the finite element model in Chapter 8. It is desirable to measure the pressure distribution
over the seat-occupant interface with dual-axis excitation with various combinations of

vibration magnitudes. It may be hypothesised that the pressure distribution with
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orthogonal excitation will exhibit similar nonlinearity to that with increasing magnitude of

single-axis excitation.
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APPENDICES
The appendices below show the information of:

Appendix A shows the solutions of equations of motion of the human body model

developed in Chapter 3.

Appendix B shows the apparent mass and transmissibility associated with vertical

excitation at vibration magnitudes which have not been shown in Chapter 4.

Appendix C shows the apparent mass and transmissibility associated with fore-and-aft

excitation at vibration magnitudes which have not been shown in Chapter 5.

Appendix D shows the apparent mass and transmissibility in a normal upright posture,

an erect posture and a slouched posture at different vibration magnitudes (Chapter 6).

Appendix E shows the Simulink model of the equations of motion of seated human body
exposed to dual-axis excitation (Chapter 7). The corresponding coefficients are also

appended.

Appendix F compares the apparent mass and transmissibility calculated with CSD
method and PSD method.
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APPENDIX A: SOLUTIONS OF THE EQUATIONS OF MOTION OF SINGLE-AXIS
HUMAN BODY MODEL (Chapter 3)

Assuming thatq, = x,,q, = z,,9, = 6,,q, = 0,,9, = 0,,9, = 0,,q, =6, , Q1, Qz, Qs, Qu, Qs, Qs, Q7

are Laplace transform of g1, g2, qs, G4, 95, Qs and gy respectively.

010=150° 620=100°; B39=50°; 640=350°; 65,=280°;

sin10=sin(61p); sin20=sin(By); sin30=sin(B3o); sin40=sin(640); siN50=sin(Bso);
c0s10=c0s(6+p); c0s20=c0s(02); c0s30=Cc0s(O3p); c0s40=c0s(BO4); c0s50=Cc0s(O50);

€051020=c0s(B1p-62); c0s1030=c0s(B10-O30); c052030=c0s(620-630); c0s4050=c0Ss (640~
B50);

s=2pif:
Qi=Q;

Qo=-(H1+H,Q);
Q;=(D,H+D;H,Q-D1Q);
Qs=(F1Q-F2H+-F2H2Q);
Qs5=(GzH1-G1Q+G,H2Q);
Qs=(B3H:+B3H,Q-B4-B2Q);
Q7=(E_H+E H,Q+E5-E1Q);
Where,

Q=(-A13D2H1+A14F2H1-A15G2H1+A16B1-A1sB3sH1-A17E2H1-A17E3)/ (A11-A13D 1-A13DoHo+ AqsF 4 -
A14H2-A15G1+A15G2H2-A16B 2+ A 16BsH-A17E1+A7EH2);

B1=Ass/(AssA77-A76A67);

B2=(As1A77-A71A67)/( AscA77-A76A67);
B3=(As2A77-A72A67)/( AssA77-A76A67);
C1=(Aa1Ass-AusAs1)l( AsaPAss-AusAss);
Co=(As2As5-AusAs2)l( AsaPss-AusAss);
C3=(AsAs5-AusAs3)/( AsaPAss-AusAss);

D1 = (A31 A55'A35A51 'A34C 1 +A35A54C1 )/ (A33A55'A34C3'A35A53 +A35A54C3 );
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D2=(As2As5-AssAs2-As4CotAssAssC2)/ (AssAss-AsaCa-AssAsstAssAsaCa);
E1=(A71-A7sB2)/A77;

E2=(A72-A76B3);

Es=AzsB+/Ar7;

F1=C3D+-Cy;

F2=C3D,-Cy;

G1=(As1-As3D1+AssF1)/Ass;

G2=(As2-As3D2+AssF2)/Ass;

H1=A2s/(Ag2-A23Do+AzF 2-AxsGo-AreB3-As7Ey);

Ho=(A24F 1-A23D1-A25G 1-A2sB2-An7E 1 )/( Agz-AxsDot+AzgF 2-AxsGo-ArsBs-AsrEy);
Ai1= Kiy +MiS2+mas?+K a1, S+MaS?+ MyS*+ MsS?+CayS;
Aq3= mys?lisin10+m;s?lisin10+m4s®r;sin10;

A14= m352ksin20+m,s®rysin20;

A15=m;s°r3sin30;

Aie= MsS21,Sin40-m4S2rsSind0-Kayl4SiN40-CaySrosSind0;
As7= MsSrssin50;

Ago= M18*+Mys°+kyr+ M3s°+C1,8+MyS*+Mss*+k1,+CayS;
Azs=-m;3s°,cos10 -ms?ricos10 -m,s®cos10;

Azs= -m35%,c0520-m,s°r,cos20;

Ags= -m3s>r;cos30;

A= C4,Srs4C0S40+kKy,r,4c0S40+mys2r,cos40+mss?l,cos40;
Azr= mss®rscos50;

A2g= -C475-K1,-Ka7-C17S;

Az1= mys?lisin10 +m;s?sin10+mys2rsin10;

Aso= -m3s2l,cos10-m,s?,cos10-mqs°ricos10;

Asz= I182+m282/12+m382/12+kt1+ cnS+ Kkp+ CpsS;

207



Azs= My$°rlic0s1020 +m3s®llicos1020 —Kp-CpoS;

Azs= m3s°rslicos1030;

As1=m,s%:sin10 +m;s?l;sin10+m4s®r;sin10;
Aur=-m,5°r,c0820 -m35°,c0s20;

Ayz= mys°hl1c0s1020+m,s°rl1c081020—Kp-CoS;

Asy= CpS+s*+mss®h +mys?r®+kptka+cps;

Aus= M35°r3l,c0s2030 -Kiz-CiS;

As1=m3s2r;sin30;

Asp=-m;35°r;c0s20;

Ass= 135°+m;s°rsl;cos1030;

Ass= M35°r3l,c082030-kz-CpsS;

Ass= MyS°rs°+kiz +CiaS;
As1=M55°14SIN40-C4xSr4SiN40-Kaxl4SIN40+kn+mys°risind0+cys;
Aso= KyrlesSCOSA0+Ky,14c0S40-mss?l,c0s40-mys°racos40;

Acs= 145%+C1S+MsS2ly>+Kantca?(SINA0 )2 +MyS2r o4?+ K oa?(COSA0)?+Cy, 104°S(COSA0)?+C4yS

res?(SIN40)?+kp+ky+Cus;

Ag7= MsS? r5lycos4050+ Ku+cus
Ass=-Ka,r:45C0840 -K4,r:4c0840;
Az1= mss®rssin50;

A= mss*rscos50;

Az6= MsS°rsl,cos4050;

A77= I582+m582r52+kt4+Ct4S.
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APPENDIX B: TRANSMISSIBILITY ASSOCIATED WITH VERTICAL VIBRATION
(Chapter 4)

Transmissibility

Phase (rad)

Frequency (Hz)

Figure B.1 Modulus and phase of individual transmissibility from vertical seat
motion to upper body motion of 12 subjects with vertical vibration at 0.25 ms?
r.m.s.: (a) the vertical transmissibility and phase; (b) the fore-and-aft cross-axis
transmissibility and phase.
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Figure B.2 Modulus and phase of individual transmissibility from vertical seat
motion to upper body motion of 12 subjects with vertical vibration at 0.5 ms™
r.m.s.: (a) the vertical transmissibility and phase; (b) the fore-and-aft cross-axis
transmissibility and phase.
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Figure B.3 Modulus and phase of individual transmissibility from vertical seat
motion to upper body motion of 12 subjects with 1.0 ms™ r.m.s. vertical vibration
and 0.25 ms™? r.m.s. fore-and-aft vibration: (a) the vertical transmissibility and
phase; (b) the fore-and-aft cross-axis transmissibility and phase.
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Figure B.4 Modulus and phase of individual transmissibility from vertical seat
motion to upper body motion of 12 subjects with 1.0 ms™ r.m.s. vertical vibration
and 0.5 ms® r.m.s. fore-and-aft vibration: (a) the vertical transmissibility and
phase; (b) the fore-and-aft cross-axis transmissibility and phase.
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Figure B.5 Individual transmissibility from vertical seat motion to pitch of the pelvis of 12
subjects: (a) pitch transmissibility with single-axis vertical vibration at 0.25 ms™ r.m.s.; (b)
pitch transmissibility with single-axis vertical vibration at 0.5 ms? r.m.s.; (c) pitch
transmissibility with 1.0 ms? r.m.s. vertical vibration and 0.25 ms? r.m.s. fore-and-aft
vibration; (d) pitch transmissibility with 1.0 ms™® r.m.s. vertical vibration and 0.5 ms™
r.m.s. fore-and-aft vibration.
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APPENDIX C: TRANSMISSIBILITY ASSOCIATED WITH FORE-AND-AFT
VIBRATION (Chapter 5)

4

Transmissibility

Phase (rad)

Frequency (Hz)

Figure C.1 Modulus and phase of individual transmissibility from fore-and-aft seat
motion to upper body motion of 12 subjects with fore-and-aft vibration at 0.25 ms™
rm.s.: (a) the fore-and-aft transmissibility and phase; (b) the vertical cross-axis
transmissibility and phase.
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Pelvis

Frequency (Hz)

Figure C.2 Modulus and phase of individual transmissibility from fore-and-aft seat
motion to upper body motion of 12 subjects with fore-and-aft vibration at 0.5 ms? r.m.s.:
(a) the fore-and-aft transmissibility and phase; (b) the vertical cross-axis transmissibility

and phase.
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Frequency (Hz)

Figure C.3 Modulus and phase of individual transmissibility from fore-and-aft seat
motion to upper body motion of 12 subjects with 1.0 ms? r.m.s. fore-and-aft
vibration and 0.25 ms™ r.m.s. vertical vibration: (a) the fore-and-aft transmissibility
and phase; (b) the vertical cross-axis transmissibility and phase.
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Figure C.4 Modulus and phase of individual transmissibility from fore-and-aft seat
motion to upper body motion of 12 subjects with 1.0 ms? r.m.s. fore-and-aft
vibration and 0.5 ms™? r.m.s. vertical vibration: (a) the fore-and-aft transmissibility
and phase; (b) the vertical cross-axis transmissibility and phase.
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Figure C.5 Individual transmissibility from fore-and-aft seat motion to pitch of the pelvis
of 12 subjects: (a) pitch transmissibility with single-axis fore-and-aft vibration at 0.25
ms? r.m.s.; (b) pitch transmissibility with single-axis fore-and-aft vibration at 0.5 ms™
r.m.s.; (c) pitch transmissibility with 1.0 ms? r.m.s. fore-and-aft vibration and 0.25 ms™
r.m.s. vertical vibration; (d) pitch transmissibility with 1.0 ms? r.m.s. fore-and-aft
vibration and 0.5 ms® r.m.s. vertical vibration.
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APPENDIX D: APPARENT MASS AND TRANSMISSIBILITY IN DIFFERENT
POSTURES (Chapter 6)

100 .
Normal upright

50

Apparent mass (kg)

0 : : ‘ , —0
5 10 5 10 15
Frequency (Hz) Frequency (Hz)
Figure D.1 Effect of vibration magnitude on vertical apparent mass, (a) and fore-
and-aft cross-axis apparent mass, (b) in three sitting postures: ——, a, =0.25 ms™
r.ms. - --, a,=1.0 ms?r.m.s. (medians of 12 subjects).

219



100 ‘ ‘ g ‘ 15
p Normal upright
PR g 3‘:.\ P 110
501 ‘”‘\\\
() . (b) 45
~ Erect
E s0f
@ R
s / e
< 0 t t . o 0
Slouched
50 :// . \\ ” 110
0 : v ‘ e
5 10 5 10 15
Frequency (Hz) Frequency (Hz)

Figure D.2 Effect of vibration magnitude on vertical apparent mass, (a) and fore-
and-aft cross-axis apparent mass, (b) in three sitting postures: ——, a, =1.0 ms™
rm.s., a, =025 ms?rms.; - - -, a, =1.0 ms? rm.s., a, =1.0 ms? r.m.s. (medians

of 12 subjects).
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Figure D.3 Effect of vibration magnitude on the transmissibility from vertical seat motion
to each measurement location in three sitting postures: effect of vibration magnitudes. —
—, a,=025 ms?rms.; - - -, a,=1.0 ms?r.ms. (a) vertical transmissibility in the normal
upright posture; (b) fore-and-aft cross-axis transmissibility in the normal upright posture;
(c) vertical transmissibility in the erect posture; (d) fore-and-aft cross-axis transmissibility
in the erect posture; (e) vertical transmissibility in the slouched posture; (f) fore-and-aft
cross-axis transmissibility in the slouched posture.(medians of 12 subjects).
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Figure D.4 Effect of vibration magnitude on the transmissibility from vertical seat motion
to each measurement location in three sitting postures: effect of vibration magnitudes. —
—, a, =1.0, a,=0.25 ms? rms.; - - -, a, =1.0, a, =1.0 ms? rm.s. (a) vertical
transmissibility in the normal upright posture; (b) fore-and-aft cross-axis transmissibility
in the normal upright posture; (c) vertical transmissibility in the erect posture; (d) fore-
and-aft cross-axis transmissibility in the erect posture; (e) vertical transmissibility in the
slouched posture; (f) fore-and-aft cross-axis transmissibility in the slouched posture
(medians of 12 subjects).
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Figure D.5 transmissibility from vertical seat motion to pelvis pitch motion of 12 subjects
in three sitting postures: effect of vibration magnitudes. Left column, single-axis vertical
vibration, —, a,=0.25 ms?® r.ms.; - - -, a,=1.0 ms? r.m.s.; right column, dual-axis
vibration, —, a, =1.0, a,=0.25 ms? rms.; - - -, a, =1.0, a, =1.0 ms? r.m.s. (a) pitch
transmissibility in the normal upright posture; (b) pitch transmissibility in the erect
posture; (c) pitch transmissibility in the slouched posture.
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Figure D.6 Effect of vibration magnitude on fore-and-aft apparent mass, (a) and vertical
cross-axis apparent mass, (b) in three sitting posture: ——, a, =0.25 ms® rm.s.; - - -, a,
=1.0 ms? r.m.s. (medians of 12 subjects).
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Figure D.7 Effect of vibration magnitude on fore-and-aft apparent mass, (a) and vertical
cross-axis apparent mass, (b) in three sitting posture: —.—, a, =1.0, a, =0.25 ms™
rm.s.;---, ay=1.0, a,=1.0 ms? r.m.s. (medians of 12 subjects).
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Figure D.8 Effect of vibration magnitude on the transmissibility from fore-and-aft seat
motion to each measurement location in three sitting postures: effect of vibration
magnitudes. —, a,=0.25 ms? rms.; - - -, a=1.0 ms? rm.s. (a) fore-and-aft
transmissibility in the normal upright posture; (b) vertical cross-axis transmissibility in the
normal upright posture; (c) fore-and-aft transmissibility in the erect posture; (d) vertical
cross-axis transmissibility in the erect posture; (e) fore-and-aft transmissibility in the
slouched posture; (f) vertical cross-axis transmissibility in the slouched posture (medians
of 12 subjects).
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Figure D.9 Effect of vibration magnitude on the transmissibility from fore-and-aft seat
motion to each measurement location in three sitting postures: effect of vibration
magnitudes. —, a, =1.0, a,=0.25 ms? rms.; - - -, a, =1.0, a, =1.0 ms? r.m.s. (a) fore-
and-aft transmissibility in the normal upright posture; (b) vertical cross-axis
transmissibility in the normal upright posture; (c) fore-and-aft transmissibility in the erect
posture; (d) vertical cross-axis transmissibility in the erect posture; (e) fore-and-aft
transmissibility in the slouched posture; (f) vertical cross-axis transmissibility in the
slouched posture (medians of 12 subjects).
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Figure D.10 transmissibility from fore-and-aft seat motion to pelvis pitch motion of 12
subjects in three sitting postures: effect of vibration magnitudes. Left column, single-axis
fore-and-aft vibration,
dual-axis vibration, —, a,=1.0, a,=0.25 ms?r.m.s.; - - -, a,=1.0, a,=1.0 ms? r.m.s. (a)
pitch transmissibility in the normal upright posture; (b) pitch transmissibility in the erect
posture; (c) pitch transmissibility in the slouched posture.
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APPENDIX E: THE SIMULINK MODEL OF THE HUMAN BODY AND THE
COEFFICIENTS FOR EQUATIONS OF MOTION (Chapter 7)

Assuming that 6810=150°; 8,0=100°; 83,=50°; 84,=350°; B5,=280°,
sin10=sin(61p); sin20=sin(By); sin30=sin(B3o); sin40=sin(640); siN50=sin(Bso);
c0s10=c0s(6+p); c0s20=c0s(B2); c0s30=Cc0s(O3p); c0s40=c0s(BO4); c0s50=Cc0s(O50);

€051020=c0s(010-62); c0s1030=c0s(010-O30); c052030=C0Ss(6,0-63); c0s4050=c0Ss (640~
6s0);

Mi1=m+my+msz+my+ms;
M;2=0;
Miz=-(m1risin10+mylisin10+mslssin10);
M 4=-(myrsin20+msl,sin20);
Mi5=-msr3sin30;
Mig=-(myrssind0+mslysin40);
Mi7=-msrssin50;

Ki1=KixtKay;

Ki2=0;

K13=0;

K14=0;

Ki5=0;

Kie6=-KaxrcaSIiN40;

Ki7=0;

C11=CixtCax;

C12=0;

C13=0;

C14=0;

C15=0;
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C16=-Caxl4Sin40:;

C7=0;

M,4=0;

Moo= my+may+ms+ma+ms;
My3= myr,cos10+ m,licos10+ mslicos10;
Mz4= my r,cos20+ m;lcos20;
Mos= m3 rcos30;

M= my4 rscos40+ ms ,cos40;
My7,= ms rscos50;

K21=0;

Kao=kiz+Kaz,

K23=0;

K24=0;

K2s=0;

Koe= Kay rac0s40;

K27=0;

C21=0;

Co2= C1,1Cuz;

C23=0;

C24=0;

C25=0;

Co6= Caz I:4C0S40;

C,7=0;

Msz4=-( my r;sin10+ my l;sin10+ ms 1sin10);

M3>= myr,cos10+ molycos10+ mslicos10;
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Msz= my ri®+ my 1%+ ms 1%+ Iy;
Ma3,= my l1r,cos1020+ ms /4 l,cos1020;
M3s= ms |4 r;cos1030;

M36=0;

M;7=0;

K34=0;

K32=0;

Kas=kutke;

Kss=-kp;

K35=0;

Kae=-ku;

K37=0;

C31=0;

Cs32=0;

Cs3= cutcp;

Css=-Cp;

Css=0;

Ca6=-Cu;

Cs7=0;
My1=-(m,rsin20+ms;l,sin20);
M= m; r,cos20+ mj3 l,cos20;
Mjyz= m3 l1r,cos1020+ maly bcos1020;
M= mor®+ mal+l;

Mys= ms lrr;c0s2030;

My6=0;

M47=0;
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Ks1=0;
K42=0;
Kaz=-Ke;
Kaa= kot Kis;
Kas=-Kg;
Ki6=0;
K47=0;
C41=0;
C42=0;
Caz=-Cp;
Ca4= Cot Cp;
Ca5=- Ca;
Ci46=0;

C47=0;

M51=-m3r38in30;
Ms,= m3 rcos30;
M53= ms /1f3COS1030;

M54= ms /2r30082030;

Mss= mars>+13;
Ms6=0;

Ms;=0;

Ks1=0;

Ks2=0;

Ks3=0;
Ksa=-Kis;

Kss=Kg;
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Ks6=0;

Ks7=0;

Cs1=0;

Cs2=0;

C53=0;

Css=-Cg;

Css=Cs;

Cs6=0;

Cs7=0;
Me1=-(m4r,sin40+msl,sin40);
Meo= myrscos40+ ms I,cos40;
Me3=0;

Me4=0;

Mss=0;

Mes= Mar®+ msls®+ly;
Ms7= ms 1, rscos4050;
Ke1=-Kaxrcasin4O;

Keo= Kay r-ac0s40;
Kes=-ku;

Kes=0;

Kes=0;
Kes=Ku+kun+Kazfos;
Ke7=- ku;

Ce1=- Caxl:4Sin40;
Ceo= Cal:4c0540;

Ces=-Cs;
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Ces=0;

Ces5=0;

Ces= CutCn+Cazles’;
Co7=-Cu;
M71=-msrssin50;
M7= ms rscos50;
M73=0;

M74=0;

M75=0;

M7= ms l,r5c0s4050;
M7= msrs*+s;
K71=0;

K72=0;

K75=0;

K74=0;

K75=0;

Kre=-ku;

Kr7=Kua;

C71=0;

C72=0;

Cr5=0;

C74=0;

Cr5=0;

Cr6=-Cu;

Crr=cu.
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Figure E.1 The Simulink model of the of human body exposed to dual-axis excitation.
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APPENDIX F: comparisons between the results obtained with CSD method and
PSD method (Chapter 9)

120 ‘ : : ‘ ; : ; ‘ 15

100 ¢

80t

60|

Apparent mass (kg)

N
o

B D N
o o o

N
o

Apparent mass (kg)

Frequency (Hz) Frequency (Hz)

Figure F.1 Comparison of the apparent mass calculated with CSD method and PSD
method: ——, CSD method; - - -, PSD method. (a) vertical apparent mass with
vertical vibration at 0.5 ms?r.m.s.; (b) fore-and-aft cross-axis apparent mass with
vertical vibration at 0.5 ms?r.m.s.; (c) fore-and-aft apparent mass with fore-and-aft
vibration at 0.5 ms?r.m.s.; (d) vertical cross-axis apparent mass with fore-and-aft
vibration at 0.5 ms?r.m.s. (individual data of subject 2).
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Figure F.2 Comparison of the transmissibility calculated with CSD method and PSD
method: ——, CSD method; - - -, PSD method. (a) vertical transmissibility with

vertical vibration at 0.5 ms?r.m.s.; (b) fore-and-aft cross-axis transmissibility with
vertical vibration at 0.5 ms?r.m.s.; (c) fore-and-aft transmissibility with fore-and-aft
vibration at 0.5 ms?r.m.s.; (d) vertical cross-axis transmissibility with fore-and-aft
vibration at 0.5 ms?r.m.s. (individual data of subject 2).
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