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PREDICTING OVERALL SEAT DISCOMFORT
FROM STATIC AND DYNAMIC CHARACTERISTICS OF SEATS

By Kazushige Ebe

The factors affecting seat discomfort need to be understood sufficiently to be able to
predict seat discomfort from measures of seat characteristics. This thesis is concerned
with predicting seat discomfort from static and dynamic seat characteristics.

Eight experiments were conducted in order to investigate the effects of polyurethane
foam properties (composition, density/hardness and thickness) on the static and dynamic
characteristics of foam cushions. The transmissibilities and pressure distributions
underneath the buttocks were measured in studies with eight to twelve subjects. The
effect of seat cover, sample shape and cushion pad construction were also examined in
two experiments with eight subjects. The thickness of foam samples influenced both the
static and the dynamic characteristics of samples to a greater extent than other factors.

Factors affecting the static seat discomfort and the dynamic seat discomfort were
investigated. Four paired comparison experiments in the static condition and a paired
comparison experiment in two dynamic conditions were conducted with twelve subjects.
Sample stiffness (the gradient of a load-deflection curve obtained by compression with a
200 mm diameter circular plate, loaded around 50 kgf) or the pressure underneath the
ischial bones was correlated with static seat discomfort. The sample stiffness also
correlated with dynamic seat discomfort when vibration magnitudes were low.

One of the main objectives of this research was to propose a qualitative model of seat
discomfort. Overall seat discomfort was obtained by combining dynamic seat factors and
static seat factors. The effects of each factor on the overall seat discomfort varied
depending on the vibration magnitude. The validity of the modei was investigated in two
subjective studies: a paired comparison experiment (using four different square-shaped
polyurethane foams with twelve subjects in five different vibration conditions) and a
magnitude estimation experiment (using three different square-shaped polyurethane
foams and a wooden plate with twenty subjects}.

Another main objective was to develop a guantitative prediction -method for seat
discomfort. A method of predicting the overall seat discomfort was obtained by muitiple
regression analysis between the seat characteristics (sample stiffness and vibration dose
value) and subjective seat discomfort evaluation obtained from two magnitude estimation
experiments using three square-shaped polyurethane foams with twentg subjects. The
overall seat discomfort, y, was given by w = -50.3 + 39.5 (pS“B + 1019y ‘929, where @ is
the sample stiffness and o, is the VDV on the sample surface. The method provides a
higher prediction accuracy than a method using the static seat characteristics (sample
stiffness) alone or the dynamic seat characteristics (VDV) alone at any vibration
magnitude.
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GLOSSARY

bottoming  Less cushioning feeling of a foam due to a large amount of deformation of
a foam. Occupants could feel objects, such as springs and a plate, underneath the foam.

The subjective bottoming feeling correlates with the gradient of load-deflection curve

loaded at 50 kgf.

composition Hot cure polyurethane foam and HR (high resiliency) polyurethane foam
have different characteristics which are produced by varying the chemical composition as

well as mechanical factors, such as foam density. HR foam is also called ‘cold cure

foam’.

hardness Reaction force when the foam is compressed with a 200 mm diameter
circular plate at 25% foam thickness as shown in Figure 5.1. The circular plate is kept at
the 25% compression point and the reaction force after 20 second is measured as the

25% iLD (indentation load deflection) hardness defined in ISO 2439 (1980).

high durability type foam A nickname of polyurethane foam made of HR (high
resiliency) type foam composition. This foam provides longer durability in an endurance

test compared with other HR foams made of different compositions.

high resilient type foam A nickname of polyurethane foam belonging to HR type

foam. Among all HR foams used in this research, this foam was the most resilient and

least damped.

initial touch feeling The feeling of a foam when compressed with a light force. The

elastic deformation region shown in Figure 2,15 in Section 2.5.1 relates to the feeling.

low density type foam A nickname of polyurethane foam belonging to HR type
foam composition. The polymer matrix of this foam is relatively harder compared with
other HR foams made of different foam compositions. As a result, the density of the

foam is lower than the other HR foams at the same hardness.
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soft feeling type foam A nickname of HR type polyurethane foam. The polymer

matrix of this foam is softer than the other HR foams, and the initial touch feeling of this

foam is different from the other HR foam.

standard type foam A nickname of polyurethane foam made of HR type foam

composition. This type of foam is commonly used for automotive seat cushions,

especially for full-depth type seat cushions.

Stiffness The gradient of the load-deflection curve as shown in Figure 9.3. The
load-deflection curve is obtained by compressing with a 200 mm diameter circular plate

according to 1ISO 3386/1 (1986).
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CHAPTER 1

INTRODUCTION

1.1 GENERAL INTRODUCTION

Passenger vehicles are one of the greatest inventions in human history and have
contributed to human life in terms of convenience and efficiency. In addition to the
principal function of vehicles, carrying people or loads, much attention has been paid to
vehicle comfort: passengers should be transported comfortably. Vehicle comfort is
therefore one of the prime matters for designing vehicles. Passengers in a vehicle are
exposed to several environmental stimuli, such as noise, vibration and témperature and
these stimuli can affect the perception of vehicle comfort. Among many parts of a
vehicle, a seat may have a great influence on vehicle comfort because it is the largest

interface between a passenger and the vehicle.

Much effort has been made to improve seat comfort, however, it is not an easy task to be
accomplished. There are several reasons for the difficulty. One is that seat comfort is a
subjective matter, which depends on passengers’ subjective responses; it cannot be
measured objectively. Psychological subjective experiments need to be carried out so as
to evaluate seat comfort. Another reason is the complexity of seat comfort. Figure 1.1
shows an example model of factors affecting seat comfort. The seat comfort is
considered to be influenced by characteristics such as shape/dimension, climatic
characteristics, appearance, other static characteristics and dynamic characteristics.
These seat factors affect seat comfort not equally, but to differing degrees. In order to

design a comfortable seat, it is essential to understand how those seat factors affect seat

comfort.

If a relationship between seat characteristics and seat comfort is elucidated, seat comfort
can be predicted from seat characteristics. This will provide benefits from a viewpoint-of
designing a comfortable seat: seat comfort can be predicted from seat characteristics

without conducting psychological experiments, which involve considerable time and cost

compared with the measurement of objective seat characteristics.




Shape & dimension Climate

Keep occupant's posture properly Release humidity and heat
Support and hold occupant sufficiently underneath the buttocks and thighs
e.g. e.g.

seat dimension, lumbar support permeability

side support

Appearance Static characteristics Dynamic characteristics
Visual impression Static sitting feeling Vibration and shock
e.g. eg. absorbing performance
shape, color hardness, stiffness e.g.
cover material pressure distribution transmissibility, VDV

SEAT value

Figure 1.1 An example of model of factors affecting seat comfort.

Several methods to relate physical values with subjective response have been proposed.
For example, International Standard 2631 (1997) and British Standard 6841 (1987)
define the “frequency weighted root-mean-square (r.m.s.)", the “frequency weighted root-
mean-quad (r.m.q.)” and the “vibration dose value (VDV)" as physical values for
evaluating vibration magnitude which take into account human response to vibration.
Griffin (1978) proposed SEAT (seat effective amplitude transmissibility) as an indicator of
the isolation effectiveness of seats. In contrast, there seem to be no reliable methods for

evaluating seat static characteristics so as to predict seat comfort in static conditions.

These physical values appear to be adequate for evaluating vibration magnitude and can
be used for predicting seat comfort as fong as only vibration needs to be considered.
However, as shown in Figure 1.1, other seat factors can affect seat comfort in addition to

dynamic characteristics. Among these other factors, static characteristics are considered

to be especially important. This is because static seat characteristics may affect the seat




impression even when a seat occupant is exposed to a vibration. Moreover, when
dynamic characteristics of a seat are varied by changing the characteristics of seat
components, such as the cushion pad and springs, static characteristics of a seat will
also be varied. From the viewpoint of vehicle seat design, it is difficult to control the

static and dynamic characteristics of a seat separately.
1.2 OBJECTIVES OF THE RESEARCH

Seat characteristics may be influenced by the characteristics of seat components: a
cushion pad, springs, seat cover and a suspension. Among these seat components, the
cushion pad plays a significant role in determining both the static and dynamic

characteristics of a seat, especially for a full-depth cushion type seat.

This research concerns the characteristics of cushion pads for automotive seats. The
main objective of the research is to propose a new method of predicting seat comfort or
discomfort so as to provide more accurate seat comfort predictions at various vibration
magnitucies. The method is based on a discomfort model, which consists of both static
seat factors (ie. static seat characteristics) and dynamic seat factors {i.e. dynamic seat
characteristics). The validity of the model is investigated by a series of psychological
experiments. In order to establish the prediction method for seat comfort, the correlation

between static seat characteristics and static seat comfort are investigated.

The effect of polyurethane foam properties on static and dynamic characteristics of foam
cushion pads is also studied. Polyurethane foam has, most commonly, been used for
the cushion pads of automotive seats and its characteristics influence the characteristics
of a seat. In addition to the effect of polyurethane foam properties, the effect of sample
shape, seat cover and cushion pad construction on the static and dynamic characteristics

of seats are investigated.
1.3 CONTENT OF THE THESIS

The research for this thesis can be divided into two parts. The first part concerns the
characteristics of cushion pads and seats and provides a discussion about the effects of

polyurethane foam properties, seat covers and cushion pad construction on the static

and dynamic characteristics of cushion pads and seats. These studies are described in

2
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Chapter 5, Chapter 6, Chapter 7 and Chapter 8. The other par investigates seat
comfort: the subjective evaluations of séat comfort are conducted. Relationships
between subjective seat comfort and objective seat characteristics are investigated and
described in Chapter 9 and Chapter 10. In addition, Chapter 11 presents an overall seat
discomfort mode! and a method predicting the overall seat discomfort. The content of

each chapter are summarised as follows:

Chapter 1
A background and objectives of this research are explained. The contents of the thesis

are also shown.

Chapter 2 7
A review of previous studies is described. The main contents of the review are presented
in four sections: measurement of seat properties, factors affecting seat transmissibility,

seat comfort and effect of polyurethane foam characteristics on seat characteristics.

Chapter 3
This chapter describes the equipment used for the experiments in this research. The
experiments for measuring transmissibilities, load-deflection curves and pressure

distributions underneath the buttocks are presented.

Chapter 4
Analysis techniques used for the research are summarised in this chapter. One of them

relates to the analysis techniques for objective physical measurements. Two methods of
calculating vibration transmissibility are explained: the power-spectral density function
method and the cross-spectral density function method. The other analysis technique
concerns subjective evaluation methods used for obtaining seat comfort. Methods of

paired comparisons and magnitude estimation are explained.

Chapter 5
The effect of polyurethane foam properties on the static characteristics of foam cushions

is discussed. This chapter can be divided into two sections because two different

physical values are dealt with as the static characteristics of foam cushions: load-

deflection curves and pressure distributions underneath the buttocks. The main




objectives of this chapter are to investigate how polyurethane foam composition, density,

hardness and thickness affect these static characteristics of foam cushions.

Chapter 6
The effect of polyurethane foam properties on the dynamic characteristics of foam

cushions is examined: the effect of polyurethane foam composition, density, hardness
and thickness .on the vibration transmission are studied. The transmissibility at

resonance and the resonance frequency are especially highlighted

Chapter 7
Differences in load-deflection curves and the transmissibilities between square-shaped

foam samples and cushion pads for full-depth type automotive seats are compared in
this chapter in order to investigate the effect of sample shape. The differences between
the cushion pads and assembled seats are also compared to investigate the effect of a

seat cover.

Chapter‘B

In order to change the dynamic seat characteristics without changing polyurethane foam
characteristics, a board having a larger area than an occupant’s hip was inserted into a
seat cushion pad. The aim of this device was to change the dynamic seat characteristics

by changing the seat compression area. The transmissibility of the seat with and without

the board is compared.

Chapter 9

Factors affecting the static seat comfort are discussed in this chapter. The results of
subjective evaluations of seat comfort made in static conditions are compared with static
seat characteristics so as to find static physical values of a seat, which are relevant to the
static seat comfort. The static physical value of a seat obtained in this chapter is used in
a prediction method of overall seat discomfort in Chapter 11. The effect of a sitting

shocks generated when passengers sit on a seat, on initial sitting  comfort are also

studied.

Chapter 10
The results of the subjective evaluations on seat comfort in dynamic conditions and the

dynamic physical values {i.e. vibration magnitude) are compared. The dynamic physical




values used in this chapter are the frequency weighted r.m.s. acceleration, the frequency
weighted r.m.q. acceleration and the VDV as defined in British Standard 6841 (1987).

How these physical values predict dynamic seat comfort was elucidated.

Chapter 11

In this main chapter of the thesis, a model of seat discomfort consisting of static seat
factors and dynamic seat factors is proposed. The validity of the model is investigated by
a series of experiments. A new method of predicting overall seat discomfort is proposed
based on the overall seat discomfort model. This method takes into account both the
static and dynamic seat characteristics and provides more accurate predictions than a
method using either the static seat characteristics alone or the dynamic seat
characteristics alone. The effectiveness of the method is confirmed by the results of

subjective experiments.

Chapter 12

The findings of the research are summarised in this chapter. Recommendations for

future work are also offered.




CHAPTER 2

REVIEW OF LITERATU RE

241 INTRODUCTION

211 Aim

Much research regarding seat characteristics and seat comfort/discomfort has been
conducted.  This chapter reviews those previous studies to investigate the current
knowledge of seat comfort. The review aims to find out factors affecting seat
characteristics and the seat comfort, and also methods for predicting the seat comfort.
Based on the review, aréas where more information is required for understanding and

predicting seat comfort are identified.
21.2 Structure
The literature review consists of following four sections.

Measurement of seat properties: Section 2.2

This section describes static and dynamic properties of seats, which are measured to

identify seat characteristics.

Factors affecting seat transmissibility: Section 2.3 _

This section deals with factors affecting seat transmissibility which is one the most

common physical values for representing dynamic characteristics of a seat.

Seat comfort: Section 24

This section discusses seat comfort, and is divided into four subs_ections. The first
subsection describes factors affecting static seat comfort. The second subsection
discusses factors affecting dynamic seat comfort, especially focusing on the effect of
vibration characteristics: magnitude, direction and frequency. The effect of time

dependency on seat comfort is mentioned in the third subsection. Reported methods for




predicting seat comfort in static conditions and dynamic conditions are summarised in the

fourth subsection.

Effect of polyurethane foam characteristics on seat characteristics: Section 2.5

This section highlights roles of polyurethane foam in determining seat characteristics.
Polyurethane foam is one of the main materials used for a vehicle seat cushion and
backrest. It appears fo affect seat characteristics and seat comfort significantly. How

polyurethane foam characteristics affect seat characteristics and seat comfort are

investigated.




2,2 MEASUREMENT OF SEAT PROPERTIES

2.2.1  Static properties

One of the most substantial roles for vehicle seats is to hold and keep passengers in
proper and comfortable postures. When passengers sit on vehicle seats, the seats are
compressed and deformed by the passengers’ body weights. Deformation of the seats
caused by the passengers' sitting and seat sitting impression are affected by static seat
characteristics. It is important to measure static seat properties so as to understand the

static characteristics of seats and their relationship with seat comfort.

2.21.1 Load-deflection curve

The most common method of explaining static seat characteristics is the load-deflection
curve. Figure 2.1 shows a typical load-deflection curve for an automotive seat obtained

by compressing it with a 200 mm diameter circular plate at a speed of 100 mm/min up to

105 kgf. The load-defiection curve provides a lot of useful information regarding the seat

120

100

80

60 | Loading

LLoad (kgf)

40 Unloading

20

0 t 1 1 1
0 20 40 60 80 100

Deflection (mm)

Figure 2.1 A load-deflection curve for a full-depth cushion type automotive seat.




characteristics. For example, the gradient of the curve indicates spring characteristics of

a seat, the enclosed area corresponds to the hysteresis loss which shows the damping

characteristics of the seat.

Characteristics of the load-deflection curve for a seat are affected by many seat
components, such as the foam cushion, seat cover and springs. However, particularly,
the characteristics of the foam cushion play a significant role, especially for a full-depth
cushion type seat. The load-deftection behaviour of polyurethane foam is characterised
by an initial elastic deformation region, followed by a buckling region where the walls of
the cell elements collapse by being exposed to a critical stress. As the cell elements
continue to collapse, the stress-strain curve begins to rise again. This region is the so-
called dense region. If a foam is indented instead of being compressed equally over the
whole area with an uniform stress, in the same way as a person sits on a"seat, additional
stress is created around the indentor which may significantly affect the load-deflection
behaviour of the foam. The magnitude of the effect depends on the amount of

indentation and the shape of the indentor.

A standard method for measuring the load-deflection curve for a celluiar foam is defined
in International Standard (ISO 3386/1:1986, Polymeric materials, cellular flexible -
Determination of stress-strain characteristics in compression - Part 1 : Low-density
materials). Originally, the standard was intended not for measuring the load-deflection

curve of a seat, but the method can be applied to seats.

A great number of studies regarding the load-deflection curve for seats or foam cushions
have been conducted from different viewpoints, such as predicting the seat comfort or
the dynamic seat characteristics. Rusch, K. C. (1969), Hilyard ef al. (1984, 1991},
Vorspohl ef al. (1994), Cavender and Kinkelaar {1996) studied [oad-deflection curves in
their researches. Further studies of the load-deflection curve will be discussed in the

following sections: 2.4.1.1,2.5.1 and 2.5.3.

2.2.1.2 Hardness

Hardness of a seat is closely related to the sitting feeling and passenger comfort on a
seat and is determined mainly by the hardness of a foam cushion. The determination of

the hardness of a foam cushion is defined in International Standard (ISO 2439:1997,
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Flexible cellular polymeric materials - Determination of hardness (indentation technigue)).
From a viewpoint of seat comfort, there are many controversies about the standard. This
is because the method of defining foam hardness, compressing a foam with a 200 mm
diameter circular plate up to 25 % or 40 % of the foam thickness, does not reflect the real
situation when a passenger is sitting on a seat. Nevertheless, the method, which is
modified in some cases, is widely used in the automotive industry in recent years as one

of the methods for determining seat static characteristics.

Several studies have reported the hardness of seats. For example, Akerblom (1948)
studied an effect of seat hardness on comfort from an anatomical point of view. He
ciéimed that if seats are too soft in the centre and hard at the edge, they tend to cause
numbness of the legs, tingling or anaesthesia because by compression of the under thigh
tissue. Bradley (1984) investigated the effects of seat hardness and dynamic seat
properties on seat comfort. lwasaki et al. (1988) conducted experiments in order to find
objective values which could show the feeling of seat hardness. Hatta et al. (1987)
reported the results of a preference survey of seat hardness conducted with five different

seats which had different hardnesses and more than four hundred subjects.

The majority .of the studies of seat hardness were intended to find a relationship with
sitting comfort. Further studies concerning the relationship between seat hardness and

seat static comfort will be discussed in Section 2.4.1.1.
2.21.3 Pressure distribution

Pressure at the interface between a seat and a passenger's buttocks when the
passenger sits on the seat varies depending on several factors, such as the area on the
seat, the seat shape and anatomical characteristics of the passenger's buttocks. This
variation of pressure on the seat surface is generally called “pressure distribution”. The
pressure distribution tends to correlate highly with the seat comfort, because the
pressure distribution is obtained by sitting a real person and it is likely to provide a more
realistic sitting situation than either the hardness or the load-deflection curve, which are

obtained by compressing the seat with a circular plate.

In earlier times, it was difficult to measure pressure at many points underneath the

buttocks. However, recent computer and device technologies have made it easier and
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more accurate, As these technologies have been improved, the measurement of
pressure distribution is becoming more popular as a method of illustrating seat static

characteristics. Many studies of the pressure distribution have been made, which will be

discussed in Section 2.4.1.2.

2.2.2 Dynamic properties

Static properties of a seat are important because they seem to have a close relationship
to seat comfort. However, vehicle seats are mainly used in dynamic conditions with

vibration. Therefore, it is wise to consider both the static and the dynamic characteristics

of seats.
2.22.14 Transmissibility

Transmissibility is considered one of the most important physical vaiues which represent
dynamic seat characteristics. The transmissibility of a seat is the ratio of the vibration on
the seat to the vibration at the floor on which the seat is fixed. The most direct way to
obtain the transmissibility of a seat is to compare the acceleration on the seat with that of
the floor. Technically, there are two methods for measuring the transmissibility: the
power—spectral density (P.S.D.) method and the cross-spectral density (C.S.D.) method.

The methods will be explained in Section 4.1.

With regard to the dynamic characteristics of vehicle seats, it is difficult to discuss seat
characteristics without considering transmissibilities.  Most studies of dynamic seat
characteristics have mentioned the transmissibility of the seat and several studies of seat
transmissibility have been reported.  For example, Griffin (1978) compared the
transmissibilities of sixteen different vehicle seats. Fairley (1990) investigated the effect
of a foam cushion and the suspension on the transmissibility of an air suspension seat.
Corbridge and Griffin (1991) compared the transmissibility of an Inter-City type rail
vehicle between a spring case seat cushion and a prototype cushion consisting of 60 mm
or 30 mm thickness moulded foam on a rigid base. Further studies concerning the

transmissibility of seats will be discussed in Section 2.3 and Section 2.5.2.




2.2.2.2 Other physical values

It is no doubt that the transmissibility is a useful and fundamental physical value to
represent dynamic seat characteristics. However, it does not provide sufficient
information on dynamic seat comfort. Seat dynamic efficiency is affected by three
factors: the vibration environment, the dynamic seat response and the response of the
human body. Although the transmissibility of seat is affected by the human body
response, it is considered to reflect merely one of the three factors: it corresponds to the
dynamic seat response. Some studies have been carried out in order to obtain the seat
dynamic efficiency. A method for obtaining dynamic seat characteristics which reflect
comfort was proposed by Griffin (1978). He proposed an indicator of vibration isolation
effectiveness of seats: the SEAT (Seat Effective Amplitude Transmissibility) as defined

by Equation (2.1):

[G.. (W P |
SEAT(%) = 16, OWE T « 100 2.1)

where G (f) is the seat acceleration power spectra,
G#(T) is the floor acceleration power spectra,
W is the frequency weighting for the human response to vibration which is of

interest.

if Equation (2.1) is reformed depending on the three factors (the vibration environment,
the dynamic seat response and the response of the human body) of the dynamic seat

comfort, it is redefined as Equation (2.2);

A

[eqthHE W (af
x 100 (2.2)

[ (W (af

SEAT(%) =

where H(f) is the seat transfer function.

13




In Equation (2.2), G{f) corresponds to the vibration environment, H(f) corresponds to the

dynamic seat response and Wj(f) corresponds to the frequency weighting for comfort of

the human body.

In a later publication (Griffin, 1990), it is suggested that Equation (2.1) and Equation (2.2)
are suitable for low crest factor motions. [f the motions on either the floor or the seat
have a high crest factor, it is better to use vibration dose values (VDV) instead of the

second power r.m.s. method for calculating the SEAT value as shown in Equation (2.3):

VDV on the seat «
VDV on the fioor

SEAT(%) = 100 (2.3)

Varterasian (1981) developed an objective measure of vehicle seat ride comfort taking
account of the natural frequency, the amplitude of the peak acceleration ratio and the
amplitude of the transfer function at 10 Hz. All of these parameters should be small for
the better ride comfort. He proposed a “ride number” defined by Equation (2.4), which is

based on both the vibration spectra of cars and human sensitivity to mechanical

vibration:

R= ——— (2.4)

where R is the ride number,
K is variables (a constant determined depending on seat type),
A is magnitude of the transmissibility at 10 Hz,
B is magnitude of the transmissibility at the natural frequency,

f, is natural frequency of the seat.

The ride number was also advocated by Kamijo (18982). He reported a high correlation
between the ride number and. subjective seat evaluations obtained by the paired

comparison method.
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2.2.3 Discussion

In contrast to furniture, vehicle seats are exposed to vibration. Consequently, in addition
to the static characteristics, the dynamic characteristics of vehicle seats are important.
Many studies have been carried out both regarding the static and the dynamic seat

properties. Some of those studies sought objective values related to the sitting comfort.

With regard to static seat properties, the load-deflection curve is one of the most widely
used physical values. It contains information on the seat characteristics and has often
been used to predict static seat comfort. To predict seat comfort, pressure distributions
have become popular recently.  With regard to dynamic seat properties, the
transmissibility is the most common physical value to be measured. However, in order to
predict the seat comfort in dynamic conditions, other physical values have been

proposed by Griffin (1978) and Varterasian (1981).
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2.3 FACTORS AFFECTING SEAT TRANSMISSIBILITY

Transmissibility is one of the most useful and informative physical values, and widely
used in order to represent the dynamic seat characteristics. Theoretical approaches for
predicting the seat transmissibility have been conducted. Fairley and Griffin (1986)
predicted transmissibility of a seat without exposing a person to vibration either in a
vehicle or in a laboratory. They proposed a mathematical model using the apparent
masses of the people that were measured on the hard seat, and the dynamic stiffness of
the seat that were obtained with a rigid indentor for predicting the seat transmissibility.
Fairley (1990), following the previous study, predicted the transmissibility of a suspension
seat. The apparent mass of the seat obtained, from the transmissibility of the seat with a
rigid mass, and the apparent mass of the body measured in the previous study {Fairley
and Griffin, 1989) were used for the prediction. Good agreement was obtained between

the measured and the predicted seat transmissibilities.

In case of measuring the seat transmissibility, it should be remembered that the seat
transmis;;ibi[ity is affected by various factors. The seat transmissibility may be
intentionally changed, for example, by changing the properties of seat components in
order to improve the dynamic characteristics of a seat. In other cases, the
transmissibility is unintentionally affected, for example, by the measuring conditions, such
as vibration characteristics, the variance of subjects and so on. Therefore, it is important
to understand the factors which could affect the seat transmissibility so as to avoid
misinterpreting the results of experiment data, especially when unintentional factors may

affect the results.
2.3.1 Seat properties
2.3.1.1 Seattypes

Most vehicles, such as automobiles, trains, construction machines, air planes, and
helicopters have seats for their drivers, operators and passengers. There are several
types of seat, and they can be roughly divided into three categories of spring support
seat, full-foam cushion seat and suspension seat, based on their construction. The
spring support seat is the mast common seat type used for transport vehicles. it mainiy

consists of springs, a foam (mostly polyurethane foam is used, sometimes rubberised
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hair instead) and a seat cover. The full-foam seat does not have springs; it has a thicker
foam than the spring support type seat in order to substitute springs by the foam. The
full-foam seat is mostly used for small and compact automobiles Which are cost
conscious. The suspension seat has a suspension system, which consists of a damper,
springs and an end-stop rubber, underneath a seat cushion. It is mainly used for trucks,
buses and construction machines. These three types of seat have considerably different

dynamic characteristics due to their different seat constructions.

Leatherwood (1975) compared transmissibilities of aircraft tourist class seats, aircraft first
class seats and rapid-transit bus seats. The vertical transmissibilities for the aircraft
tourist and first class seats appeared to be very similar. However, the transmissibilities
of the bus seats were larger than those of the aircraft seats at the frequencies below 8
Hz, and lower at the frequencies above 8 Hz. He analysed the result and explained that
the aircraft sets were softer than the bus seats and amplified more of the floor vibration
over the frequency range below 8 Hz and less at the higher frequencies. Griffin (1978)
compared transmissibilities of 16 different vehicle seats. The seats with metal spring and
foam construction had higher transmissibility at resonance, around 4 Hz, and lower
transmissibility above the resonance frequencies, especially higher than & Hz, when
compared with the seats with foam only or rubber and foam construction. Corbridge ef
al. (1989) compared the transmissibilities of railway seats constructed with different types
of seat cushion, such as a spring case, foam, rubberised hair and moulded foam/wood.
The spring case had the highest transmissibility at the resonance around 5 Hz. On the
other hand, the foam/wood cushion had the lowest transmissibility at the resonance but a
higher transmissibility above 6 Hz, as shown in Figure 2.2. In their following study,
Corbridge and Griffin (1991) compared the transmissibility of an Inter-City type rait
vehicle between a spring case seat cushion and a prototype cushion consisting of 60 mm
or 30 mm thickness moulded foam on a rigid base. The three seat cushions had very
different transmissibilities to vertical vibration. The peak transmissibility of the spring
case cushion was considerably higher than that of the 4mou|ded foam seats. As the
resonance peak at 5 Hz was reduced in magnitude, the transmission of vibration at

frequencies above 6 Hz increased.

To optimise suspension seat design, many studies have been conducted regarding the
performance of suspension seats. Ashley (1976) explained several linkage systems for

the suspension seat, such as parallelogram linkage and X’ pattern linkage. Corbridge
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Figure 2.2 Comparison of transmissibilities of railway seats constructed with different
types of seat cushion. Data from Corbridge et a/. (1989).

(1981) studied the effect of two subject variables, weight and sex, on the transmissibility
of a suspension seats to vertical vibration. The results showed several features of
suspension systems as described below. Firstly, the natural frequency of the seat
system reduced from 3.25 Hz without a suspension to 2.0 Hz with the suspension
adjusted for the subject's weight. Secondly, the transmissibility above 10 Hz Was
attenuated when the suspension system was in. This isclation of high frequency
vibration reduced the coherency in the suspension in conditions at higher frequencies.

Additionally, the suspension was relatively insensitive to differences in subject weight and

seX.

The studies described above indicate that the suspension seat made the resonance
frequency lower and the transmissibility at resonance lower when compared with a full-
foam type seat or a spring support type seat. Figure 2.3 (Griffin, 1990) compares typical

transmissibilities for a foam and metal sprung seat {ie. a spring support seat), a
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Figure 2.3 Comparison of the transmissibilities of a foam and metal sprung seat, a
suspension seat and a rigid seat. Data from Griffin (1980).

suspension seat and a rigid seat. As shown in the figure, the suspension seat
dramatically improved the seat dynamic characteristics compared with the foam and
metal sprung seat or a rigid seat regarding subjective dynamic comfort. This is because,
the human is most sensitive to the vibration over a frequency range from 4 to 8 Hz, as
defined in 1SO 2631 (1985), and a transmissibility of the suspension seat at these
frequencies was smaller than the transmissibilities of the other types of seat. Although, it
is not transmissibility but SEAT value, Corbridge (1985) compared overall ride values of
twelve input position/axes using the frequency weighted r.m.s. and the SEAT values of a
rail vehicle seat with a rigid seat. He found that the rigid seat would have reduced the
overall ride values compared with the conventional rail vehicle seat. The SEAT values of

the conventional seat indicated that the ride on the seat was worse than on the floor.
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Regarding comfort, the suspension seat appears to be ideal for all types of vehicle,
however, in practice, it is difficult to adopt the suspension seat for all vehicles. This is
because, the suspension seat is costly, heavy and needs sufficient space underneath a
cushion in order to install a suspension system. These characteristics of a suspension
seat cannot be acceptable for some types of vehicle, such as a small compact car or an
airplane.  Furthermore, although the vibration attenuation of a suspension seat is,
generally, superior to other types of seat, it is not always require'd by all types of vehicle:
it depends on the vibration input spectrum from a floor to the seat. For example, if the
vibration input is large at the frequencies above 14 Hz and small at the frequencies below
10 Hz, the amount of vibration input to the human through the suspension seat or the
foam and metal sprung seat in Figure 2.3 are not as different as when a vibration with a

flat power spectrum was given to those seats.

There are remarkable differences in the transmissibilities between the spring support
seat, full-foam seat and suspension seat. It is important to choose a suitable type of seat
for vehicles taking into account the cost, the vibration input spectrum, the design concept

of vehicle and so on.
23.1.2 Seat cushion components

Although not as much as between the different types of seat, the transmissibility of a seat
can be changed by changing the characteristics of seat cushion components, such as the
foam, spring and seat cover. The characteristics of these seat cushion components are
intentionally changed or modified in order to change the static or dynamic characteristics

of a seat for improving seat comfort: or for reducing the seat production cost.

Not many studies on the effect of seat cushion components on the dynamic seat
characteristics have been reported. However, some studies have reported the effect of
foam cushion on vibration transmissibility of seats. Messenger (1988) investigated the
effect of foam hardness on the vibration transmissibitity. She compared the vertical
vibration transmission of ftwo sirr;ilar helicopter seats with different foam hardnesses in
both the seat pan and the backrest. When the foam was modified to be firmer than the
original soft foam, the transmissibility at frequencies from 195 to 4.75 Hz increased
significantly. However, in a different frequency range, for example, from 5.75 10 30 Hz,

where the transmissibility of the modified seat was significantly lower than that of the




original seat. The effect of cushion foam thickness was observed by Corbridge and
Griffin (1991). They investigated the transmiséibility of an Inter-City type rail vehicle seat
with B0 mm thickness moulded foam and with 30 mm thickness one. Considerable
differences were found between them, as shown in Figure 2.2. The 80 mm thickness
foam had higher peak transmissibility around 5 Hz, however, it had lower transmissibility

in the frequency range above 6 Hz.

As described above, changing the foam properties seemed to affect the transmissibilities
for the spring support seat or the full-foam seat. However, it may not affect for the
suspension seat. Fairley (1990) investigated the effect of the foam cushion and the
suspension on the transmissibility of an air suspension seat. The transmissibility of the
foam cushion had little effect on the transmissibility of the complete suspension seat, and

virtually none at the resonance frequency of the complete seat.

Regarding the effect of another seat cushion component, Corbridge et al. (198%9)
measured transmissibility of a railway seat with seat-covering material and without the
seat-covering material. They found that the cover had little difference on the seat

transmissibility.

In passenger vehicles, a spring support type seat or a full-foam cushion type seat are
normally used. For these two types of seat, the effects of the seat cushion components
are significant. Therefore, it is desirable that there is an understanding of the effects of
seat cushion components. This may help to improve seating comfort and reduce seat

production cost.
2.3.2  Other factors

The transmissibility of a seat can be changed by changing the seat type or the seat
components, as described in Section 2.3.1. These changes can intentionally be
conducted in order to improve seating comfort or reduce seat cost. Hdwever, even if the
seat is the same, its transmissibility would vary depending on the experiment conditions,
such as the mass, subject’s posture and the input vibration. These variabilities in the
transmissibility occur without the intention of seat manufacturers or experimenters.

Therefore, it is important to understand the factors which could affect the seat
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transmissibility; these factors should be considered when obtaining experiment data in

order to avoid misinterpreting the results of the experiment.
2.3.2.1 Effect of the mass on the seat

It has been reported that transmissibilities measured using a real human subject and a
rigid mass are different, even though their weights are the same. Leatherwood (1975}
mentioned that seat responses obtained using sandbags to simulate passenger loading
differed greatly from the data obtained using human test subjécts. For the sandbag
tests, the peak resonant response of the seats occurred over the same frequency range
as that obtained using human subjects. However, the peak transmissibility for the
sandbags was greater than those for the human test subjects. Such results indicated
that the human subjects acted as a very effective but complex damping device, and care
should be taken in using data obtained from dead weight tests to approximate human
passenger-seat response. Ashley (1976) reported that the transmissibilities at resonance
and the resonance frequency of a suspension seat were similar whether it was loaded
with a mass or a person, however, considerable differences arose at higher frequencies.
Fairley and Griffin (1983) compared the transmissibility of a seaf loaded with mass and a
ma.n; they found that the transmissibility of the seat depended upon the dynamics of the
body on the seat as well as the dynamics of the seat. In conclusion, seat transmissibility
measures applicable to man cannot be obtained directly with a rigid mass on the seat.
Fairley (1990) measured the vibration transmissibility of an air suspension seat using
either a 60 kg mass or a person on the seat. The transmissibility at resonance measured
with the mass was larger than that measured with the person. Figure 2.4 shows typical
seat transmissibilities obtained when loaded with a person or loaded with a rigid mass of

the same weight as the person (Griffin, 1990).

The studies described above indicated that there were significant differences between
the seat transmissibilities loaded with a person and loaded with a rigid mass. It may be
concluded that a person cannot be replaced by a rigid mass, except at very low
frequencies. The differences between the human subject and the rigid mass were.
caused by complexity of the human body which has a complex dynamic impedance. In
order to simulate the response of the human body, several models have been proposed.
Coerman (1960, 1962) and Matthews (1967) proposed single-degree-of-freedom models

for simulating the human biodynamic response fo vibration. ~ Suggs et al. (1969)
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Figure 2:4 Comparison of the transmissibilities of a foam and metal spring seat loaded
with a person and loaded with a rigid mass of the same weight as the person. Data from
Griffin (1990).

proposed a two-degree-of-freedom model. These models were composed of springs,
masses and dampers, and responded similarly to a real human body when they were
exposed to vibration with a high magnitude. However, with low magnitudes of vibration,

the dummy had more damping.
2.3.2.2 |Inter-subject differences

Real human subjects, as mentioned in the previous section, can be replaced by the
dummy components: spring, mass and damper. Each component of the simulation
dummy will affect the transmissibility of the seat. For real humans, the characteristics of
the human body which correspond to these dummy components vary depending on the
subject. Therefore, the transmissibility of a seat is expected to vary depending on the

subject.
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Matthews (1967) compared the vibration transmission factor, defined as the ratio of the
magnitude of r.m.s. acceleration on the seat to that on the floor, of a tractor seat using
three different weights of male subject: heavy 85-95 kg, medium 65-78 kg,' light 50-60 kg.
Vibration absorption performance tended to be better with heavier subjects than lighter
subjects due to the lowering of the suspension natural frequency under increased foad.
Stayner (1972) reported the transmissibility of suspension seats designed for use in
tractors. The results showed that the subject's weight, between 54.5 and 99.9 kg,
affected the transmissibility. Heavier drivers usually tended to be better isolated by a
seat suspension than were light drivers. Burdorf and Swuste (1993) measured the
transmissibility of eleven suspension seats using two subjects With 53 kg and 95 kg body
weights, similar to test person weights of 55 kg and 98 kg defined in 18O 7096 (1982).
With one exception, the transmissibility coefficients of a specific seat were significantly

lower when loaded with the 95 kg subject than with the 53 kg subject.

Some studies have not found an effect of subject variability on the transmissibility of a
seat. Corbridge (1981) studied the effect of two subject variables: weight and sex, on the
transmiséibility of a suspension seat to vertical vibration. The results showed that the
subject’s weight had the most effect when the suspension system was locked ouf; a
significant effect on resonance frequency was found by analysis of variance. More
noticeable differences between the subjects were found at frequencies above resonance.
However, the suspension system provided greater isolation of high frequency vibration
and was relatively insensitive to differences in subject weight and sex. In another study
(Corbridge, 1987), he suggested that even though 1SO Technical Report 5007 (1980)
and International Standard 7096 (1982) specified using seat occupant with ‘light’ (= 55
kg) and ‘heavy' (= 98 kg) build when the transmissibilities of seats are made in a vehicle
or in the laboratory, this stricture may be unnecessary. In the study, the correlations
between the subjects’ physical characteristics and both the magnitude and the frequency

of the peak transmissibility were generally low and not significant.

Some studies have reported that a subject variability does not affect seat transmissibility.
Varterasian and Thompson (1977) measured the transmissibility of an automotive seat
using 9 male and 6 female subjects. Although the subjects’ physical characteristics, such
as height and weight varied, the standard deviations of the resonance frequency of the
seat and the transmissibility at the resonance of the seat were small. Based on the

results, they concluded that the seat and occupant could be represented by a simple
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mass, spring, and damper system. Corbridge et al. (1989) carried out iaboratory studies
in order to investigate the effect of both subject physical characteristics and subject
posture on the transmissibility of vibration through a railway seat cushion. There was a
low correlation between subject physical characteristics and the transmissibility at

resonance and the resonance frequency.
2.3.2.3 Subject posture

Even if variations between subjects (inter-subject variability) are negligible, the
experimental data obtained from the same subject can vary from time to time. This
variability is called the intra-subject variability, and one of the main reasons is considered

to be changes in subject posture.

Several studies have shown results suggesting an effect of subject posture on seat
transmissibility.  Corbridge (1987) reportéd that upper body posture might have a
significant effect on the transmissibility of a rail vehicle passenger seat, particularly when
there wa‘s no contact with the seat backrest. In this condition, the peak transmissibility
decreased when compared with when there was contact to the backrest. He also
mentioned that the position of the arms had a significant influence on the measured seat
transmissibility: when subjects placed their arms on the armrests, the peak mean
transmissibility was lower than when the hands were on laps. [n confrast, changing leg
position had relatively little effect on the measured seat transmissibility, even when the
legs were fully extended and the feet were resting on the heels. In his later study
(Corbridge et al., 1989), the effect of the subject posture on the transmissibility of
vibration through a railway seat cushion was investigated. It was concluded that changes
in upper body position gave greater changes in measured seat transmissibility than
changes in lower body posture. There was a tendency for less vibration to be
transmitted through the seat cushion at frequencies between 4 and 8 Hz when there is
no contact with the seat backrest than when leaning on the seat backrest. However, the
seat/backrest angle had little effect on the seat transmissibility. Fairley (1988) predicted
transmissibilities of a suspension seat and a foam-and-spring seat by a mathematical
mode! using the apparent masses of the body, the seat and the legs. In the study, the
results of using the apparent mass of the body only and the apparent mass of body with
legs were compared. Although the transmissibility at resonance was slightly reduced and

the resonance frequency was slightly increased, inciuding the apparent mass of the legs

25




had a fairly small effect for each seat. He therefore suggested that the effect of the legs
could possibly be neglected in some cases if standardisation and simplicity were of more

interest than absoclute accuracy.

Summarising the results of the above studies, the posture of the upper-body seems to
affect the seat transmissibility, especially contact with the seat backrest is important.

However, the effect of the leg position is little and may be negligible.

In some studies, the effect of the subject posture on the vibration transmissibility of a
seat has not been found. For example, in a study conducted by Verterasian and
Thompson (1977), they measured the transmissibility of an automotive seat using 9 male
and 6 female subjects. The weight distribution of the subjects on a seat cushion, a seat
backrest and a floor varied depending on the subjects’ posture. Howevér, the standard
deviaﬁons of the resonance frequencies of the seat and the transmissibility at the

resonance of the seat were small.
2.3.24 ;\!ibration characteristics

Drivers and passengers are exposed to various different types of vibration when driving
on real roads, depending on the driving conditions, such as the road surface and driving
speed. Additionally, even if the driving condition is the same, the input vibration to the
seat varies depending on the type of car, especially, its suspensions and tires.
Therefore, in a field study, various different types of vibration input are transferred by a
seat. In a laboratory experiment, in addition to the field vibrations acquired from driving
on real roads, sinusoidal wave foam or random vibrations are often used to measure the
seat transmissibility. In most cases, a sinusoidal vibration or a random vibration has
been artificially generated in the laboratory. These different types of vibrations, acquired
from the field or generated in the laboratory, have different power spectra, and
differences among these vibrations might affect the resuits of transmissibility
measurements. This is because, both the subject and the seat are not expected to
respond equally at the different vibration magnitudes or to the different types of vibration

due to their non-linear characteristics.
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Vibration magnitude

Leatherwood (1975) compared the transmissibilities of aircraft seats whén they were
exposed to vertical vibrations at different magnitudes: 0.5, 1.0 and 1.5 m.s?.  Similar
transmissibility curves were obtained at the three different vibration magnitudes.
However, with a few exceptions as in this case, it has been reported that seat
transmissibilities vary depending on the vibration magnitude due to the non-linearity of

the seat-person system.

Stayner (1972) investigated factors affecting the performance of suspension seats. In his
study, it was indicated that the effect of friction and backlash in the mechanism of
suspension seat caused the vibration transmissibility to vary with vibration amplitude.
When a seat was exposed to greater vibration magnitudes, the vibrationl transmissibility
ratio was reduced relative to that at lower vibration magnitudes. Ashiey (1976) reported
that the transmissibility resonance frequency of a suspension seat decreased from about
2 4 to 1.4 Hz when the vibration magnitude was by a factor of eight. Fairley (1990)
investiga;ted the effect of vibration magnitude on vibration transmissibility of an air
suspension seat. The transmissibilities were measured with either a 60 kg mass or a
person on the seat, with three magnitudes of vibration (0.35, 0.7 and 1.4 m.s?r.m.s.). In
the case of both the mass and the person, the transmissibility at resonance decreased
and the transmissibility above resonance increased with decreasing vibration magnitude.
As Stayner (1972) mentioned, for the suspension seat, the non-finearity characteristics of
the suspension mechanism may be one of the reasons, which cause the variation of

transmissibility with different vibration magnitudes.

However, a variation in seat transmissibility has also been observed for a conventional
foam and metal spring seat. Fairley (1983) investigated the effect of vibration magnitude
on the vibration transmissibility of a conventional foam and spring construction seat using
Gaussian random vibration, a series of single frequency impulses and rapid frequency
sweep. For all three vibrations, the resonance frequency and thé transmissibility at
resonance decreased when the magnitude of the Vibration was increased. Figure 2.5
(Fairley 1986) shows the mean transmissibility of a conventional foam and metal spring
foam when eight subjects were exposed to different magnitudes of broad band (0.25 to
20 Hz) random vertical vibration. Corbridge (1987) studied the effect of vibration input on

the transmissibility of a rail vehicle passenger seat. When the seat was excited by

27




Vibration Magnitude

Transmissibility

0.2

a 2 4 & 8 0 12 w4 16 18 20
Frequency (Hz)

Figure 2,5 Effect of vibration magnitude on seat transmissibility. Data from Fairley
{1988).

random vibration at a low magnitude, peak transmissibility and the frequency of peak
transmissibility were increased relative to when a vibration of greater magnitude was
given. In another study, Corbridge ef al. (1989), reported that the frequency and the
transmissibility at resonance increased as the vibration magnitude at the seat base was
decreased. He concluded that the variation in the seat transmissibility with the different
vibration magnitudes arose due to the non-lineqrity in the mechanical response of the
human body as a function of vibration magnitude. Griffin (1990) mentioned that the non-

linearity of the structure of conventional seats may have only a small effect compared

with the non-linearity of the human body.

Types of vibration (discreet, sv;eep, random or recorded vehicle vibration)

The types of vibration are roughly divided into two categories of deterministic and
random. Discreet frequency and swept sinusoidal periodic vibration belong to the

deterministic category, and vibration acquired in the fields and Gaussian random
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vibration belong to the random category. Only a few studies of the effect the type of
vibration have been reported. Fairley (1983) compared the transmissibilities of a seat
when two types of transient vibration input (a series of single frequency irhpuises and a
rapid frequency sweep) and a continuous input of Gaussian random vibration were given.
It was found that the transmissibilities obtained with these three vibration inputs werée
similar. Burdorf and Swuste (1993) measured the transmissibilities of eleven suspension
seats using two subjects with 53 and 95 kg body weights. They compared the results of
the measured transmissibilities obtained in the laboratory according to ISO 7096 (1982)
and at the workplace: using a lorry, tractor or fork-lift truck in normal working condition.
There were differences between the transmissibilities obtained in the laboratory and

those at the workplace. This was because of the difference in the input vibration spectra.

2.3.3 Discussicn

The transmissibility of a seat is affected by many factors; sometimes it is changed
intentionally by seat designers or seat manufactures, but in other cases it is changed
unintenti;)nally. The greatest differences in seat transmissibility arose when comparing
the different types of seat: a suspension seat, a conventional spring and foam seat and a
full-depth cushion seat. The suspension seat has the lowest transmissibility at

resonance and the lowest resonance frequency among the three different types of seats.

With a suspension seat, the suspension system dominates the dynamic characteristics of
the seat. However, for other types of seat, the seat components, such as the foam and
seat cover affect the transmissibility of the seat. Foam hardness and, especially, foam

thickness affect the transmissibility significantly?.

Even when a seat is unchanged, its transmissibility varies depending on the experiment
conditions. One of the greatest effects is caused by the characteristics of the body
supported on a seat. The transmissibilities of a seat obtained when loaded with a human
subject and loaded with the same weight of a rigid mass are considerably different. The
transmissibility at resonance obtained with a seat loaded with the human subject is lower
than when the seat is loaded with a rigid mass. This is caused by the complexity of
human body, which has dynamic impedance different from that of a mass. A subject’s
posture also affects the seat transmissibility. Upper-body posture, especially whether the

subject touches a backrest or does not may cause a considerable difference. When the
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subject touches the backrest, the transmissibility becomes greater. However, the legs do
not appear to affect the seat transmissibility by large amounts. Another remarkable
difference arise by changing the magnitude of the vibration. The trahsmissibi[ity at
resonance and the resonance frequency decreases when the magnitude of the vibration

increases. This is mostly caused by the non-linear characteristics of the human body.

Seat transmissibility is changed by changing the characteristics of seat components so
as to improve seat comfort in dynamic conditions. Although the suspension system
dominates the dynamic characteristics of the seat, the majority of passenger vehicles use
the spring support type seat or the full-depth cushion type seat. For these kinds of seats,
the characteristics of foam cushion influence the seat transmissibility significantly,
especially for the full-depth cushion type seat. However, few studies have been reported
on the relationship between the foam cushion properties and seat Ntransmissibility.
Further studies regarding the effect of foam cushion properties, such as foam thickness,

foam composition or foam density, on the cushion transmissibility are required.
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2.4 SEAT COMFORT
2.41 Static seat comfort

Static seat comfort normally means the seat sitting impression without any vibration and,
together with dynamic comfort, it is considered to be one of the most important factors
which should be considered when seats are designed. In order to realise and quantify
the seat static comfort, many studies have been carried out from an anatomic,
ergonomic, physiological and a psychological viewpoint. Most of the studies have
attempted to find out particular seat characteristics which may influence static seat
comfort. For example hardness, load-deflection curve, pressuré distribution, dimension,
contour and climate are regarded as the particular static seat characteristics and many

studies have investigated a relationship between these variables and statib seat comfort.
2.4.1.1 Seat hardness and a load-deflection curve

Seat hafdness is one of the most effective factors influencing seat sitting impression. |t
also has a close relationship with seat deformation occurring when the passenger is
sitting on the seat. In automotive seat designing, the seat hardness is decided by not
only concern about comfort but also from a point of view of dimensional matters
regarding seat dimensions and car inner space. If, for example, the seat hardness
increase the seat deflection becomes smaller. This will cause a change in the driver's

eye position.

Sitting impressions affected by the seat hardness are quite complicated and may be sub-
divided into further details, such as support feeling, pressure or other stimuli from the
seat. Furthermore, it is difficult to determine an ideal seat hardness because proper seat
hardness is different depending on various factors, such as the passenger’s preference,

body size, concept of car design.

Several studies have been carried out regarding seat hardness. Akerblom (1948)
studied the effect of seat hardness from an anatomical point of view and concluded that if
seats were too soft in the centre and hard at the edge they tended to cause numbness of
the legs, tingling or anaesthesia due to considerable compression of the under thigh

tissue. The soft tissues of the thigh are incapable of giving any support and must
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undergo considerable compression before the thighs take the weight: this causes much
compression and pressure on the nerves' and blood vessels which run along the
underside of the thighs. Stone (1965) quantified the compressibility of car seats by
measuring their load-deflection characteristics and found a relationship between the load-
deflection characteristics and subjective preferences regarding static comfort. Kamijo et
al. (1982) found that there was a correlation between seat static load-deflection
characteristics and seat subjective evaluation. The lower the static spring constant the
higher the evaluation of a sensation of being cushioned. Reed et al. (1991) reported that
seat cushions judged to be harder were given higher satisfaction rating in correlation
analysis between the subjective satisfaction rating and the objective seat values. Hatta
et al. (1987) carried out a preference survey on seat hardness by using five different
seats which had different hardnesses with more than four hundred subjects. The results
showed that, in general, both the softest and the hardest seats were not preferred, the.
middle hardness seat was favoured by the greater part of the subjects. However, the
preferred cushion hardness varied according to attributes of driver's occupation, body
size, gender, age and so on. For example, males tended to prefer harder seats rather
than sofier seats. On the contrary, females tended to prefer softer seats rather than

harder seats. There was also a tendency for older people to prefer softer seats.

Most of the studies showed some relationship between seat static comfort and seat
characteristics concerning the seat hardness, such as the load-deflection and pressure
distribution. However, on the contrary, Oliver (1970) reported that measurement on a
range of twenty-one typical car passenger seats did not show any correlation between
subjective assessments of dynamic or static comfort and various objective measures,
such as vertical vibration in road tests, static load-deflection characteristics, static
pressure distribution or construction of seat. lwasaki et al. (1988) tried to find objective
values which could represent subjective seat hardness feeling. They found that stiffness
(= a gradient of a load-deflection curve) of a seat at 40 kgf loading did not correlate well
with subjective hardness feelings, however, a synthesised value obtained by multiple
regression analysis, composed of the stiffness at 40 kgf loading and- the seat hysteresis

loss, correlated well with the subjective hardness feeling.
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2.4.1.2 Pressure distribution

It is widely considered that the static feeling of seat which occupants berceive when
sitting may relate to pressure distribution on the seat surface. Habsburg and Middendorf
(1977) reported that discomfort could be attributed to seat pressure distribution. The
pressure distribution should give a lot of information on the interface between the human
body and the seat surface, such as pressure values at certain points, peak pressure
value and its location, contact area. It has been regarded one of the most effective
methods to investigate the static seat comfort objectively. Kamijo (1982) and Kamijo et
al. (1982) concluded that body pressure distribution greatly affected a overall seat
evaluation and that characteristics of static seat pressure distribution had a possible
correlation with seat subjective evaluation. lwasaki et al. (1988) reported that pressure

distribution significantly influenced overall seat preference impressions.

In the past, there were technical and cost problems for measuring the pressure
distribution. The measurement system requires many pressure sensors to cover all
contact areas between the seat surface and the human body. The sensors must be
compact (small and thin) so as to be flexible and to be able to fit to the seat deformation
during an occupant sitting. Using many compact pressure sensors, of course, causes
technical difficulties and can make the equipment costly. Furthermore, for analysing data
acquired from many sensors at the same time requires more powerful computers.
However, recent computer and device technology improvement make it possible to
measure the pressdre distribution easier and more accurately at a reasonable cost. For
example, one of the most recent measuring devices uses some particular inks which
perceive a difference of pressure instead of using load cells. This device is much thinner
than other previous devices which use load cells, and the handling of the device is much
easier. The recent technology improvement is encouraging the use of the pressure

distribution technique as analysing the static seat comfort.

Some studies do not support the use of pressure distribution as an indicator of the
subjective static seat comfort. Oliver (1870) reported that there was not any correlation
between subjective assessments of dynamic or static comfort and various objective
measures which included static pressure distribution from the resuits of measurement on
a range of twenty-one typical car passenger seats. Lee and Ferraiuolo (1993) carried out

subjective tests and measured the pressure distribution. The pressure distribution
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information was employed to attempt to apply objective data to the subjective
interpretation of seat comfort. Subjective evaluation was carried out on overall seat
comfort and perceived comfort using numerical scale from 0 to 10 at ten body regions as
subjects sat on seats. They found that the correlations between the overall seat comfort
and the comfort at the ten body regions were all rather strong; however, the analysis of
the pressure distribution data showed that there were not high correlations between the

pressure distribution and the seat comfort.

Although some studies have doubted the usefulness of pressure distributions, as
described above, many studies have been carried out using the pressure distribution
measurement technique in order to find the relationship between the static seat comfort
and objective values, and to understand factors affecting static seat comfort. From the
anatomical point of view, Edwards and Duntley (1939) reported that the region
surrounding the ischal tuberosities seems to be adapted to supporting the trunk weight.
Lay and Fisher (1940) studied the distribution of pressure over a seat surface and found
that comfort is at a maximum when the weight of the trunk is supported mainly by the
ischial tuberosities. The skin over the tuberosities is richly supplied with blood and
appear to be modified to withstand prolonged pressure. Nishimatsu et al. (1995)
reported a change of pressure distribution during five minutes of sitting on car seats.
They found that the pressure and contact area increased as time went by. Passengers
were more conscious on seat cushions than drivers. The drivers evaluated the cushion
part and the back-rest part more equally. Katsuraki et al. (1995) proposed a combination
support for the pelvic and lumbar regions to keep the spine S-link curvature and reduce
the concentration of the pressure distribution of the seat back. The new support method

also reduced the lumbar region fatigue for long hours (3 hr) driving.

Several ‘studies of the pressure distribution used correlation analysis techniques and
multiple regression analysis techniques to relate subjective impression of the static seat
comfort and objective values of the pressure distribution. Iwasaki et al. (1988) reported
that a synthesised value obtained by combining seat contact area and seat hysteresis
loss with multiple regression analysis correlated well with a feeling of seat fit. Gross et al.
(1992, 1994) proposed a comfort model to predict seat comfort based on pressure
distribution. The model was established by multiple regression functions that expressed
the relationship between the dependent variable (comfort) and 17 independent variables

(pressures). The final model was derived as a result of establishing the closest or best-fit
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relationship by using a combination of independent variables and eliminating those that
contributed least to the comfort model. Ng et al. (1995) compared the sitting comfort for
two different seats by subjective assessment and also predicted the éeat subjective
assessment values from pressure distributions based on a non-linear multiple regression
model. Thakurta et al. (1995) carried out correlation analysis regardihg short and long
term seat overall comfort and pressure distribution at different parts of the body, such as
lumbar, shoulder, thigh and ischial regions. A significant correlation was found between
the pressure distribution and subjective comfort. Lumbar support and ischial support

appeared to be more significant than shoulder and thigh support.

Some studies have suggested particular pressure distribution patterns or values which
related to the static sitting comfort or discomfort. Ayoub (1972) recommended upholstery
for the seat: with a hard surface, the weight of the trunk is born mainly by small areas of
the seat, causing high pressure points and resultant discomfort. Podoloff et al. (1993)
measured pressure distribution at the interface between a seat and occupants and
observed time changes of pressure profile at certain areas of the buttocks as an indicator
of sitting‘comfort. Kamijo (1982), Kamijo et al. (1982) reported that a good seat tended
to have the body pressure distribution pattern which is symmetrical and did not have any
unnatural peak. Reed et al. (1991) suggested that a seat which resuits in high pressures
is likely cause of some of the discomfort experienced on the seat. Summarising, the
seats evaluated as comfortable, did not have any high pressure peaks except around the
ischial tuberosities. Even around ischial tuberosities, the peak pressure value was
preferred to be low and an occupant weight should be distributed over a wide area.
Sanders and McCormick (1987) concluded that pressures should not be concentrated
priharily at the ischial tuberosities, but rather distributed across the buttocks and thigh
areas for better support. It was suggested that the weight should be distributed rather

evenly throughout the buttocks area, but minimised under the thighs.

Most of the studies mentioned above have used only the patterns of the pressure
distribution, and not the pressure values. However, rarely, Diebs'chlag el al. (1988)
showed actual pressure values at certain points on the seat in their paper. They carried
out the study in order to optimise force and pressure distribution on the contact surface
between people and seat, and recommended foam cushions with linear characteristics.

They say this will reduce the critical pressure points underneath the ischial tuberosities
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and achieve a more suitable pressure distribution. They also indicated certain desirable

values of pressure distribution as below:

direct beneath the tuberosities = 1to 3 N.cm'?';
area around the tuberosities = 0.8t0 1.5 N.cm'z;

other area = 0.2 to 0.8 N.cm™.

The pressure distribution measurement is not only informative itself but also very useful
when combined with other measurement techniques. Reynolds ef al. (1996) used
pressure mats to measure pressure distribution and contact areas in the seat cushion
and back. Combining the results with data from a video camera, they calculated the

position and orientation of the pelvis.
2.4.1.3 Seat dimensions

Seat dimensions are mainly decided by the size of the inner space of an automotive
vehicle. ‘Width, length, thickness, height, inclination of the seat cushion and seat back
are strongly affected by the car inner space. 1SO 11112 (1995) defines dimensions and
requirements for an operator’s seat of the earth moving machinery from viewpoints of
ergonomic considerations. It is natural that the seats for [arge vehicles tend to be larger
and the seats for small compact vehicles tend to be smaller. The seat dimension is afso
affected by the type of car, for example, luxury cars’and sports cars have different sizes
and shapes of seat due to their different purposes. In general, wider and longer seats
can provide more a relaxed atmosphere to the occupants, however, at the same time,
this may sacrifice supporting and holding performances of the seat which are considered
to be some of the most important functions of automotive seats. Seat dimension cannot
be discussed without considering the body sizes of drivers and passengers. The
dimensions of automotive seats which can bring the best fit to the occupants vary
depend on the occupants’ body sizes and preferences. Therefore it is almost impossible
to determine a single suitable size of a car seat for all the occupants: statistical

considerations are required when designing the automotive seat.

Several studies have been carried out on the seat dimensions. Most of them did not aim
to find out suitable or ideal seat dimensions, but to compare sitting comfort of several

automotive seats on the market with respect to their dimensions.
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From an anatomical point of view, Akerblom (1948) reported that if the front edge of a
seat was too high, or if the seat was too soft in the centre and hard at the edge, it caused
numbness, tingling or anaesthesia of the legs due to pressure on the nerves and blood
vessels which run along the underside of the thighs. The reason for this is that the soft
tissues of the thigh are incapable of giving any support and must undergo considerable
compression before the thigh takes the weight. Keegan (1962) suggested that if seats
were too low, they could produce an acute angle between the trunk and the thigh, which
should be avoided since it could lead to low back and stomach pain. However, he also
mentioned that lower seats caused difficulty of getting up from the seat, especially for tall,
heavy or elderly people. Murrell (1965) pointed out that to avoid thigh compression,
people tended to sit on the front portion of a high seat, causing an unstable and fatiguing
posture. The importance in the design of seats, is to ensure that the height of the seat
above the floor does not lead to pressure on the underside of the thighs'or the adoption
of a fatiguing posture. Murrell (1965) and Ayoub (1972) recommended that seats should
be sloped backward at an angle of about 3 to 5 degrees to the horizontal in order to
prevent the sitter being ejected from the seat. Oliver (1970) reported that the
measure‘ment on a range of twenty-one typical car passenger seats had not shown any
correlation between subjective assessments of dynamic or static comfort and various
objective measures, such as vertical vibration in road tests, static load-deflection
characteristics, static pressure distribution or construction of seats. However, a
correlation was found with seat dimensions, such as cushion height, and subjective
preference. Habsburg and Middendorf (1977, 1980) compared subjective overall riding
comfort of 20 seats in static and dynamic conditions, and found that seat configuration
such as seat cushion length and seat back width were significantly correlated with seat
overall riding comfort except the seat width. Reed ef al. (1991) also reported that a wider

and longer backrest was correlated with higher satisfaction in overall seat evaluations.

2.4.1.4 Posture

Even in short periods of sitting, a sitting posture is important as Kamijé, Tsujimura, Obara
and Katsumata (1982) reported. They carried out subjective sensory evaluation tests on
overall seat evaluations and various individual factors of the seat, and found that the
driving posture had a significant influence on the overall evaluation of seats. However, in
the case of long duration sitting, occupants’ sitting posture would become more

important, because the sitting posture was deeply related to occupants’ fatigue, and pain.
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and pain. Cantoni et al. (1984), Grandjean (1984), Hunting et al. (1984), Ong (1984)
investigated that a prolonged static sitting posture, such as computer tasks may cause
discomfort of the neck, shoulders, and back. However, under dynamic condition, driving
posture is considered to be more important than under conditions without vibration, since
vibration can accelerate fatigue and pain in the human body. Parsons et al. (1982)
reported that when an erect posture was adopted, subjects were more sensitive to

vibration above 10 Hz than when a slouched posture was adopted.

The posture is mainly affected by the seat contour rather than the characteristics of the
seat materials, such as hardness and damping properties. Therefore, considerable
attention should be paid when designing the shape of the seat. Itis generally said that
one of the key points for designing automotive seats regarding a driver's posture is how
to keep the driver's spine curve in an S-shape. The human spine is gently curved in an -
S-shape when standing, and anatomically it is said that keeping the spine in an S-shape
is the ideal shape for humans and important to avoid back problems and fatigue. So as
to keep the spine in an S-shape when sitting, it is important to support the lumbar spine
and supfaort the pelvic angle properly. Reed ef al. (1991) considered subjects’ standing
and sitting spine contours and suggested that an ideal posture would be maintained with
minimal or no exertion of the trunk muscles, particularly those of the lower back.
Motavalli and Ahmad (1993) mentioned that humans were designed for walking, not
sitting. Disc pressure is found to be 35% lower when standing than when sitting. In the
sitting posture, the pelvis points downward which leads to inherent instability and this
posture cannot be maintained without discomfort. The sitting posture tends to reduce or
flatten the lumbar spine curvature. In this situation, the lumbar discs tend to protrude
posteriorly, applying pressure on the ligaments, and thus giving rise to lower back pains.
Use of lumbar support not only transfers some portion of the weight to the support but
also changes the posture of the lumbar spine towards its natural standing posture

(lordosis), reducing the deformation, and hence reducing disc pressure.

From anatomical and ergonomic_ points of view, many studies have been undertaken
concerning occupant’s posture and seat contours which can keep the occupants posture
comfortable and properly supported. Some studies have focused on inducing lordosis of
the lumbar spine. Kroemer (1971) reported that if the sitter did not lean against the
backrest, a distinct rearward slope of the seat tended to cause an undesirable kyphosis

of the spine, and suggested that one of the most important features of a good seat was
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permitting changes of occupants’ posture. Schneider and Lippert (1961) proposed that
the rear third of a seat surface should be raised to form, called “Schneider Wedge™. The
pelvis would be tilted forward, and reduce the occurrence of pain in the back, neck and
shoulder-arm region. Schlegel (1956) proposed that seats should tilt forward so as to
induce a slight lordosis of the lumbar spine. In contrast, Burandt and Grandjean (1964,
1965) investigated the “Schneider Wedge" seat and found that an elevation of the rear
portion of the seat did not necessarily cause lordosis of the lumbar spine and an
associated reduction in the incidence of back pain. Burandt (1969) also reported on the
effects of a forward tilting seat and concluded that they were unable to endorse the

hypothesised inductions a lordosis of lumbar spine.

Some studies have suggested a supporting system for seat in order to maintain the
occupants' spine curvature and pelvic angle. Katsuraki et al. (1995) proposed a
combination support for the pelvic and lumbar regions which could keep the spine S-link
curvature and reduce the concentration of the pressure distribution of the seat back. The
new support method also reduced the lumbar region fatigue for long hours (3 hours) of
driving. Diebschlag, Heidinger and Kurz (1988) studied regarding the design of vehicle
seats, and concluded that it was of the utmost importance to anatomically support the
driver's spinal column in order to avoid intervertebral disk damage. They also suggested

adjustable supports to encourage neck lordosis, iliac crest and iumber lordosis.

Most of the studies insist on the importance of sitting posture in order to improve sitting
comfort and to avoid fatigue and pains. Yamazaki (1992) measured seat contact shapes
both for cushions and backrests by using very thin sensor tapes with twenty strain
guages at regular intervals. Sensory evaluations, such as feelings of pressure on the
ischial tuberosities, feelings of seat hardness, feelings of seat height, feelings of lumbar
support, were also carried out in order to evaluate sitting comfort. in conclusion, there
was no simple correspondence between the sensory evaluations and the physical
quantities, but he suggested that the most predictable analysis of seat comfort could be
made by the development of a mathematical model including the characteristics of body

shape and elasticity, and the resolution and distribution of sensitivity.
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2.41.5 Climate

Nowadays many cars tend to have air conditioning systems to coﬁtrol car inner
atmosphere in comfortable condition under any outside conditions. However, on the
other hand, there are still many cars which do not have air conditioning systems. Under
these situation, climatic characteristics of seats are important. Discussing the climate of
seat a hot and humid climate is mostly spotlighted, because it may cause occupant’s
sweat which is considered to degrade sitting comfort. Diebschlag, Heidinger and Kurz
(1988) suggested that a warm and humid microclimate had an essential influence on
comfortable sitting and therefore the microclimate was one of the most important factors

in seat designing.

With regard to occupant's sweat, permeability of the seat is very important and
characteristics of seat covers and polyurethane foam play a significant role. Kamijo
(1982) reported that humidity and temperature of seat surfaces became constant after
three hours of sitting on a seat and that it was possible to distinguish between a
suﬁicien{ly climatic seat or an uncomfortably less climatic seat by measuring the
temperature and humidity at the interface between the human body and the seat surface
after the sitting. He also reported that the temperatures and humidities of full foam type
seats were higher than those of spring support seats, this meant that full foam type seats
tended to provide less optimal climatic seats compared to spring support type seats. In
order to avoid a warm and humid microclimate, Diebschlag, Heidinger and Kurz (1988)
recommended that cover fabric, upholstery material, and seat/backrest shell components
should be optimised with regard to their water vapour permeability, particularly by
appropriate perforation of the shell components. Lee, Ferraiuolo and Temming {1993)
introduced a ‘Sweat Impulse Test’ to assess the “summer suitability” of car seats by
technfca! means. “Summer suitability” indicates the ability of a seat to direct sweat away

from its surface and the occupant.
2.4.2 Dynamic seat comfort _

An aspect of comfort which is different to static comfort described in Section 2.4.1 is
dynamic comfort. In general, static comfort concerns condition of the seat without
vibration, whereas dynamic comfort concerns the additional sensations associated with

vibration. Therefore, dynamic comfort can be characterised by human responses to
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vibration and is strongly affected by both vibration characteristics and seat dynamic

characteristics.

Vibration characteristics cannot be simply described by vibration amplitude or the
transmissibility of the seat. The best known model with regard to human response to
vibration is defined in Internationa! Organisation for Standard (ISO) 2631 (1974, 1978,
1985) - Guide for the evaluation of human exposure to whole-body vibration. This
standard mentions four aspects of vibration which are considered to influence human
response to vibration: vibration direction,.magnitude, frequency and .duration. The
vibration evaluation guide also defines three criteria: “fatigue-decreased proficiency

boundary”, “exposure limit (health or safety)”, “reduced comfort boundary” (see Figure

2.6).
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Figure 2.6 The exposure limits, fatigue-decreased proficiency boundaries and reduced
comfort boundaries for 1 minute and 24 hour exposures to whole-body vibration given in

ISO 2631 (1974, 1978, 1985).
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Many studies have been carried out regarding human responses to vibration and some of
the studies report results different to the ISO guidance. For example, Janeway (19752,
1975b) discouraged the use of the ISO standard and advocated the results of other
studies based on “absorbed power”, a concept developed by Pradko and Lee (1968). He
- agreed with the absorbed power concept and pointed out several inconsistent respects in
the iSO standard with experimental evidences. For example, the ISO standard tolerated
2.4 times greater than the recommended acceleration values derived based on the
absorbed power concept at the most sensitive frequencies, both vertically and

harizontally.
2.4.21 Effect of vibration magnitude

It is considered that vibration disturbs human activities and comfort rather than improving
comfort, therefore, it is natural that a passenger's discomfort will increase as the vibration
magnitude increases. Stevens (1975) suggested that the subjective magnitude of
vibration could be related to the physical magnitude of the stimulus in a manner which

was consistent with the power law shown below.
y = kg

where  is psychophysical magnitude of the sensation;
@ is physical magnitude of the stimulus;
k is a constant that depends on the units of measurement;

1 is the value of the exponent, which varies depending on the kind of stimulus.

There are several possible ways to express the vibration magnitude in different units.
The expression in terms of displacement can be useful when the vibration has a large-
amplitude and low-frequency. Velocity could be convenient, especially when concerned
with the energy of the vibration. Cucuz (1994) found a strong correlation between
subjective responses and the vibration velocity when subjects were exposed to the
vibration containing impacts. Pepler, Sussman and Richards (1880) investigated the
effect of deceleration and jerk on ride comfort in vehicles and found that at higher jerk
levels, the subjects reported greater discomfort. However, acceleration is quite easy to

measure and is the most popular unit for handling vibration nowadays. Therefore, many
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standards use the vibration acceleration when considering the severity of human

response to vibration (e.g. [SO 2631 and BS 6841).

The acceleration magnitude of a vibration could be expressed in several ways: for both
sinusoidal motion and transient motion, the peak acceleration or the peak-to-peak
acceleration can be useful indicators for expressing vibration magnitude. However, with
random motion, the root-mean-square (r.m.s.) acceleration is widely used as the method

for quantifying the vibration magnitude as defined below:
) %
rm.s. = {? Eaz(f)dt]

where a(t) is acceleration (m.s?)

T is the duration of the measurement (s)

The fourth power vibration method is more sensitive to peaks than the basic evaluation
method using the second power of the acceleration time history. Griffin and Whitham
(1980) reported that for vibration involving short duration and impulsive stimuli, the use of
the root-mean-quad (r.m.q.) procedure for evaluating vibration maghitude produced a
closer agreement with subjective assessments of discomfort than the root-mean-square

procedure:

Ja
14 4
rm.gq. = {?La (t)dt]

A cumulative measure of the vibration and shock during the measurement period was
suggested by Griffin (1982, 1985) and is also defined as vibration dose value (VDV) in
British Standard, BS 6841 (1987) and the latest International Standard, SO 2631 (1997).

VDV = [faw‘* (f)dtJ

Ve

where a,(t) is the weighted acceleration (m.s?)
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It is reported that these the fourth power methods correlate well with subjective comfort
evaluation in the case of high crest factors, as described below. In BS 6841 (1987} and
the latest 1ISO 2631 (1997) mention about applicability of the basic evaluation method for
vibration with high crest factor. According to the BS 6841, in case of crest factor is below
6, the basic evaluation method is normally sufficient, whereas (SO 2631 (1997)

recommended below 9.

peak accelaration
r.m.s. acceleration

Crest factor =

In ISO 2631 (1997), VDV and another measurement method for quantifying the vibration
magnitude are defined, the maximum transient vibration value (MTVV), given as the

maximum in time of the running r.m.s. (aw{tn)):
MTWV = max [a,(t,)]

1 1

a,lt,) = E ]'af,(t)exp[f ‘;0 }df}z or a,ft,) = [% ]'aj(t)dt}z

where a,(t,) is the instantaneous frequency-weighted acceleration;
ris the integration time for running averaging;
tis the time (integration variable),

f, is the time of observation (instantaneous time).

Lee and Pradko (1965, 1966, 1968) considered the energy fiow takes place as a result of
the complex damped elastic properties of the anatomy and proposed “absorbed powet”
method described as below both in the time domain and frequency domain. This method
is supported by Wambold and Park (1974, 1976a, 1976b} and Janeway (1975a, 1975h).

In the time domain;

Averaged absorbed power = Iim% [Few byt

T30
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where F(1) is input force,

V(t) is input velocity.

In the frequency domain;

N
Averaged absorbed power = ZK,AT' r.m.s.
i=1

where A? r.m.s. is root-mean-square acceleration at frequency “/ ",

“i !l-

K; is the parameter at frequency
2.4.2.2 Effect of vibration frequency

It is widely known that humans perceive vibration differently depending on the vibration
frequency, even when the magnitude of the vibration is the same. One of the reasons for
this frequency dependence of human response to vibration is considered to be
resonanées of the human body. Each part of human body has its own resonance
frequency. Figure 2.7 (Brle! & Kjaer, 1988) shows examples of the resonances of the
each part of human body. According to the figure, for example, the resonance of the
abdominal organs is around 4 Hz to 8 Hz, that of shoulder girdle is 4 Hz to 5 Hz and that
of the spinal column is around 10 Hz to 12 Hz. However, no scientific evidence was

given on the resonance frequencies of each part of the body.

Shoenberger and Harris (1971) investigated subjective sensitivity to vibration. They
asked subjects to adjust the magnitude of ‘test’ vibration which produces the same
sensation of ‘subjective intensity’ as the ‘reference’ motion over the frequency range from
3.5 Hz to 20 Hz. In a series of studies conducted by Miwa (1867a, 1867b), thresholds
and equal sensation contours for whole-body and hand-arm vibration in different
directions and different postures were investigated. Dupuis et &l. (1872) compared equal
intensity curves obtained by themselves and other curves defined ih ISO and VDI 2057
(the interpretation of the effect of mechanical oscillations on the Human being). Griffin
(1880) compared the results of past studies regarding equivalent comfort and perception

threshold for various vibration directions and subject postures. Figure 2.8 (Griffin, 1890)

shows equivalent comfort contours for the vertical vibration of seated persons.
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Figure 2.7 Mechanical model of the human body showing resonance frequency-range of
the various body section (Brliel & Kjeer, 1989).

It is comprehensible that the equivalent comfort contours vary depending on the studies,
because the studies were undertaken with different conditions and procedures, such as
different subjects, different vibrations and different methods of subjective evaluation.
However, for most of the studies, there was a tendency regarding subject response to
vibration acceleration: subjects were more sensitive over a certain ffequency range. With
vertical vibration of seated persons, most equivalent comfort contours show the most
sensitive frequency somewhere between 4 and 10 Hz, as shown in Figure 2.8.

Equivalent comfort contours are different depend on the vibration directions and subject

posture, such as seated, standing and prone.
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Figure 2.8 Equivalent comfort contours for vertical (z axis) vibration of seated person.
Data compared by Griffin (1990). -

Perhaps, the most well known and the most used equivalent comfort curves are the
“reduced comfort boundaries” defines in 1SO 2631 (1974, see Figure 2.6). The curve
starts extends 1 to 80 Hz. It is said that frequencies below 0.5 Hz may produce motion
sickness rather than comfort. EquiVatent comfort curves are controversial. Some
disagreed with ISO 2631 and proposed different curves. Cucuz _(1994) proposed new
weighting criteria for vibration inputs to passengers obtained by subjective evaluation of
vibration severity using the K-value scale method defined in VDI 2057. He also
suggested that the random vibration produced more discomfort than harmonic vibrations
of the same magnitude. BS 6841 (1987) defines frequency weight curves partly based
on research carried out at the Institute of Sound and Vibration Research (ISVR) over the

period of 1972 - 1984 (see Figure 2.9). With regard to frequency range, BS 6841
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Figure 2.9 Possible subjective reactions to various frequencies and magnitudes of whole-
body sinusoidal vibration of a seat according to British Standard 6841 (British Standard

Institution, 1987).

extends from 0.5 to 80 Hz in contrast with the 1SO 2631 from 1 to 80 Hz. With the

consideration of arguments like those above, new frequency weighting curves were

defied in the latest 1SO 2631 (1997), shown in Figure 2.10 and Figure 2.11.
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2.4.2.3 Vibration direction

The vibrations transmitted to passengers through a seat vary depending-on the type of
vehicle and the driving conditions, such as driving speed, the condition of the road
surface (for cars), air condition (for aircraft) and sea condition (for ships). The vibration in
vehicles, to which passengers are exposed, can occur in three translational directions

(vertical, lateral and fore-and-aft) and three rotational directions (roll, pitch and yaw).

Since humans have different sensitivities to different vibration directions, studies have
been conducted to investigate the influence of vibration direction on discomfort. Griffin
and Whitham (1977) compared magnitudes of vertical vibration and horizontal vibration,
which produce the same discomfort. The mean results of eight subjects showed that an
identical level of 3.15 Hz vertical and lateral whole-body vibration would cause
approximately the same degree of discomfort. However, the responses of individuals
varied largely. As shown in Figure 2.6, International Standard 2631 (1974, 1878, 1985)
defined “exposure limits”, “fatigue-decreased proficiency boundary” and “reduced comfort
boundary'" for longitudinal (vertical) and transverse (lateral and fore-and-aft) whole-body
vibrations. The standard shows that humans have different sensitivity to the longitudinal
vibration and transverse vibration as a function of vibration frequency. The latest 1ISO
2831 (1997) defined the frequency weighting curve in the rotational vibrations in addition

to the translational vibrations, as shown in Figure 2.10 and Figure 2.11.

Parsons ef al. (1978, 1979) reported that discomfort produced by vibration in the
translational axes was roughly greater than that produced by vibration in the rotational
axes, with rolf and pitch vibration causing more discomfort than yaw vibratioh. in general,
vibration in the vertical axis is considered the dominant cause of vibration discomfort.
Parsons and Griffin (1983) measured nine translational vibrations on a seat, a back-rest
gnd a floor and three rotational vibrations on a seat, and compared them with the results
of subjective discomfort assessments. They found that the vertical vibration transmitted
into the passengers’ ischial tuberosities was a major cause of vibration discomfort. The
vertical input to the subjects’ feet, the fore-and-aft input to their ischial tuberosities and
their backs were of secondary importance and lateral and rotational vibrations were less
important. Levis and McKinlay (1980) compared subjective assessments of the overall
ride quality of vehicles obtained by the paired comparison method with objective values

of three orthogonal accelerations at the man-seat interface obtained by driving on three
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different roads and a test track. They found that subjective judgements of vehicie ride
quality correlated highly with the level of vertical vibration. Kamijo (1982) reported that
vertical vibration of a seat cushion dominated seat riding comfort, followed by fore-and-
aft vibration of a seat back and vertical vibration at the foot. The vertical vibration of a

seat cushion contributed almost half of the overall seat riding comfort.

Vertical vibration on a seat is often the dominant and most important vibration influencing
seat discomfort. However, 1SO 2631 (1874, 1978, 1985, 1897) also defined a method of
~ combining vibrations occurring in more than one direction. This suggests the importance
of considering the vibrations in other directions. Several studies have dealt with the
vibrations in other directions as well as in the vertical. Leatherwood (1975) studied the
acceptance of vertical and lateral vibration using tourist-class seats and first-class seats
of an aircraft and the seats of a rapid-transit bus. For frequencies equal to, or below, 3
Hz the vertical vibrations were more acceptable than lateral vibrations, whereas above 3
Hz the lateral motions became more acceptable. The results of vertical and lateral
reduced-comfort boundaries had their cross point at around 3 Hz. Although cushioned
seats wére used for the study, this value was similar to that defined in ISO 2631 at 3.15
Hz for a rigid seat. Corbridge (1985) and Corbridge ef al. (1889) studied on frequency-
weighted values for the twelve axes on a railway vehicle, and concluded that the
weighted values could be split into three groups. The lateral and vertical inputs at the
seat cushion were dominant and the fore-and-aft motion at the backrest was next
important. These three inputs contributed the majority of the overall ride value. Griffin
and Whitham (1977) reported that, for methods of vibration discomfort prediction, when
subjects were exposed to dual-axis (vertical and lateral) motions, relying solely on the
most severe vibration component underestimated the total vibration effects. Fairley and
Griffin (1988) studied the discomfort caused by simuitaneous vertical and fore-and-aft
whole-body vibration. They reported that a root-sums-of-squares of the discomfort
caused by the vibration in each direction alone provided better prediction accuracy than
discomfort caused by the worst vibration component. Kozawa et al. (1986) found that
ride comfort correlated not only with the acceleration at the seat cushion but also with
accelerations of other places, such as the seat back and feet. They reported that
accelerations at the seat cushion in the vertical direction, at a seat back in the lateral
direction and at the feet in the vertical direction strongly correlated with subjective ride
comfort evaluations. Richards ef al. (1980) carried out correlation analysis between

subjective ride comfort and objective values of vibration acceleration in six different
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directions (three translational and three rotational) and found that the angular rates were
useful as determinants for comfort of ground-based vehicles. Parson and Griffin (1877)
and Griffin (1978) suggested that the evaluation of rotational motions must be recognised

as an essential part of assessing vehicle ride.

The vibrations in non vertical directions can be important with regard to seat discomfort,
especially when the vibration is in several directions and occurs simultaneously.
However, the vertical vibration should be considered as the most essential vibration for
seat discomfort in many environments. Donati and Boulanger (1981) reported that
vertical vibration was the dominant vibration for fork-lift trucks. International Standard
7096 (1982, 1994) defined several kinds of vertical vibration as test vibrations, which
were assumed to represent different categories of earth-moving machinery. The vertical
vibration highly correlates with seat discomfort and also it is the domihant vibration in

many vehicles.
2.4.3 Time dependency

In the usage of automobiles, it is not rare for ordinary car users, nor for taxi drivers and
lorry drivers, to drive long distances. Not only for the seat discomfort but also for most of
other matters, it is generally said that the first impression tends to be different from the
later impression after people have got used to the circumstances or became tired.
Therefore, driving for long durations may produce different impressions of seat from the
impression in short duration driving. Nishimatsu, Sekiguchi and Toba (1995) reported a
change of pressure distribution during five minutes of sitting. The pressure and contact
 area increased as time went by. This may have been caused by seat deformation
occurring in order to fit the body shape while a driver was sitting on the seat. Reed and
Massie (1996) reported that automotive seat comfort in a short-term evaluation could be
different from that obtained after a long-term sitting session. Therefore automotive seat
comfort can be divided into two categories, depending on the duration of the test session:
short-term measuring and long-term measuring. in this situation, they insisted that the
testing duration was very important and suggested that the appropriate tength of time to
test automotive seats was between 80 and 90 minutes, based on the resuits of a
Nationwide Personal Transportation Survey conducted by the U.S. Department of
Transportation. Reed et al. (1991) carried out static seat evaluations in the short-term,

so called “showroom” and also during three-hours of driving simulation and found a
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considerably difference between the short-term evaluation and the long-term evaluation.
Consequently, they suggested that the shorf~term evaluation of a seat was insufficient to
predict its comfort performance in actual conditions of use. Thakurta et al. (1995) carried
out a correlation analysis regarding overall subjective seat comfort and support feelings
at different parts of the body, such as the lumbar, shoulder, thigh and ischial regions.
The subjective evaluations were undertaken before and after 80 miles of highway driving
and there was a significant difference in the results before and after driving. Therefore,
they suggested the importance of measuring overall seat comfort in both showroom and
long term sitting conditions and concluded that using only one factor may lead fo

premature and incomplete conclusions about occupant seat comfort.
2.4.3.1 Fatigue and numbness (without vibration)

Before considering the effect of vibration duration on comfort, many studies reported that
long duration sitting tends to cause more discomfort than short duration sitting.
Messenger (1992) investigate a change of subjective discomfort rating on two different
seats up to three hours with and without vibration. Both with and without vibration, the
discomfort rating significantly increased up to about two hours. However, no significant
differences were found between the conditions with vibration and without vibration. This
may imply that the addition of the vibration stimulus to the seating conditions had little or
no effect on ratings of overall discomfort. Michel and Helander (1 994) reported that
prolonged static sitting discomfort increased with time on task and concluded that
discomfort was typically low at the beginning of a work day and considerable higher after
a full day of work. Main reasons for this time-dependency are considered fo be muscle

fatigue, mostly in the back, and numbness arcund the buttocks and thighs.

The muscle fatigue in the back is caused by using the same muscles for a long time
duration due to sustaining the same posture. Therefore, so as to avoid the muscle
fatigue, Kroemer (1971) suggested that one of the most important features of a good
seat was to permit changes of occupants’ postures. Considering the muscle activity
which seems to cause fatigue, electromyography (EMG) has been used in many studies
(e.g. Reed ef al. (1991), Lee, Grohs and Milosic (1995), Lee, Ferraiuolo and Temming
(1993)) in order to observe the muscle activities. Bush et al. (1995) measured EMG

along the spine as an indicator of muscle fatigue and calculated the median frequency of
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the first 40 seconds of the data. A shift in the median frequency was found as the fatigue

of muscles increased.

in order to minimise muscle fatigue, sitting posture is very important, as described in
Section 2.4.1.4. An ideal posture, which keeps the spine curvature in an S-shape, can
minimise trunk muscle activity around the lumbar area, as reported by Reed et al. (1991).
Katsuraki et al. (1995) suggested that lumbar support worked effectively to keep the

spine in the S-shape and would contribute to improved comfort in long duration sitting.

In addition to the muscle fatigue, another significant factor for increased discomfort
during long duration sitting is numbness, or tingling induced mainly around buttocks,
thighs and lower extremities. These symptoms may be caused by pressure on the
nerves and blood vessels which run along the underside of the thighs-as reported by
Akerblom (1948). Pottier, Dubrevil and Monod (1969), Winkel (1986) reported that long

periods of static sitting caused blood pooling and discomfort in the lower extremities.

2.4.3.2 Effect of vibration duration

Assuming that vibration causes discomfort, it seems natural that longer durations of
vibration will cause more discomfort than shorter durations of vibration.if the magnitude
and frequency of the vibration are unchanged. Because a total amount of vibration which
comes in to human body will increase as duration of vibration exposure will be longer.
Although investigations of time-dependency on comfort are considered to be very
important, it is very difficult to undertake experiments concerning time-dependency,
especially in the case of experiments more than one hour. Long duration experiments
are time-consuming and tend to contain some technical difficulties. For example,
subjective evaluation methods which can be applied to long duration experiments are
restricted and the subjects tend to be easily affected by other unfavourable factors, such
as noise which does not relate to the experiment.

Considerable efforts have been paid by many researchers in order to investigate the
effect of vibration duration on comfort. Donati et al. (1987) conducted an experiment of
the effect of time on subjective assessment of tractor seat aspects and overall seat
comfort. The results indicated that there was a considerable deterioration in the overall

seat comfort with time but the assessments of specific seat aspects changed rather less.
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This suggested that short experiments were adequate for identifying optimum values for
seat dimension and that the deterioration in the sitting comfort may be caused by fatigue
or vibration. Miwa, Yonekawa and Kojima-Sudo (1973) observed changes of several
psychological and physiological parameters as indicators of human response to vibration
during long duration exposure using a pile driver and fork-lift vibrations. They concluded
that parameters, such as subjective judgement, equivalent level and threshold shift were
found significant in relation to exposure time, however, this seems to be not persuasive
because there is no presented evidence for leading to the conclusion. Biodynamic
response, postural sway, performance and subjective response while exposed to
prolonged repeated whole-body vibration up to 3 hours were studied by Seidel et al.
(1980). They showed that the resuits of time-variant changes of subjective judgement,
which is the number of complaints relevant for exposure to whole-body vibration,

increased as the exposure duration increased.

The most well know standard on human response to vibration, ISO 2631, also regards
the time-dependency for comfort based on data reported by Simic (1974} and Miwa et al.
(1973}). ‘However, several studies have pointed out problems with the standard and
reported different comfort characteristics regarding time-dependency.  Griffin and
Whitham (1980) showed that when the [SO 2631 curve was compared with the r.m.s.
averaging procedure (a’t = constant time-dependency curve), the iSO curve under-
estimated the effects of short durations and over-estimated the severity of long durations.
However an a’t = const curve fell between the I1SO curve and the a’t = const curve and
gave a better approximation to their experimental resuits as shown in Figure 2.12. Griffin
(1990) also pointed out that the ISO time-dependency curve was defined by only nine
durations between 1 minute and 24 hours and this is an implies a minimum period of
assessment of 1 minute. Kjeliberg ef al. (1985) investigated experimental assessments
of discomfort caused by whole-body vibration exposure durations using the technique of
cross-modality matching. They found a relationship of subjective estimation with regard
to vibration and sound: a 1 dB increase of a vibration corresponded to slightly less than a
2 dB increase of the sound. In the results, the estimated vibration-[evel in log scale
increased linearly as a function of log exposure time, this could mean that the discomfort
appeared to grow as a function of exposure time. This tendency was observed in a
range of exposure times at least up to 1 hour, hence, they suggested that the rate of
increased discomfort observed during short exposures could be extrapolated to at ieast

the first hour of exposure. They also mentioned that the rate of increase given by ISO
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Figure 212 Comparison of the time dependencies given in ISO 2631 with a’t = constant
and a*t = constant (from Griffin and Whitham, 1980).

2631 was considerably higher than that observed in the experiment. in a review work
concerning duration effects of whole-body vibration by Kjellberg and Wikstrom (1985),
they also suggested that the time-dependency proposed in the SO 2631 constituted an

overestimation of the importance of exposure time for the strength of the effects.

A study of the comfort time-dependency which is shorter than the minimum duration, 1
minute, defined in the ISO 2631 was carried by Hiramatsu and Griffin (1983, 1984).
They investigated the effect on discomfort of the vibration acceleration magnitude and
the duration of vibration up to 50 seconds by means of the magnitude estimation method.
The results show that the logarithm of the magnitude estimates for discomfort produced
by whole-body vertical vibration, was in linear proportion to the logarithm of the duration.

A great effect of vibration duration on discomfort was reported.

Several studies have denied the existence of a time-dependency on comfort with

vibration.” Miwa (1968) reported a series of studies in which the effect of vibration
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duration on discomfort was investigated. He stated that the subjects might judge the
emotional response to be a certain grade within 1 minute and that this grade might not be
changed during vibration exposures up to 10 minutes. Subjective assessments of
dynamic and static comfort on a range of twenty-one typical car passenger seafs were
carried out by Oliver (1970). In the study, he compared comfort rating obtained after
short distance driving (2 miles) and 2 hours vibration exposure and concluded that even
extending dynamic tests to 2 hours did not affect comfort rating. Griffin and Whitham
(1976) investigated the effects of duration of whole-body vibration exposure up to 36
minutes using two different frequencies of 4 and 16 Hz, which were considered to excite
different parts of the body, by matching method. They concluded that there was no effect
of vibration duration on relative comfort and also there was no change in the relative
discomfort of 4 and 16 Hz vibration over time. Kjellberg and Wikstrom (1985) reviewed
research concerning duration effects of whole-body vibration on performance,
physiological effects and biomechanical reactions in addition to comfort. They
summarised that a number of studies with longer exposure periods concluded that there

was no increase in discomfort.
2.44 Seat comfort prediction

“Seat comfort” is a subjective matter and is affected by many factors as described in
Section 2.4.1, 2.4.2, 2.4.3. It is necessary to consider from a psychological point of view
when carrying out subjective experiments. For designing a comfortable seat, it is
important to identify the seat physical values which affect seat comfort. It should be
possible to predict seat comfort by measuring related seat physical properties, once
reasonable relationships between seat comfort and the seat physical values have been
found. This is worthwhile, because seat comfort could be improved by changing the
related seat physical values and time consuming psychological experiments to evaiuate
seat comfort could be avoided. Therefore, many researchers have attempted to

understand and predict seat comfort in terms of related seat physical characteristics.
2.4.41 Methods of static seat comfort prediction
As discussed in Section 2.4.1, static seat comfort is affected by many factors: seat

hardness, pressure distribution, seat dimensions, posture and climate. Stone (1965)

found a relationship between the compressibility of car seats by measuring their load-
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deflection characteristics and subjective preferences regarding static seat comfort. in
order to connect more than two variables, a regression analysis may be used. It is one
of the most common technigues used to find a relationship between ohe dependent
variable and severa!l independent variables. Lee et al. (1995) compared static objective
measurement of EMG, spinal loading, body motion and pressure distribution with
subjective seat comfort. Spinal loading was defined as the extent of spinal growth that
occurred in a seated phase following a pre-loading of the spine. Body motion was
observed based on a theory of uncomfortable chairs causing frequent and intensive body
motions. In their conclusion, although a correlation was not found, they proposed that
spinal loading was the most promising objective measurable values among the four in the
study. Although some of their independent variables were not objective, Lee and
Ferraiuolo (1993) attempted to predict overall seat comfort in terms of the degree of
comfort at the 10 body regions and other variables, such as subjects’ age, sex and height
by a regression equation fitting method. They surveyed the overall seat comfort and
perceived comfort at 10 various body regions, such as neck, upper back, lower back,
thighs and buttocks when subjects sat on the seat by using a subjective numerical rating
scale fro‘m 0 to 10. The correlations between the overall seat comfort and the comfort at
the 10 body regions were rather strong, while the correlations between the overall seat

comfort and sex, weight and age were all very weak.

In addition to a regression analysis, some researches have tried to predict static seat
comfort in terms of objective values using other multiple variable analysis techniques.
Zhang et al. (1996) identified whether different factors were associated with comfort and
discomfort in sitting by using factor analysis, cluster analysis and multidimensional
scaling. They also proposed a unified model for perception of comfort/discomfort. In the
model, they mentioned that discomfort was associated with biomechanical factors (joint
angles, muscle contractions, pressure distributions) that produce feelings of pain,
soreness, numbness, stiffness. Comfort was associated with feelings of relaxation and
well-being. Bush et al. (1995) measured EMG along the spine as an indicator of muscle
fatigue and a dynamic median frequency analysis was performed on the first 40 seconds

of the data. The shift in median frequency was found as the fatigue of muscle increased.
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2.4.4.2 Methods of dynamic seat comfort prediction

Dynamic seat comfort is affected by characteristics of the vibration which comes into
contact with the human body. Therefore, prediction methods for dynamic seat comfort
are concerned with evaluation methods for vibration magnitude, frequency, direction and
duration, as discussed in Sections 2.4.2 and 2.4.3. Many studies have been carried out

in order to investigate a relationship between the dynamic comfort and the vibration

characteristics.

Jacklin and Liddell (1933) suggested a disturbance factor (D), which indicated the
acceptability of a particular ride, based on the average acceleration and frequency in the
worst component motions. The study used a mass representing a person on a seat and

considered vibration in three orthogonal axes.

D = Ae¥**f + 0.9c0s1.57f

where A is the average acceleration of the worst component motions occurring in each
axis,

fis frequency of the worst component motions occurring in each axis.

They decided that if the ‘D' value is equal to, or greater than, 4.5 then the ride in the

vehicle would be considered ‘disturbing’.

Jacklin (1936) developed a ‘disturbing’ index based on the vector summation of the
vibration that occurred in the three axes in the vehicle. Peak acceleration was used in

stead of the average acceleration:

Ke= [KZ + K7 + K?

where Ky = Ave°'13f {Ay is the péak acceleration of the worst component, of frequency f,

in the vertical axis),
K = ALeD‘m (A, is the peak acceleration of the worst component, of frequency f, in

the lateral axis),
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Kr= Ar (Aris the peak acceleration of the worst component in the fore-and-aft

axis).

Catherins (1969) reported that a good correlation was observed between the peak
acceleration and the subjective responses of passenger. However, he also proposed
amplitude exceedance percentage in his other reports: Catherins and Clevenson (1970),

Catherins ef al. (1872).

Versace (1963) used mean sguare jerk to express vibration magnitude. A combined

measure of vibration occurring in the fore-and-aft and lateral axes shown in the equation

below.
Vibration magnitude = (5J7 + 23J,%) 10°

where Jr is the magnitudes of mean square jerk measured in the fore-and-aft axes
measured at the hips of a dummy (g?'.s'z),
J, is the magnitudes of mean square jerk measured in the lateral axes measured

at the hips of a dummy (gz.s'z).

As described in Section 2.4.2.1, Lee and Pradko (1965, 1966, 1968} proposed “absorbed
power” based on a concept of the energy flow that takes place as a result of the complex
damped elastic properties of the anatomy; defined both in the time domain and frequency
domain as below. The absorbed power was represented td correlate with a non-linear
subjective response to vibration intensity and has been used as an indicator for subject
comfort. They suggested that, for example, an upper acceptable absorbed power for in

automobile ride may be 0.2 - 0.3 W, and for off-road vehicles may be 6-10 W.

in the time domain;

Averaged absorbed power = Iim% _[]TF(t)V(t)df
T—re0

where F(t) is input force,

V(t) is input velocity.
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in the frequency domain;

N
Averaged absorbed power = ZK{.A? r.m.s.
i=1

Hqpn

where A,-2 r.m.s. is root-mean-square acceleration at frequency “/”,

K; is the parameter at frequency “/ ".

Janeway (1975a, 1975b) regarded the “absorbed power” concept as the most reliable
guide to human tolerance if an objective indication of subjective response to vibration is
measured. He came to this conclusion by comparing the results obtained based on the
absorbed power concept with the results of his previous works. Wambold and Park
(1976) reported that objective ride measurement using the absorbed power criterion in
conjunction with “amplitude frequency distribution (AFD)" (see Section 2.2.2.2) obtained

from a two degree-of-freedom model correlated with the subjective response.

The stuc;ies discussed above in this subsection do not consider the frequency weighting
concept on seat comfort. However, as defined in I1ISO 2631 and BS 6841, human
response to vibration is significantly affected by vibration frequency. Hence, it is
worthwhile to introduce the concept of frequency weighting to the comfort prediction

modei.

Several studies of subjective comfort models using the frequency weighting concept have
been carried out. Parsons and Griffin (1980, 1983) compared subjective discomfort
assessment with objective values. Nine translational axes of vibration on the seat,
backrest and floor and three rotational axes of vibration on the seat were measured.
They calculated the vibration intensity values, as below, and found that the weighted
maximum frequency magnitude (Wimaxf) method of combining frequencies was less
efficient than the weighted r.m.s. magnitude (Wr,m_s_)- or weighted r.m.q. magnitude

(Wi mq.) methods.

1) Weighted maximum frequency magnitude (Whaf):

this is the maximum level in the weighted power spectrum.
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2) Weighted r.m.s. magnitude (W, ms):

P
Wr.m.s. = |:F a[xw(r)dt}

where T is the total vibration duration,

x,(t) is the weighted vibration in time domain.

3) Weighted r.m.q. magnitude (W, mq.):

T VA
Wina. = {? ijwa)dt}

They also combined the 12 measured vibration inputs, defined by the above equations,
using the methods described below. The highest correlation was found using the root-
sums-of-squares (r.s.s.) method. They concluded that the root-sums-of-squares (rs.s.)
method was best for combining vibration inputs and the frequency weighted r.m.s.
(W, m.s) method proved the best for combining different frequencies. However when the

crest factor was high, the r.m.q. method has been proposed.

I) Most severe component method:

this is the maximum of the twelve weighted values given by the twelve inputs.

I} Root-sums-of-squares procedure (r.s.s.).

i=12 %
8.8 = [wa}
i=1

where w, is weighted value for input I.
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11} Root-sums-of-quads procedure (r.s.q.).

With regard to vertical vibration ride discomfort in truck driving, Corbridge (1983)
compared subjective values obtained by the paired comparison method with objective
values obtained by the following equation. He found that the use of a frequency
weighting increased the correlation between subjective and objective resuit and that

increasing the value of the exponent, n, from 2.0 to 4.0 also increased the correfation.

) e . . 17 %
Objective vibration magnitude = (? La”(t)dtj

He also compared the subjective values obtained in the same way and the objective
values obtained by root-sum-of-squared vibration magnitudes at seven input
position/axes when dual axis motion (vertical vibration on the seat and fore-and-aft
vibration of the backrest) were given. The frequency weighting was effective in improving
the correlation between the subjective response and the objective values, however, the
value of the exponent, n, gave better correlation when it was below 3.5. The author
suggested that root-mean-quad procedure was more effective in predicting the
discomfort of motions containing impulsive components; the crest factors for the first

experiment were 5.7 to '6.6, and for the second experiment were 4.0 to 7.0.

Hiramatsu and Griffin (1984a, 1984b) carried out a subjective evaluation of vibration
discomfort when the subjects were exposed to non-steady vibrations using a technique
based on the points of subjective equation (PSE) based on the magnitude estimation
method. The results of -the subjective test were compared with their predicted values
given by rm.s., r.m.q. and e.v.m., which was called the “effective vibration magnitude”.
They concluded that e.v.m. was ti;e best predictor among the three and that rm.s. and
r.-m.q. tended to overestimate the discomfort in this study. The e.v.m. proposed by the

authors is defined by following equation:
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where A4; is the peak amplitude of the th period of acceleration (m.s’z),
P; is the proportion of time for which the sinusoidal vibration had this peak
acceleration,

o is a constant, f is a constant.

The previous discussion in this subsection concerns the relationship between dynamic
comfort and vibration characteristics. Some studies focused especially on the seat
properties and attempted to find out the relationship between the seat characteristics and

the passenger's dynamic comfort when sitting on the seat.

Griffin (1978) proposed the SEAT (Seat Effective Amplitude Transmissibility) as an

indicator of the isolation effectiveness of seats defined by following equation;

(G (W (Frar |
SEAT(%) = %100
[Gq (W2 (ydf

where Gg(f) is the seat acceleration power spectra,
Gg(f) is the floor acceleration power spectra,
Wi(f) is the frequency weighting for the human response to vibration which of

interest.

He (Griffin, 1990) mentioned that the above equation was suitable for in a case of a seat
with low crest factor motions. If the motions on either the floor or the seat have a high
crest factor, another procedure for obtaining the SEAT value using vibration dose values

(VDV) was recommended:

VDV on the seat y
VDV on the floor

SEAT(%) = 100
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Varterasian (1981) proposed a “ride number” defined by following equation. Kamijo

(1982) reported that a good correlation was found between the ride number and

subjective seat evaluation obtained by the paired comparison method:

R = K
A-B-f,
where R is ride number,
K is variables (a constant determined depends on seat type),
A is magnitude of the transmissibility at 10 Hz,
B is magnitude of the transmissibility at the natural frequency,

f, is natural frequency of the seat.

The dynamic comfort prediction equations discussed above are summarised in Table 2.1;

the seat comfort evaluation methods are summarised in Table 2.2.
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Multiple regression analysis has been used in order to predict dynamic comfort. Many
researchers have reported the results of their comfort prediction equations: dynamic seat
comfort obtained by subjective evaluation was predicted by objective measﬁrable values.
Although the objective values (i.e. the independent variables) have been varied, most
studies have been based on the multiple regression analysis technique. The most
common regression equations used various vibration intensities as independent
variables: vibration accelerations or velocities measured at different location and in

different direction.

Richards et al. (1978) compared measures of vehicle vibration in a bus expressed in
root-mean-square acceleration (translational axes) or velocity (rotational axes) with the

mean subjective ratings for each section using a linear regression model:
C=0.87+60.16Wr (r=0.76)

where C: is the comfort rating on a 7 points scale,
Wk is the roll velocity measured in radians per second,

r is the multiple correlation coefficient for the model.

Jacobson et al. (1980), Richards et af. (1980) investigated models of human comfort in
vehicle environments, such as aircraft, ship, cars, buses and trains. The models linked
subjective comfort assessment obtained by seven-point scaling with physical variables,
such as three translational r.m.s. accelerations, three rotational r.m.s. accelerations,
noise and temperature in the vehicles, by using multiple finear regression technique.
Two models for ground vehicles were obtained, as shown below. The first model was
statistically optimal for the composite data set; the second model used only two-variables
and was simpler. They suggested that the second model was more representative of

ground-based vehicles in general. However, correlations of both models were not high.

C, = 020w, +0.14w, +10.15a, +7.71a, +136 (r=0.54)
C, = 041w, +1184a, +143 (r=0.52)

where C; is the predicted mean comfort rating for cars,
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wg is r.m.s. of roll rate (degree.sec”’), wp is r.m.s. of pitch rate (degree.sec'1),
ay is r.m.s. of vertical acceleration (g), a_isr.m.s. of longitudinal acceleration (g),
C, is the predicted mean comfort rating for larger ground vehicles: busses and

trains.

Wambold (1986) introduced a new ride quality model. The dependent variable of the
model, called the ride quality index, took ranges from 1 (very comfortable) to 7 (very
uncomfortable). The independent variables in the model included r.m.s. values of vertical

acceleration on vehicle seat and the roll rate of the vehicle.

C'=142+ 041w, + 1184A,

where C' is comfort scale (ride quality index),

@, is r.m.s. of vehicle roll rate (degree.sec™),

A, is vertical vehicle seat acceleration (g).
Kozawa, Sugimoto and Suzuki (1986) proposed the overall ride comfort evaluation of VN
(Vibration Number) index calculated from the seat cushion vertical vibration, the seat
hack lateral vibration and the foot vertical vibration. The VN index was obtained by
connecting results of subjective ride comfort evaluations and objective vibration
measurement by means of multiple regression analysis. The condition VN = 0
corresponds to the reduced comfort limits for 24 hours exposure to vibration under ISO
2631 when only the seat cushion vertical vibration is applied, and VN = 100 corresponds

to one minute exposure limits for the same condition.
VN =18log, (X, 104 + K, -10% + K, 10%)-20 (r=0.83)

where VN is overall rating of ride comfort,
K, is contribution factor of seat cushion vertical vibration,
K, is contribution factor of:seat back lateral vibration,
K is contribution factor of foot vertical vibration,
A, is weighted vibration acceleration of seat cushion vertical,
A, is weighted vibration acceleration of seat back lateral,

A; is weighted vibration acceleration of foot vertical,
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provided that
1 .
A, = Iogw(?fazm.dt/Qo)

where T is measuring time,
a.n is weighted acceleration of each place (x 10™ m.s’z),

Q’p is reference value (2.5 x 10°m?.s™).

Doi (1995) predicted a subjective assessment value, obtained by the paired comparison
method using a 5 point scale, while driving over roads with different surfaces, such as

uneven asphalt and wavy asphalt.
J, = 0.639X; + 0.638X, (r=0.87)
Jp = 0.703X;5 - 0.249X, (r=0.86)

where J, is predicted assessment value driving uneven asphalt road,
Jp is predicted assessment value driving wavy asphalt,
X, is integrated vertical acceleration on the seat in the frequency range 3 to 8 Hz,
X, is integrated vertical acceleration on the floor in the frequency range 8 to 20 Hz,
X3 is integrated vertical acceleration on the seat in the frequency range 0.2 to 3 Hz,

X, is integrated roll rate in the frequency range 0.2 to 3 Hz.

Some studies have combined vibration and other stimuli, by considering real situations in
vehicles. Richards et al. (1978) carried out a series of experiments regarding vehicle
comfort (bus riding and train riding) with the consideration of vibration and noise. A
principal component analysis and a multiple linear regression analysis were employed.
In the results for train riding, it was found that ratings of the vehicle ride correlated most
highly (r = 0.63) with measures of noise in the vehicle. The highest correlation between a
motion variable and subjective assessments of vehicle ride occurred betWeen roll velocity

and rated comfort (r = 0.44). Therefore, they combined noise level and vibration (roli

velocity) in order to obtain a highly correlated regression equation as below:




C=0.73 + 0.10(dB(A) - 60) + 55.00 Wr (r=0.71)

where dB(A) is A weighted noise level,

Wk is the roll velocity measured in radians per second.

Howarth and Griffin (1990a, 1990b, 1991) carried out a series of experiments in order to
determine a method of predicting subjective response to simultaneous noise and
vibration produced in building near railways. The method of magnitude estimation was
employed to determine the relative annoyance produced by various leveis of noise
com.bined with various magnitudes of vertical vibration. The model, that links the
subjective magnitude and the physical magnitude, employed in the study was based on
Steven’s psychophysical law (Stevens 1975). Overall annoyance was more highly
correlated with noise than with vibration. This result agree with the results reported by
Richards et al. (1978). They also found that the method based on the summation of the
individual effects of the two stimuli provided a more accurate prediction of the total
disturbance than a method involving either noise or vibration alone. However, adding
interaction variables between the two stimuli did not improved the prediction accuracy.
The overall annoyance was described by the following equation using linear regression

analysis.

The results of the study in 1980:

w = 2459 (r=0.54)

v

w = 021793 (r=0.83)

s

w = 159+ 260p. +0.167¢2%° (r=0.97)

v

v

w = 108 +290p% +0.178¢2°% + 0.066¢ " pl* (r=0.97)

where y is the overall annoyance,

o, is the vibration stimulus VDV (m.s™"°),

@, is the noise stimulus Lag [dB(A)].
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The results of the study in 1991:

v = 822+240¢p."° (r=0.57)

w = 588+ 0263¢p3%° (r=76)

5

w = 227+243¢p)"° + 0.265¢2°° (r=0.96)
The equations of equivalence between the two stimuli derived in the studies were quite

similar as below:

L, = 293log,, VDV +89.2 (1990a)
L, = 267log,, VDV +817 (1990b)
L, = 324log,, VDV +816  (1991)

All the regression equations are summarised in Table 2.3. As discussed in this
subsection, a lot of effort have been paid in order to establish dynamic comfort prediction
methods. In the early stage, the prediction equations simply dealt with some vibration
intensities, such as magnitude, direction and location. However remarkable
improvements in prediction accuracy were accomplished by introducing the concept of

frequency weighting.

Regression analysis has proved to be a useful technique for establishing comfort
prediction equations and has been used in many studies. The independent variables,
regression coefficients and correlation coefficients for the obtained equations have
varied, depending on experimental conditions and the selected independent variables.
However, introducing Steven's psychophysical law to the regression aha!ysis seemed to
improve correlation coefficients for the regression equations, as reported by Howarth and

Griffin (1990a, 1990b, 1981).
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245 Discussion

Vehicle seats are used in various environments and it is important to consider seat
comfort in both static and dynamic conditions. Some studies reported that there were no
significant differences in seat comfort between static and dynamic conditions. Donati and
Stayner (1983) reported that there were no significant changes in overall seat comfort of
tractor seats between static and dynamic conditions as long as the hardness of a
backrest was appropriate. Messenger (1992) investigated a change of subjective
discomfort rating on two different seats up to three hours with and without vibration and
found no significant differences between the two conditions. These studies imply that
static seat impression, sometimes, dominates overall seat comfort even under dynamic
conditions. However, a small number of studies of static seat comfort have been
reported compared with dynamic seat comfort. Most of studies of static seat comfort
were conducted from anatomical and ergonomic viewpoints. It seems that no reliable

methods of predicting static seat comfort have been proposed.

in contra;st, many studies of dynamic seat comfort have been reported. Dynamic seat
comfort is considered to be affected by the vibration transferring to the human body. itis
important to consider several aspects of vibration characteristics, such as magnitude,
frequency, direction and duration, for understanding dynamic seat comfort. Quantifying
vibration characteristics has been highlighted with the consideration of human response.
Frequency-weighted r.m.s., r.m.q. and VDV, which are defined in ISO 2631 and BS
6841, seem to be adequate methods for evaluating vibration magnitude. However, these
methods concern vibration characteristics only and do not consider static seat
characteristics. They may not apply to some cases where both static and dynamic seat

characteristics change (e.g. when comparing different seats).

When the vibration in several directions occurred simultaneously, considering the most
severe vibration components may underestimate the subject's discomfort. However, the
vibration in the vertical direction affects seat discomfort more than other vibration in other
direction, and it is a dominant component as Donati and Boulanger (1991) reported. In
addition, the vertical vibration at a seat cushion surface is affected more than the
vibrations in any other direction by changing the characteristics of seat cushion.
Therefore, considering vertical vibration only would be meaningful from a viewpoint of

seat design.
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As Reed ef al. (1991), Reed and Massie (1996) and Thakurta et al. (1995} reported,
short-duration seat comfort may differ from long-duration seat comfort. However, not
many studies have reported on long-duration seat comfort, and no methods for predicting
long-duration seat comfort have been proposed. This is because evaluating long-
duration seat comfort is difficult compared with short-duration seat comfort evaluation.

Further work on long-duration seat comfort is required.

Although several studies on static seat comfort have been reported, the relationship
between the seat characteristics and the static seat comfort has not been clear. More
studies for investigating the relationship are required, especially from a viewpoint of the

characteristics of seat cushion materials.

Many studies have been carried out regarding the effect of vibration on the subjective
discomfort. Some of the vibration estimation methods, such as the frequency-weighted
r.m.s., the frequency-weighted r.m.q. and the VDV, are sophisticated and suitable for
predictiné the seat comfort, as long as only the vibration is needed to be considered.
However, in reality, when evaluating the seat comfort, such as comparing different seats,
both the static seat characteristics and the dynamic seat characteristics (i.e. vibration}
change. Therefore taking into account both two seat characteristics is required for

predicting the seat discomfort.

Regression analysis is a useful way to connect a variable with another variable under the |
assumption of the variables are at leas the interval scales (i.e. the interval scale or the -
ratio scale). Multiple regression analysis was often used to connect the seat comfort with
other variables, such as vibration magnitude in various directions and noise level. The
vibration magnitude and the noise level are the ratio scale, but the scale of the subjective
seat comfort is different depending on the subjective evaluation method. Although some
studies shown in Table 2.3, such as Howarth and Griffin (1990 and 1991), considered
this matter, some other studies did not. Without considering the subjective scaling,
simply using the regression analysis may lead to a wrong relationship between the seat

comfort and variables.
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2.5 EFFECT OF POLYURETHANE FOAM CHARACTERISTICS ON SEAT
CHARACTERISTICS '

An automotive seat consists of several component parts, such as a foam cushion,
springs and cover. Polyurethane foam is a main material used for seat cushions and
seat back cushions, and its characteristics play a significant role in determining the
characteristics of automotive seats, especially full-depth cushion type seats. Therefore it
is important to investigate static and dynamic characteristics of polyurethane foam and

identify how the polyurethane foam characteristics affect seat characteristics and seat

comfort.
2.5.1  Static properties

Much interest, regarding the static properties of automotive seats, has been paid on the
load-deflection curve characteristics of cushions. The characteristics of polyurethane
foam while the foam is loaded or unloaded in the compression process is particularly
important, because the process corresponds to a real situation in use when a passenger
sits on the seat cushion. The load-deflection curve of polyurethane foam in compression
process shows peculiar non-finear characteristics as shown Figure 2.13. This unique

non-finear characteristics is caused by the cell structure of polyurethane foam.

Loading

Load (kgf)

Unloading

Deflection (mm)

Figure 2.13 Load-deflection curve.
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In order to express the characteristics of the load-deflection curve of polyurethane foam

and rubber latex foam, Rusch (1969) proposed the following equations:

o = Eey(s)
E, _ 2
(i o(2+7p+3¢p°)/12
9]

where ¢ and g are the compressive stress and strain,

E; and E, are apparent Young’s modulus of the foam, which correspond to the
slope of the linear portion of the load-deformation curve, and the matrix
polymer,

y(e) is a factor reflecting the collapse of the matrix and varied depending on cell
construction, cell membranes and cell materials as shown in Figure 2.14 (in
general, linear characteristics is suitable for the seat cushion as it will be
discussed in Section 2.5.3),

¢ is the volume fraction of the foam and the matrix polymer.
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Figure 2.14 The variation of the shape function w(g) with strain for the stress-strain curve.
R: rubber latex foam, E: non-reticulated polyurethane foam, Q and L: reticulated
polyurethane foams. Data from Rush (1869).
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Hilyard et al. (1984) explained the characteristics of the stress-strain curve for foam by
dividing it into three regions based on the cbmpression states of the foam cell, as shown
in Figure 2.15: the region A = the elastic deformation of the cell elements occurred, the
region B = buckling of the cell elements occurred, the region C = the cell elements were
compressed largely and an increasing gradient of the stress-strain curve. They also
compared the foam characteristics of hot-cure foam and cold-cure foam as shown in
Figure 2.16. The cold-cure foams had a more irregular cell geometry (macrovoids} than
the hot-cure foams and these macrovoids played a significant role in determining the

shape of the stress-strain curve in regions A and B.

Several studies have been carried out so as to understand the characteristics of the load- .-

deflection curve and other foam properties. Rusch (1969) studied effects of temperature, -
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Figure 2.15 The stress-strain behaviour of a flexible polyurethane foam and an Hlustration
of the deformation mechanisms in the difference regions A, B and C. Data from Hilyard

et al. (1984).

80




Load

Cold cure (HR)

Deflection

Figure 2.16 Load-deflection curve for hot-cure foam and cold-cure foam. Data from
Hilyard ef al. (1984).

density, celi size and structure of foam on w{e) and concluded that the temperature,
density and cell size did affect E;, however, y{e) was independent of those factors. The
effect of the removal of cell walls was greater than the effect of doubling the average cell
size. The regularity of cell structure also affected the value of y(g) significantly. A foam
with irregular cell construction behaved harder than a foam with regular cell construction.
Hilyard and Collier (1984) considered the role of the seat cushion material and how static
and dynamic comfort were influenced by the formulation and physical cell structure of the
cushion foam. They compared the characteristics of the CFD (compression force
deflection) and IFD (indentation force deflection) curves, and found that the gradient of
the IFD curve in the high strain region was influenced by the stress-strain curves in
tension and shear. This meant that the force values and shape of the IFD curve, which
governed, for example the hardness and support factor (= IFD65%/IFD25%) were
controlled not only by the compressive stress-strain curve but also by the mechanical
behaviour in tension and shegr stresses which occurred at the boundary of the
compression circular plate. They; also mentioned that cell structure geometry played an
important role in controlling the foam properties, as well as the formulation. Swellam et
al. (1997) studied effects of cell dimensions, such as strut length, strut depth, and cell
height, of irregular hexagons on the effective Young's modulus of foams in the low strain

and elastic region by using the finite element method. Load direction and cell geometry
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anisotropy effects were also investigated. They found that cell dimensions can be
utilised to characterise the mechanical propérties of the foam materials. The effective
Young's modulus of foam decreased with an increase of the length of the unit cell side
and cell height and a decrease of foam density and strut depth. However, there was no
significant change in the effective Young's moduius with respect to foam dimensions and
model aspect ratio. The effect of the loading direction on the effective Young's modulus
was due to the anisotropic nature of foams, and such anisotropy in foams reflected the
anisotropy in cell structural geometry and in the cell materials. The study also showed
that friction between heads of the testing machine or bearing plates and the end surface
of the specimen due to lateral expansion of the specimen should be carefully considered
for machine testing. Since increasing the dimension of the surface perpendicular to the
loading axis increased friction force, then increasing end surface dimension significantiy

influenced the effective Young’s modulus calculation.

Vorspohl et al. (1994) studied the time-dependence of the hardness of cold cure moulded
flexible polyurethane foams. After a long ride, passenger felt the car seat harder than at
the begi‘nning. However, hardness of the foam characterised by the 40% IFD-value
according to DIN 53576 (ASTM D 3574) became softer after a long ride. The authors
pointed out this contradiction and proposed a new testing method which considered time-
dependency of hardness and reflected the passenger’s feefings for the seat. The local
modulus defined as the gradient of the force-deformation curve at a given deformation
under load was proposed. They also proposed a method which could measure the local
modulus at any time of loading, since the local modulus changed under load. A small
sinusoidal force was added to a constant load, and the ratio of the amplitude of the
added force and the deformation caused by the added force was defined as the local
modulus. They found that the resilience of the foam played an important role concerning
the level of the local modulus; more resilient foam tended to have a smaller local
modulus. This implied that the importance of the resilience of the foam was related to
the local modulus and seat comfort.

The studies described above were mainly discussed from a consideration of the physical
aspects of the foam cell structure. Other studies of different aspects of foam material
have been also conducted. From a point of view of suitable for ejection seat materials,
Glaister (1961) compared static and dynamic properties of several polyurethane foams.

He especially focused on the difference between polyether graded polyurethane foam
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and polystyrene graded polyurethane foam. Density, tensile strength, elongation at
break, compressibility, elastic memory, compression set, coefficient of restitution (ball
rebound test), damping under load were discussed in the study. He mentioned that the
compression set was proportional to the recovery time from compression, and inversely
proportional to the load required for 75% compression. Blair et al. (1996) compared
durability of TDI-based polyurethane foam cushions, MDl-based polyurethane foam
cushions, polyurethane foam cushions containing recycled polyot and cushions
consisting of natural fibre or synthetic fibre in terms H-point (hip point), dimensions and
creep changes. The samples were used for police vehicles. There were no outstanding
changes among TDl-based polyurethane foam, MDl-based polyurethane foam and
polyurethane foam containing recycled polyol for a durability test. However, both natural

and synthetic fibre cushions degraded significantty.

As computing technology has been improving, some studies have attempted to simulate
the foam characteristics. Pajon et al. (1996) predicted behaviours of polyurethane foam
by the finite element method (F.E.M.) technique. They reported that regarding foam
compres‘s]on simulation, a very good agreement was observed between simulation
results and test results. A simulation of H-point vertical displacement was also possible
by using data from a SAE 3D mannequin. They pointed out that it was not possible to
predict pressure distribution underneath of buttocks by an SAE mannequin, because the
differences between real human and rigid buttocks were too significant to work in that
way. However, they mentioned that representation of the pressure distribution of a
representative buttock was possible. Setyabudhy ef al. (1997) measured and modelled
the interaction of human soft tissues of the posterior side of the right thigh with various
foam densities. A two-dimensional, plane strain finite element method was used, and the
results showed good agreement between the models and the experimental data in the
load-deflection curve on the thigh and the foam. As the thigh and foam were loaded, the
deformation of the thigh was relatively larger than that of the foam and the initial stiffness
of the thigh was lower than that of the foam. As loading increased, the stiffness of the
thigh increased and the stifiness-of the foam decreased. They also found that the foam
thickness did not affect the thigh in vertical deformations, and that the thigh deformations
due to the different foam densities were very close for the same load. A large knee angle

resulted in a stiffer thigh response.
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2.5.2 Dynamic properties

Full-depth cushion type automotive seats have been more popular recently, especially for
economy and compact class cars, since the production costs of full-depth cushion type
seats are cheaper than those of conventional spring type seats. For full-depth cushion
type automotive seats, the dynamic characteristics are significantly affected by
characteristics of polyurethane foam cushion. Under these circumstances, much

attention has been paid to the dynamic characteristics of polyurethane foam.

In order to measure the attenuation effect of foam cushions for vertical and horizontal
sinusoidal vibration, Miwa and Yonekawa (1971) devised three measurement methods:
threshold shift method, mechanical impedance method and acceleration ratioc method,
and compared the results. They concluded that these methods were available for this
purpose, and their results agreed with each other in the measured frequency from 2 to
100 Hz with some talerable deviation. They also mentioned that the acceleration ratio
method was most useful, because it could be applied not only to the attenuation
measure‘ment but also to the measurement of the vibration spectrum density given to the
human body sitting on the cushion in the practical field, while the threshold shift and the
mechanical impedance methods could be used for the attenuation measurement in the

faboratory.

Hilyard and his co-authors have conducted several studies on the static and dynamic
properties of foam. Some of their studies concerned a relationship between foam
dynamic characteristics, especially transmissibility, and foam properties. Hilyard (1974)
predicted transmissibility of liquid-filled foam, as shown below, by modifying the equation

proposed by Snowdon (1968):

; %
T = (1+52)A/{ (1 (@ L0 (ES TED) * +62)
where | T| is the transmissibility,
§ is the loss tangent,
o and wq were frequency and resonance frequency, _
E’ and E, are the value of the storage modulus and that of at the resonance

frequency.
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In the study, the variation of the foam transmissibility with frequency were compared by
changing fundamental foam parameters, such as the shape of the foam block and the
damping properties of the matrix material. He concluded that the square of the height-
width ratio of the foam block and the loss tangent of the matrix material could
considerably affect the transmissibility of a fluid-filled foam. in another study of Hilyard e!
al. (1983), they predicted the transmissibility at the man-cushion interface in terms of a
three degree-of-freedom hysteresis damped model, as shown in Figure 2.17, proposed
by themselves based on Payne-Band model (Payne and Band, 1971). They suggested
that the dynamic parameters of a cushion used in the model (i.e. stiffness and damping
factor) could be obtained from the gradient and hysteresis of the force-deflection curve of
the cushion. The stiffness was obtained by the gradient of the curve multiplied with a
shape factor, K, which was a ratio of the loaded area of the buttocks and thighs divided
by the loaded area of indentor. The damping factor was equal to the hysteresis
expressed in terms of the ratio of the energy dissipated divided by the energy stored in
one cycle. However, the result obtained by tl;e model does not seem to agree with the
results of measurement, especially in a frequency range from 2 to 8 Hz, where vibration

affects rfde comfort significantly as shown in Figure 2.18.
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Figure 2.17 Three degree-of-freedom representation of a seated person. Data from
Hilyard et al. (1983).
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Figure 2.18 Measured cab/seat transmissibility (cu};ve (a)) and predicted data by the
linear three degree-of-freedom model of Figure 2.5.5 (curve (b)). Data from Hilyard et al.
(1983).

Hilyard and Collier (1984) mentioned that both the person and the cushion material were
mechanically non-linear, and the transmissibility response was dependent on the
quiescent deformation of the cushion and the amplitude of the vibration. Damping in the
cushion arose from three processes: viscous-elasticity, hysteresis and air flow. They
suggested that the frequency of maximum air flow damping could be controlled by
changing the dimensions of the cell struts and windows. Hilyard et al. {1931) predicted
the transmissibility at resonance and the resonance frequency by using the effective
dynamic CFD (Compression Force Deflection) modulus and effective loss factor. These
parameters used for the prediction were obtained from a force-strain curve. The effective
dynamic modulus was determined by the gradient of the closed CFD hysteresis loop
obtained by repetitive loading and unloading with an amplitude of 5% strain. The
effective loss factor was obtained from the area enclosed by the CFD hysteresis loop. It
was shown that the resonance frequency can be predicted with reasonable accuracy
from the effective dynamic modulus at the quiescent strain. This modulus was governed
by the gradient of the unloading part of the stress strain cycle at the quiescent point. The

effective loss factor was about three times larger than the loss tangent of the foam.
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However, the prediction was carried out under at a condition of 15 kg loading and a
sample thickness of 35 mm. These conditions were different from the real situation in

which polyurethane foam is used in automotive seats.

The effect of relative humidity on transmissibility of the foam was studied by Hilyard et af.
(1983). The stiffness of an HR polyurethane foam matrix polymer was significantly
controlled by hydrogen bonding which was affected by the humidity. The humidity
destroyed the hydrogen bonding and reduced the stiffness of polyurethane foam. This

will influence the comfort and the transmissibility of cushion.

With regard to the damping, it increased as the frequency of compression was increased,
and passed through a maximum at a frequency fax, and then decreased. The reason for
this was that at a high deformation rate (frequency), the frictional interaction between the
air and the matrix was large, therefore the gas in the foam tended to be compressed
rather than flow. On the other hand, regarding{the dynamic elastic storage modulus, it

increased monotonically up to an equilibrium value as shown in Figure 2.19.
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Figure 2.19 Variation of dynamic elastic modulus E(f)/E(0) and damping d{f) as a function
of frequency. (E(o) : static value of modulus, continuous line : measured data, broken
line : theoretical model by Gent and Rush (1966)). Data from Hilyard et al. (1983).

87




Other researchers have studied the dynamic modulus and the damping factor
(hysteresis), since these parameters have been considered to relate to the resonance
frequency and the transmissibility at resonance according to the theory of vibration and
damping. Pajon et al. (1996) predicted the dynamic modulus of polyurethane foam
considering the influences of the dynamic amplitude, the frequency and the rate of static
pre-compression, by means of the F.E.M. technique. They presented the results of the
simulation which showed the changes of the elastic modulus as a function of the
frequency for different pre-compression rates. However, they did not compare the
simulation results with the measurement results. Cavender and Kinkelaar (1996)
proposed some potential dynamic characterisation techniques for automotive seating
foam based on force-deflection loop. Sinusoidal loadings of 133 to 311 N were applied to
foam block at 5 Hz up to 17 hours. The force-deflection curves were obtained as shown
in Figure 2.20. In the figure, the slope of the loading segment of the compression curve

was considered to represent the dynamic modulus, while the area enclosed by the loop
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Figure 2.20 Effect of flex history on dynamic force deflection loops. Data from Cavender
and Kinkelaar (1996).
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was representative of the hysteresis, or energy loss per stroke. The shape of the loop
changed as time went by. This change was caused by foam fatigue due to the sinusoidal
loading. They reported, in a figure, that the loops shifted toward the right on the plot with
fatigue indicated a foam creep or H-point loss. The dynamic modulus increased with

fatigue and the dynamic hysteresis decreased with fatigue.

Some other studies have reported changes in the resonance of the transmissibility.
Huygens et al. (1995) studied the influence of foam resilience level on the vibration
transmissibility of core foam samples. Values for the resonance frequency were found to
decrease almost monotonically with increasing values of the foam resilience; and the
transmissibility at resonance was found to increase with increasing values of foam
resilience. Kinkelaar and Cavender (1996) insisted that polyurethane foam, which had
lower frequency and higher transmissibility at resonance, was desirable for automotive
seats as long as the resonance frequency did not overlap the natural frequencies of the
vehicle or road noise. They investigated how the frequency and transmissibility at
resonance of polyurethane foam correla{ed with other foam physical values, such as the
IFD (Indéntation-Force—Deerction) and ball rebound when considering the difference of
TD! HR, MDI HR, TDI HOT. With regard to both the resonance frequency and the peak
transmissibility, those of the TDI HOT and the MD! HR foam increased as the IFD
increased. By contrast, those of the TDI HR foam did not, or were less affected by the
IFD. As the ball rebound increased, the resonance frequency and the peak
transmissibility decreased in TD! HOT and MD! HR foam. On the other hand, the
resonance frequency of TDI-HR foam was not correlated with the results of ball rebound,
and the peak transmissibility of the TDI HR foam increased as the ball rebound
increased. However, these results seemed to be controversial, and more discussion of
the experimental condition, such as the mass weight and the characteristics of samples

is probably required.
2.5.3 Effect of polyurethane foam on static seat comfort

The properties of polyurethane foam can significantly affect static seat comfort by
changing the seat static characteristics, as described in Section 2.5.1. Lee and
Ferrajuolo (1993) mentioned that foam thickness and foam hardness were importan-t
parameters affecting seat comfort as well as back contour, back angle, cushion angle,

spring suspension rates and side support.
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Considering the foam properties which relate to the seat static comfort, the properties
obtained from the load-deflection curve héve been most discussed, and, for example,
SAG factor (support factor) has often been highlighted. The SAG factor is the ratio of the
forces required to give strains of 65% and 25% with a plate of specified diameter:

normally 200 mm, and is defined as the following equation;

_ IFD(B5)
SAG factor A:D(ZS)

in the equation, it is considered that the initial low 25% IFD gives a luxurious feeling while
the correspondingly higher IFD at 65% deflection provides necessary firmness for
support. The SAG factor is a parameter that has been reported to correlate well with
subjective comfort assessment by Wolf (1982). He reported that a value of the
IFD(65)/IFD(25) > 2.8 was needed for good comfort. Hilyard and Collier (1984) reported
that irregularity in cell geometry was needed for high values of the SAG factor which
were considered to be more comfortable. In another study, Hilyard ef al (1984),
considered how some of the parameters used to quantify cushion comfort properties
were related to the structure and composition of the cushion foam. The influence of cell
structure geometry on cushion comfort parameters were discussed in terms of the shape

function, (e}, expressed by following equation proposed by Rusch (1969):
o = Eeyl(e)

where o is compression stress,
g is compression sfrain,

E; is the initial elastic modulus of the foam.

They concluded that the static cushion comfort was governed primarily by [FD behaviour
related to the elastic modulus of the foam, E;, and the shape function, y(e). They also
compared parameters concerning comfort for hot and cold-cured polyurethane foams. In
their conclusion, the cold-cure foams, which had greater SAG factdrs (>2.8), were
expected to produce superior static comfort to the hot-cured polyurethane foams. With
regard to cell geometry, the cold-cure foams had a more irregular cell geometry
(macrovoids) which were considered to contribute to better static comfort than the hot-

cure foams. Kreter (19.85) investigated the effect of foam density on polyurethane foam
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physical properties. He reported that the data for support factors increased as density
increased. Cunningham et al. (1994), Tan et al. (1996) reported that the static "show-
room” feeling required high resilience together with surface softness and deep-down
firmness, and high values for foam SAG factors were believed to favour these
characteristics. In general, high SAG factor, especially larger than 2.8, was needed for
good comfort. However, Hilyard et al. (1984) pointed out this value must be considered

in conjunction with IFD(25).

From a different poin{ of view regarding the load-deflection curve, the linearity of the
curve has been discussed. Diebschlag, Heidinger and Kurz (1988) suggested that
polyurethane foam used for upholstery should allow the complete adjustment of the
backrest contour to the back profiles of people of different height. Concerning the.
pressure distribution, they also recommended polyurethane foam with a linear
relationship between applied force and compression ratio for upholstery, because the
foam could reduce concentration of pressure underneath the tuberosities and achieve a
more suijtable pressure distribution. Gurram and Vértiz (1997) explained the role of seat
cushion deﬂecﬁon for improving comfort and ride quality by highlighting various static and
dynamic comfort parameters which were considered to be related to the cushion
deflection characteristics of the seat. The cushion stiffness and the undamped natural
frequency of the seat system were obtained from the cushion deflection data. They
compared three different spring characteristics: linear spring, softening spring and
hardening spring; and discussed their effect of the resonance frequency and the ride
comfort. In conclusion, the seat stiffness of a seat cushion played a dominant role in
optimising occupant comfort for both static and dynamic conditions. The seat cushion
stiffness influenced occupant feeling, body pressure distribution, seat natural frequency
and seat acceleration response. The linear spring characteristic was the most suitable

for the seat cushion..

With comfort evaluation over a short duration, many studies have suggested that the
parameters based on reaction forces at certain loading point, such as SAG factor could
be useful. However, with comfort evaluations over a long duration, some papers have
reported that these parameters do not correspond to a passenger’s feeling. Vorspohl ef
al. (1994) discussed a discrepancy regarding subjective feeling of seat hardness after
long ride and foam hardness, the 40% IFD-value according to DIN 53576 (ASTM D

3574). Passengers felt the car seat harder at the end than at the beginning of the ride,
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however, the hardness of the foam according to the standard was characterised as
becoming softer after the long ride. In order to compensate this discrepancy, the authors
proposed a new objective value reflecting the time-dependency of the passenger's
feelings for the seat. The local modulus, defined as the gradient of the force-deformation
curve at a given deformation under load, was proposed. The authors also found that the
resiliency of the foam correlated with the local modulus: the more resilient foam
corresponded to smaller the local modulus. Therefore, the resilience of the foam
appeared to be related to the passenger’s feeling for the seat. Another study concerning
the time dependency of static seating comfort has been reported by Blair, Wilson and
Horn (1996). They compared the durability of TDI-based polyurethane foam cushion,
MD!-based polyurethane foam cushion, cushion containing recycled polyol, and natural
and synthetic fibre cushions in terms H point, dimensions, creep and comfort. Subjects
were asked to rate the complete seat for thigh, side to side, lower back, lumbar and
shoulder support. The subjects preferred a firmer cushion: in the range of 30(5 to 400N.
The foam materials: TDI, MDI and 20% recycled polyol produced no significant change in
comfort after one vehicle lifetime. However the fibre cushions were assessed badly due

to bottoming and considerable change in height and cushion wing contours.

Many studies of the effect of foam properties on seat static comfort have used the load-
deflection curve to understand the relationship between the foam properties and the
passenger's feeling. The reaction force at a certain load point in the load-deflection
curve, such as the SAG factor has been proposed. It was reported that SAG factor
corresponded to the subjective feeling in a short duration evaluation. Addition, other
foam properties obtained from the load-deflection curve, such as the linearity of the curve
and the local modulus have recently been proposed by Vorspohl et al. (1994) and
Gurram and Vértiz (1997). These values deal with the gradient of the load-deflection

curve. The local modus could be used for long duration comfort evaluation.
2.5.4 Effect of polyurethane foam on dynamic seat comfort

Not many studies have been reported regarding a relationship between the
characteristics of a foam cushion and dynamic seat comfort. However, with an
increasing number of full-depth cushion type automotive seats, more attention has been
paid to static and dynamic characteristics of polyurethane foam cushions. As discussed

in Section 2.5.1 and Section 2.5.2, a cushion foam for a full-depth cushion type
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automotive seat plays a significant role in determining the characteristics and comfort of
an automotive seat. Some researchers have reported characteristics of polyurethane

foam and their influences on the dynamic comfort of automotive seat.

Several approaches, from different points of view, have been conducted in order to
investigate the relationship between foam characteristics and dynamic comfort. Hilyard
et al. (1984) investigated the mechanisms governing the resiliency of a flexible foam
were: (i) the hysteresis resulting from the collapse of cell struts and subsequent recovery
during the unloading phase was related to the cellular geometry and the viscous-elastic
behaviour of base polymer, and (ii) pneumatic processes resulting from the movement of
air through the matrix when the foam was compressed. As shown in Figure 2.19, at
relatively low frequencies or low deformation rates, the air enclosed by the matrix was
forced to flow. This was a viscous process and the damping and stiffness of the foam
then increased with increasing frequency. At relatively high frequencies, or large
deformation rates, the air flow did not occur and then the damping of a foam reduced to
the hysteresis of a polymer matrix, but the stiffness attained an equilibrium vaiue which
was larger than that of the matrix. This was governed by the inherent hysteresis of the
cellular matrix and the pneumatic process. The authors mentioned that these processes
would affect comfort under both static and dynamic conditions. Kinkelaar and Cavender
(1996) reported that polyurethane foam which had lower frequency and higher
transmissibility at resonance was desirable for an automotive seat as long as the
resonance frequency did not overlap natural frequencies of the vehicle or road noise.
They insisted that TDI HR foam was more desirable for an automotive seat than MDI HR
foam or TDI HOT foam from when considering the resonance frequency and peak
transmissibility. These results, however, seemed to be a bit controversial. _The
experimental conditions in the study, such as the mass weight and the 25% IFD of
samples require further consideration. Gurram and Veértiz (1997) focused their attention
on the load-deflection curve and explained the role of a seat cushion deflection in
improving comfort and ride quality by highlighting various static and dynamic comfort
parameters. They carried out subjective evaluations of overall seat comfort. A total of
twenty-seven male and female parﬁcipants subjectively rated 15 prototype seats in
dynamic conditions with two excitation levels of random vibrations (0.1 and 0.2 G r.m.s).
The seats with linear force-deflection properties were evaluated as the most comfortable
seats. In contrast, the seats with non-linear force-deflection curves were ranked lowest

for overall comfort. The natural frequency of the non-linear spring system varied with a
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change in vibration amplitude. They concluded that the unstable vibration response of a

non-linear spring system should be minimised for a comfortable ride.

in order to predict seat comfort in dynamic conditions, a new foam testing method was
proposed by Cunningham ef al. (1994). They hypothesised that seat comfort was
accepted as a combination of static and dynamic performance and that the combined
effect of pre-compression and vibration perturbation resulted in a change of the foam’s
compression properties which could lead to a perception of ride discomfort. Based on
their hypothesis, they developed a new foam testing method which would reflect actual
driving conditions. The sample foam, with dimensions in the range of 10 x 10 x 5 to 30 x
30 x 5 cm, was deformed at a 40% pre-compression level, and then sinusoidal dynamic
compression was applied to the sample with a frequencf,f of 4 Hz and +1% strain
magnitude. While these static and dynamic strains were applied to the sample, the
change of dynamic modulus and compressive strain of the sample were observed for 180
minutes after the strains were applied. The authors concluded that these changes were

identified with an increase in discomfort and should be reduced as much as possible.

2.5.5 Discussion

Many studies regarding static characteristics of polyurethane foam have focused on non-
linear characteristics of foam. It is difficult to predict the non-linear characteristics of
polyurethane foam because they are affected by several factors, such as cell geometry,
foam chemical composition and foam dimensions. Some studies (e.g. Pajon et al. ,1996)
attempted to simulate the static behaviour of polyurethane foam by the finite element
method (F.E.M.) technique and reported a good agreement between simulation resuits

and test results.

Dynamic characteristics of polyurethane foam are also very complicated because they
are influenced by‘ several damping factors: viscoelastic characteristics of a matrix
polymer, hysteresis damping caused by cell buckling and pneumatic damping caused by
air flow. Many studies investigated factors affecting the transmissibility curve. Hilyard
(1974, 1983) tried to predict the transmissibility of liquid-filled foam, however, there was

not good agreement between predicted data and measured data.

Several studies reported a relationship between polyurethane foam characteristics and
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seat comfort in static and dynamic conditions. Some studies proposed indicators which
correlated with seat comfort. Sag factor was proposed as an indicator of foam
characteristics relating to static seat comfort by Rusch (1969). Wolf (1982) and Hilyard
et al. (1984) used the sag factor as an indicator of static foam comfort. However, it
seems to be doubtful because taking a ratio of two different physical values (i.e. 65% IFD
and 25% [FD) which are considered to represent different seat feeling (i.e. 65% IFD for a
supporting feeling and 25% IFD for a luxurious feeling) does not have any scientific
meaning. Apart from the sag factor, the change of dynamic modulus was proposed for
predicting dynamic seat comfort by Cunningham (1994). However, those studies did not
provide evidence: the results of subjective seat comfort evaluations were not presented.
Consequently, subjective seat comfort evaluations in terms of polyurethane foam

characteristics are required.

95




2.6 CONCLUSION

Several areas of insufficient knowledge require clarification in order to understand,

improve and predict seat comfort by the review of literature, as summarised below:

Static and dynamic seat characteristics are considered to relate to seat comfort in static
and dynamic conditions, and it is important to be able to control these seat
characteristics for improving seat comfort. Seat cushion characteristics are particularly
important for determining seat comfort. However, it has not been clear which factors can
affect seat characteristics. In order to design comfortable seats, it is required to identify

the cushion characteristics that can affect static and dynamic seat characteristics.

Polyurethane foam is the main material used for seat cushion pads, an.d its properties
are considered to affect seat characteristics and seat comfort. However, a small number
of studies have been conducted on polyurethane foam properties from the viewpoint of
polyurethane foam being a key factor affecting seat cushion characteristics and seat
comfort.‘ No reliable studies dealing with the effect of polyurethane foam properties on
subjective seat comfort appear to have been reported. Further work (including subjective
comfort evaluations) is necessary to investigate the effects of polyurethane foam

properties on the characteristics of foam cushions and seat comfort.

Many studies have reported on seat comfort in static and dynamic conditions. Especially,
a considerable number of studies on the effect of vibration characteristics on seat
comfort have been conducted, and several methods for predicting seat comfort have
been proposed based on the results of subjective seat comfort experiments. In contrast,
insufficient studies have been reported on static seat comfort. Factors affecting static
seat comfort have not been made clear, and no reliable methods for predicting seat
comfort in static conditions have been proposed. Further investigations are necessary to

determine the factors affecting static seat comfort and to propose methods for predicting

static seat comfort. -

Most studies of seat comfort have been conducted in static conditions or dynamic
conditions separately. Although several useful methods for predicting dynamic seat
comfort have been proposed, these methods concern vibration characteristics or

dynamic seat characteristics only, and do not consider static seat characteristics. These
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methods are available as long as static seat characteristics are constant. However, if
changing a seat cushion or comparing different seats, both static and dynamic seat
characteristics will be changed. In this situation, considering static seat characteristics
alone or dynamic seat characteristics alone is not sufficient to predict seat comfort
accurately. It is required to consider both static and dynamic seat characteristics for

accurate prediction of seat comfort when these two seat characteristics change.
The results of the literature review suggest research with the following aspects:

More data concerning the effects of polyurethane foam properties on the static and

dynamic characteristics of cushion should be provided.

Factors affecting static and dynamic seat comfort, especially static seat comfort, should

be investigated.

Both static and dynamic seat characteristics should be considered to understand seat

comfort.

New methods for predicting seat comfort with the consideration of both static and

dynamic seat characteristics should be proposed.
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CHAPTER 3

EQUIPMENT

3.1 MEASUREMENT OF TRANSMISSIBILITY

3.1.1 Introduction

Transmissibility is considered to be one of the most common physical values for
representing the dynamic characteristics of seats. It is also important for discussing the
dynamic comfort of a seat. Corbridge (1985) and Corbridge et al. (1989) suggested the
importance of considering multi-axis vibrations when discussing riding comfort. However,
several studies, such as Parsons et a/, (1978), Parsons and Griffin (1983) and Levis and
McKinlay (1980), have reported that vertical vibration input often dominates the vibration
discomfort. Changing the properties of polyurethane foam cushion would mainly change
vibration‘transmission in the vertical direction. Because the vibrations in other directions,
such as fore-and-aft, lateral and rotational, are more affected by the shape of a seat,
especially by a backrest (i.e. supporting performance) than the characteristics of cushion
pads. Therefore, most of the experiments, measurements of transmissibility and
dynamic comfort, conducted in this study have used vibrators producing vertical vibration
in the laboratory. This section describes the apparatus used to measure the

transmissibility and the dynamic comfort of foam cushions or seats.

3.1.2 Vibrator

Two types of vibrator: an electrodynamic and electrohydraulic vibrator, producing
vibration in the vertical direction were used for the study. Both vibrators were controlied
by a computer with a data acquisition and analysis software, HVLab developed at the

Institute of Sound and Vibration Research at the University of Southampton.

The VP-180 vibrator manufactured by Derriton is an electrodynamic vibrator and was
used for measuring transmissibilities of rectangular-shaped foams or seats. A 430 mm x

430 mm flat aluminium plate was bolted on the table of the vibrator. A special foam
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holder was made of an aluminium frame and a plate within which the square-shaped

foams were located. The seats were firmly screwed to the flat aluminium plate.

A one-meter vertical electrohydraulic vibrator manufactured by Servotest produced
vertical displacements up to + 50 cm. It had a 1500 mm x 800 mm aluminium platform
on top of the actuator, so that more than one seat, or several experimental devices could
be attached to the platform and exposed to vibration at the same time. This allowed the
conduct of subjective tests, such as a paired comparison, in a dynamic condition. In
addition to measuring transmissibilities of foams or seats, the vibrator was used to

conduct subjective comfort evaluations,

3.1.3 Accelerometer

in order to calculate the transmissibility, two accelerometers, the input signal to the
system and the output signal from the system, are required as will be described in
Section 4.1. The acceleration of the table of the vibrator provides the input signal, and
an accelération at the interface between the foam or seat surface and the human body
provides the output signal. The signals from the accelerometers were amplified and then
converted from analogue to digital form by an A/D converter. The procedures of data

acquisition and analysis were carried out by the HVL ab software installed in a computer.

An Entran accelerometer (Model: EGCSY-240D-10) was fixed on the table of vibrator to
measure the acceleration on the table as the input signal. Figure 3.1 shows the
accelerometer fixed on the table. For measuring the acceleration at the interface
between the foam or seat surface and the human body as the output 5ignal, a SAE pad
.defined by the Society of Automotive Engineers (SAE) (1974) and ISO 7096
(International Organisation for Standardisation, 1982), was used as shown in Figure 3.2,
The SAE pad was located at the centre of a square-shaped foam, as shown in Figure
3.3, or on a seat. The subjects sat on the SAE pad with their ischial bones located
directly above the SAE pad. The accelerometer on the table of the vibrator should ideally

be located underneath the SAE pad.
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” Figure 3.1 An accelerometer on the table of the one-meter stroke vibrator for measuring
acceleration on the table.

- Cavity for acceleromaters
‘L— 12 mm max

g 7 ]
i ’\
L 75 mm .

7 ‘, X —
Flexible disc of ) Thin metal disk for

bber, plastic etc. acceletometer mount
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¥

Figure 3.2 A SAE pad accelerometer (the Society of Automotive Engineers, 1974).
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Figure 3.3 The SAE pad accelerometer located on the centre of a rectangular-shaped
foam.

3.1.4 Experimental seat

In the study, real automotive seats and an aluminium frame seat were used. The
aluminium frame seat was used for measuring transmissibility, or for conducting
subjective experiments with the square-shaped foam. On the top rigid flat surface of the
aluminium frame seat, the squarer-shaped foams were placed. Views of the frame seat
without a foam and with a foam are shown in Figures 3.4 and 3.5. There are many holes
of 6 mm diameter and 20 mm pitch as defined in the ISO standard (ISO 2439, 1980), so
as not to obstruct air flow from the foam samples as they were compressed. The frame

holder can be removed from the aluminium frame of the seat, and can be placed on the

VP-180 electrodynamic vibrator.
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Figure 3.4 The aluminium frame seat Figure 3.5 The aluminium frame seat
without the foam. when the foam located on.

3.2 MEASUREMENT OF LOAD-DEFLECTION CURVE

The load-deflection curves for the samples were obtained according to a procedure
based on ISO standard, (ISO 3386, 1986): the foams were compressed with a 200 mm
diameter circular plate at a speed of 100 mm/minute up to 75% of the foam thickness.
Figure 3.6 shows a measurement system specially designed for measuring the load-
deflection curve by the Denki-keisoku Corporation, Japan. The circular plate was
attached at the end of the screw shaft and was moved up and down by the actuator. The
displacement of the circular plate was measured by the displacement transducer on the
top of the horizontal frame. The speed and the amount of movement were controlled by
the computer. A load cell was located just upward the circutar plate to measure the
reaction force from the sample when the sample was compressed by the circular plate.
Signals from the displacement transducer and the load cell were amplified and converted

from analogue to digital, and then recorded by the computer.
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Screw shaft

Actuator
Displacement
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Frame + ¢
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Computer
Fiat plate with holes Stage

Figure 3.6 The measurement system used to obtain a load-deflection curve.

The rectangular-shaped samples were located on a rigid flat plate with many holes of 6
mm diameter and 20 mm pitch as defined in the ISO standard (ISO 2439, 1997), so as

not to obstruct air flow from the foam samples as they were compressed.
3.3 MEASUREMENT OF PRESSURE DISTRIBUTION

There was pressure at the interface between a subject and the foam sample when a
subject sat on the sample. This was measured by a special measurement system using
a sensor sheet mat, HYDRA, developed by Tekscan Inc. The sensor sheet mat
containing a 440 mm x 480 mm sensitive area with approximately 1 mfn thickness (the
thickness of the sensor was 0.2 mm) was located on the foam samples, and then the
subject sat on the mat. Pressure sensitive ink, changing its electric resistance depending
on pressure, was located on a 5 mm width line at every 10 mm interval, therefore, the

mat contained a matrix of 44 x 48 lines made by the ink, as shown in Figure 3.7. Since
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(A/D converter)
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Computer
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Figure 3.7 Pressure distribution measuring system (Tekscan Inc.}).

the pressure was measured at a cross section of two lines, 2112 (= 44 x 48) measuﬁng

points exist in the sensor sheet mat.

The sensor sheet mat was connected to the computer by a sensor connector. An A/D
converter was contained in the sensor connector. Analogue signals from the sensor

sheet mat were converted into digital signals by the A/D converter and then transferred to

the computer.

104




CHAPTER 4

ANALYSIS TECHNIQUES

4.1 TRANSMISSIBILITY MEASUREMENT

There are several methods to express the dynamic response of the subjects, such as
driving point response and transmissibility. The former, driving point response, is
calculated by using two signals, input and output, measured at the same point. The
driving point mechanical impedance and apparent mass are categorised in the method.
On the other hand, the transmissibility is obtained by input and output signals measured
at different points. For expressing dynamic characteristics of automotive seats and
polyurethane foams used for automotive seats, the transmissibility method is mostly

used.

The relaiionship between the input signal and output signal of a system is expressed by
Figure 4.1. The input and output signals in the system can be either force, displacement,
velocity or acceleration. Acceleration is mostly measured as the input signal and output
signal because acceleration is easy to obtain by using an accelerometer transducer

which converts acceleration to an electrical signal.

Response
Input function Output

x(f) y(t)
1 h() —

Figure 4.1 Relationship between input signal and output signal.

105




4.1.1 P.S.D. method

There are several ways to obtain the transfer functions of a system. .One common
method to calculate the transfer function is, the so-called, “power-spectral density
function method”. This method is defined as simply the square root of the ratio of the
power spectral density of the output to the power spectral density of the input. The
method assumes that all the output energy is caused by the input energy at the same
frequency, therefore the method has only information on the modulus and does not
contain any information on phase. |f the system is linear, the transfer function can be

derived by the following equation:

)
G (]
H({f) = _°°( )
G (f)
where H(f) is the transfer function of the system obtained by the power spectral density
function method,
Goo(f) is the power spectrum of the output signal,

G;(f is the power spectrum of the input signal.

4.1.2 C.S5.D. method

The other method for obtaining the transfer functions of the system is the “cross-spectral
density function method”. In general, the system tends to contain noise in the input
signal or the output signal or both the input and output signals. These noises affect the
result of the transfer function obtained by the P.S.D. method. The C.S.D. method can
minimise the effect of input noise and output noise with respect to calculating the transfer

functions.

If the system contains output noise as in Figure 4.2, the following equation is suitable to

obtain unbiased estimates of the fransfer functions:

Gio(f)

H1(f) = G.-(f)
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where H,(f) is the transfer functions obtained by the cross-spectral density function

method considering output noise,

Gio(f) is the cross-power spectrum of the input and measured output signals,

G(f) is the power spectrum of the input signal.

Noise

nput Resonse oy Y D)
x(f) y() YD)
—— h(t) —
Measured
output

Figure 4.2 The system containing output noise.

-

On the contrary, considering a case of a system that contains input noise. The system

can be expressed as Figure 4.3 and the transfer functions are calculated by the following

equation:

Response

Input function Output
x(t) y(f)
— h(t) S

Noise 4

ol y M

Figure 4 3 The system containing input noise.
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where H,(f) is the transfer functions obtained by the cross-spectral density function
method considering input noise,
G,o(f is the power spectrum of the output signals,

Gio(f) is the cross-spectrum of the measured input and output signals.

The transfer functions, H(f), obtained by the C.8.D. method is a complex quantity and

has information on modulus and phase. Therefore the transfer functions can be divided

into the modulus and the phase as below:
2 2 y
H(H)| = {Re[H(N]* +Im[H(F)]*}*

Im[H({f)] }
Re[H(f)]

o(f) = tan"{
where |H(f] is the modulus of the transfer functions,
Re[H(f] is the real part of the complex transfer functions,
Im[H(f)] is the imaginary part of the complex transfer functions’

@) is the phase of the transfer functions.

In the C.S.D. method, the relationship between the input signal and output signal can be

expressed by the coherence function, as shown below.

2y G
7o) = G (16 ()

where yzio(f) is the coherence function of the system (0 < Yool <1).

This function is a measure of the degree of linear association between the input signal
and output signal and takes a value between 0 and 1. [f the two signals are completely
unrelated the coherence function is 0. If the system is linear and does not contain any

noise at all, the coherence function would be 1.
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4.2 SUBJECTIVE EVALUATION

In order to evaluate subjective feelings of seat comfort, psychological measurements
were conducted in this study. Several methods are available for obtaining psychological
scales with different purposes. Some of these methods produce scales that can be
compared with physical values and are useful for this research. Either the interval scale
or the ratio scale (Stevens, 1975) should be appropriate psychological scales, and should
enable analysis of variance and regression analysis to be made. Considering the above
matters, this study adopted Scheffe’s method of paired comparison, which can provide
the interval scale, and the method of magnitude estimation based on Steven’s

psychophysical power law (Stevens, 1975).
4.21 Method of paired comparisons (original Scheffe’s method) |

The method of paired comparisons is effective at detecting differences among samples.
The method deals with the relative judgement between two samples and has several
advantaées compared with other methods dealing with the absolute judgements: it is
easier for subjects to compare samples, and more detailed information on samples can
be obtained. However, as the number of samples increases, the number of judgements

increases more rapidly than with absolute judgement procedures.

There are three major methods of paired comparison: Bradiey's method, Thurstone’s
method and Scheffe’'s method. This research adopted Scheffe’s method, where subjects
were required to compare two samples in a pair in terms of category numbers or
category words considering the differences between the two samples. It can provide
more detailed information about the samples compared with the other paired comparison

methods and statistically investigate the combination effect and the order effect as well

as the primary effect.
4,211 Analysis of variance .

The primary effect, the combination effect, the order effect, the total sum of squares and

the error for analysis of variance are obtained by the following equations (Miura ef af.,

1973, Appendix B):
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(i) Variance of the primary effect
The sums of squares for the primary effect (Sy) and its degrees of freedom (fg)

are calculated from the following equations:

S, = (X - %) 1 (2tn) 1)

f =t-1 (4.2)

where x is the assigned category number (= preference scale), the first subscript
stands for the first sitting sample, the second subscript stands for the
second sitting sample and the third subscript stands for a subject,

t is the number of samples and n is the number of subjects.

(ii) Variance of the combination effect

Tf'ne combination effect (SY) and its degrees of freedom (fY) are calculated from the

following equations:

S, = Y3 (x. - x;.) /(2n) - 8, (4.3)

§oi<
f, =.C, - (t-1) ' (4.4)

(iif) Variance of the order effect
The order effect (Sg) and its degrees of freedom (fg) are calculated from the

following equations:

S; = I3 (x X)) 1@ (4.5)

o<

f, =,C, (4.6)
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(iv) Total sums-of-squares

The total sums-of-squares (St} and its degrees of freedom (fr) are calculated from

the following equations:

S

S; = Zzzxzfﬂ (4.7)
T

AL

f, = 2n. G, 4.8)

(v) Error

The sums-of-squares for error (S,) and its degrees of freedom (f;) are calculated

from the following equations:

. f; S. =S - Xx.  In (4.9)

2(n-1)-,C, (4.10)

.,W
ah
L}

4.21.2 Comfortscore

(i) Average scale value for the popularity
The average scale for the popularity (o) is obtained by the following equation:

a; = (X.. - X..)/@tn) N RED
(ii} Yardstick .

With regard to the difference between comfort scores for samples, the amount of
difference which corresponds to a given probability () is obtained by calculating

- 1 the yardstick (Y¢,) shown in the following equation:

)% (4.12)

Y, = g, f,)-(o, /20t

where q¢(t, f.) indicates student’s range (Miura et al., 1973), cre2 is the variance of

the error.
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4.2.2 Magnitude estimation (psychophysical power law}

The paired comparisons is a suitable method to detect differences among the samples,
whilst magnitude estimation is appropriate for correlating subjective sensation with
objective physical measures of a stimulus based on Steven’s psychophysical power law

(Stevens, 1975).

According to the psychophysical power law, the sensation, y, can be expressed as a
power function of the stimulus magnitude, ¢. This relationship can be shown in the

following equation:
W = kg” ) (4.13)

where k is a constant that depends on the units of measurement,
pis the value of the exponent, which varies depending on a sensory continuum (=

the kind of stimulus).

In the equation, the value of the exponent, f shows an important feature of the sensory
continuum. The value is determined depending on the kind of stimulus: g for loudness of
sound pressure of 3000 Hz tone is 0.67; 5 for vibration amplitude of 60 Hz on finger is
0.95 and f for brightness of a point source is 0.5 (Stevens, 1975). Consequently, if the
exponent value, g, is obtained for a stimulus of interest, its sensation magnitude, y, can

be predicted from the stimulus magnitude, ¢, by Equation (4.13).

The relationship between the sensation magnitude, y, and the stimulus magnitude, §, in
Equation (4.18) can be transformed into a linear relationship by plotting the curve in log-
log coordinates. Figure 4.4 shows examples of the relationship between stimulus and
sensation in linear coordinates. Figure 4.5 shows the relationship between stimulus and
sensation for the same stimuli in the log-log coordinates (Stevens, 1975). All curves in
the linear coordinates are transformed into straight lines in th'e log-log scales.
Differences in the exponents bring deferences in the slopes of the lines. This is a very
useful feature for dealing with the relationship between stimulus and sensation. The

Equation (4.13) is redrawn in log-log coordinates as Equation (4.14).
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og v = 8 logg + logk (4.14)

Figure 4.5 also shows another convenient feature of the psychophysical power law in
terms of the relationship between stimulus and sensation in log-log coordinates: “equal
stimulus ratios produce equal subjective ratios”. In other words, a constant percentage
change in the stimulus produces a constant percentage change in the sensory response

(= sensation).
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Figure 4.5 Relationship between stimulus and sensation in the log-log coordinates. Data
from Stevens (1975).
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CHAPTER 6

EFFECT OF POLYURETHANE FOAM PROPERTIES
ON STATIC CHARACTERISTICS OF FOAM CUSHION

5.1 LOAD-DEFLECTION CURVE
51.1 Introduction

One of the main functions required for the automotive seat is to support the passenger's
body safely and comfortably. The compliance of the cushion closely relates to the
passenger’s comfort and is regarded as an important factor for automoti\)e seat design.
The compliance of the seat cushion affects not only the comfort but also the passenger's
eye position. With a full-depth cushion type automotive seat, the characteristics of
polyurethane foam directly dictate the compliance of the seat. In order to understand the
foam cha:\'racteristics, the load-deflection curve is widely used and many studies concern
of the load-deflection curve have been carried out. Rusch (1969) investigated
quantitative relations between the load-compression behaviour of the foam and its
geometric cell structure and the physical properties of matrix polymer. Hilyard (1984)
studied strain-stress characteristics of foam based on the geometry and compression
process of the foam cell. Vorspohl ef al. (1994) reported that the local modulus, defined
as the gradient of the force-deformation curve at a given deformation under load, agreed
with the passenger’s feeling of the seat hardness. Hilyard et al. (1991} predicted
dynamic properties of foam from the load-deflection curve. Not only the compliance but
also other information regarding cushion properties and comfort are assumed to be
contained in the load-deflection curve. Therefore, it is useful to understand how the load-
deflection curve is influenced by changing the foam characteristics. Many past studies
have discussed the effect of foam properties on the load-deflection curve from a micro
scopic viewpoint, considering, for example, the cell strut, membrane‘, cell irregularity and
s0 on. In order to discuss from a macro scopic viewpoint, the effects of foam
composition, density, hardness and thickness on the load-deflection curve are

investigated in Section 5.1.
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51.2 Method

Rectangular-shaped samples were located on a rigid flat surface with many holes of 6
mm diameter and 20 mm pitch as defined in the ISO standard (ISO-2493), so as not to
obstruct air flow from the foam samples as they were compressed. The load-deflection
curves for the samples were obtained according to a procedure based on ISO standard
(1ISO-3386): the foams were compressed with a 200 mm diameter circular plate at a
speed of 100 mm/minute up to 75% of the foam thickness or up to a load of 110 kgf.
Before the measurements, the samples were pre-compressed up to 75% of the foam
thickness (or 110 kgf load), twice. All these procedures of the sample compression and
data recording were automatically carried out by the measurement system, especially,
designed for measuring the load-deflection curve (manufactured by Denki-keisoku

Corporation, Japan).
5.1.3 Effect of foam composition

Diﬁerent‘characteristics are required for polyurethane foam cushions depending on the
concepts of automotive seat design. Several types of polyurethane foam have been

developed so as to satisfy different requirements, such as reduced foam weight or

Load cell
Compress

Indenter (5 200 mm)

| J Polyurethane

T 7

Reaction force

25

100

Figure 5.1 A method of measuring 25% ILD hardness of polyurethane foam.
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improved foam durability, for automotive seat cushions. One of the most common and
useful methods of changing the foam characteristics is to change the foam chemical
composition. In order to investigate the effect of polyurethane foam combosition on the
load-deflection curve, four different polyurethane foams made of typical HR (high
resilient) foam compositions with the same density or the same 25% ILD (indentation
load deflection) hardness were compared. The 25% ILD was obtained to measure
reaction force when the sample was compressed with 200 mm diameter circular plate at

25% foam thickness as shown in Figure 5.1.

The looped area in the load-deflection curve shown in Figure 5.2 is called a hysteresis
loop. It is caused by energy dissipation due to the viscoelastic characteristics of the
polyurethane foam. The hysteresis loss, defined by the following equation, is a ratio of
loss of energy and energy applied to the foam sample per a cycle of load and unload

during the compression procedure.

Hysteresis loss (%) = Area ABCDA = 100

Area ABCEA

C
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©
S

B
D
A Deflection E

Figure 5.2 Hysteresis loop of polyurethane foam.
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Hilyard et al. (1984) mentioned that the hysteresis loss resulted from the collapse of the
cell struts and subsequent recovery during the unloading phase, which was related in
some way to the cellular geometry and the viscoelastic behaviour of the base polymer.
Addition to the hysteresis loss, he also investigated pneumatic damping processes
resulting from the movement of air through the matrix when the foam was compressed.
Both the hysteresis loss and the pneumatic damping are considered to affect the foam

resiliency.
5.1.3.1 The same density

Table 5.1 shows characteristics of the foam samples. These samples were selected to
possess the same foam density at 49 kg.m>. The size of the samples were unified in
500 mm = 500 mm square shapes and 100 mm thickness. According to Table 5.1, even
though the densities were the same, the 25% ILD hardness, ball rebound and hysteresis
were different depending on the foam compositions. These differences were caused by
characteristics of the polymer matrix and the membranes of the foams. The polymer
matrix, éspecially cell geometry and viscoelastic characteristics govern the hysteresis
loss. The foam membranes affect the pneumatic damping. This pneumatic damping is

normally more obvious in dynamic conditions.

The low-density type foam had the highest 25% ILD hardness, the lowest ball rebound

and the highest hysteresis loss. This may imply that the matrix polymer of the low-

Table 5.1 Characteristics of the foam samples with the same density (size: 500 mm x
500 mm x 100 mm).

Composition Density 25% ILD Ball rebound” Hysteresis
type (kg.m'a) ha(ric(jggss (%) [(c;Z?
Low density” 49 29.2 63 . 237
Standard® 49 20.6 65 23.0
High durability” 49 15.5 71 19.7
Soft feeling” 49 11.6 69 21.6

" The ratio of ball rebound height and ball dropped height (460 mm); considered to be an
indicator of foam resiliency. Ball: 5/8 inch diameter steel ball (17 g).

2 3 4 and ¥ see Glossary.
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density type foam is siiffer and more damped. The high durability type foam showed the
most resilient properties: the highest ball rebound and the lowest hysteresis loss. The
soft feeling type foam had the smallest 25% LD hardness that meant its polymer matrix
was the softest. Comparing the results of the ball rebound test with the hysteresis loss: a
smaller hysteresis loss corresponded to a higher ball rebound. This result seemed to be
understandable, since the ball rebound is mostly relating to the hysteresis damping rather

than the pneumatic damping

Figure 5.3 shows the load-deflection curves for the four samples with the same foam
density. As shown in the figure, the load-deflection curves for polyurethane foam had
non-linear characteristics composed of regions of linear, softening and hardening spring
characteristics. Hilyard et al. (1984) explained that these non-linear characteristics were
caused by the compression states of the foam cell, as shown in Figure 2.15. The curve
for the low-density type foam showed the stiffest foam characteristics among the four
samples. With small deflections, less than 50 mm where the foam behaved as a
softening spring, the gradient of the curve was the largest among the samples; however,

with a large deflection, more than 60 mm which corresponded to the hardening spring

140

| ow density (23.7%)
Standard (23.0%})
—— High durabiiity (19.7%)
100 Softfeeling (21.6%)

120 K

80

60

Load (kgf)

a 20 40 60 80 100

Deflection (mm)

Figure 5.3 Load-deflection curves for samples with different foam compositions and the
same density (49 kg.m™). Numbers in parentheses indicate hysteresis loss.
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region, the ‘gradient of the curve was the smallest among the samples. In contrast, the
curve for the soft feeling type foam, which had the softest matrix polymer, showed the
smallest gradient at the small deftection region among the samples and the largest
gradient at the larger deflection region among the samples. This means, as long as the
foam density was the same, the load-deflection curve for a foam with stiffer polymer
matrix had a more linear characteristic than a foam with softer polymer matrix. Radical
increases of the gradient in the load-deflection curve, as shown in the soft feeling type

foam, may cause a bottoming.
5.1.3.2 The same 25% ILD hardness

For designing automotive seats, the deflection and hardness of seat cushions are very
important, because they affect the passenger’s eye position and the stat}c feeling of the
seat. ILD hardness has been often used as an indicator which can represent foam
deflection characteristics and foam static feeling. The effect of the foam composition with
the same 25% ILD hardness is discussed in this Section. Table 5.2 shows the
characte‘ristics of the samples. The 25% ILD hardnesses of the samples were identical
at approximately 27 kgf. The densities of the foams were controlied in order to obtain the

same 25% ILD hardness. The size of the samples was 500 mm x 500 mm x 100 mm.

As for the results in Section 5.1.3.1, the low-density type foam had the stiffest foam
polymer matrix, because its density was the smallest, followed by standard, high
durability and soft feeling type foams respectively. With regard to the relationship
between the ball rebound and the hysteresis loss, this was also the same as the results

in Section 5.1.3.1: smaller hysteresis loss corresponded to a higher ball rebound.

Table 5.2 Characteristics of the foam samples with the same 25% ILD hardness (size:
500 mm x 500 mm x 100 mm).

Composition 25% ILD Density Bali rebound Hysteresis loss
type ivinee (kgm?) (%) (%)
Low density 27.4 45 63 24.6
Standard 27.1 52 65 20.8
High durability (light) 27.0 55 71 17.4
Soft feeling _ 26.2 65 69 17.6
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Figure 5.4 Load-deflection curves for samples with different foam compositions and the
same 25% ILD_hardness (approximately 27 kaf). Numbers in parentheses indicate
hysteresis loss.

Figure 5.4 shows the load-deflection curves for different foam compositions with the
same 25% ILD hardness. Differences among the samples were much smaller when
compared with the results of Figure 5.3 with the same foam density. [n the small
deflection region, less than 30 mm, the deflection curves for the sampies were similar.
This was understandable, because the 25% ILD hardnesses, which corresponded to a
reaction force at 25 mm deflection, were intended to be identical. However, as the
deflection increased, the differences among the samples also increased. The gradient of
the load-deflection curve for the low-density type foam was larger than for the other
foams. On the other hand, that for the soft feeling foam was smaller than the other
foams. The load-deflection curve ;haracteristics for the standard foam and the high
durability foam were located in-between the low-density foam and the soft feeling foams.
These foam characteristics in the large deflection region were opposite to the results in
Figure 5.3. The results implied that the low density type foam may have hardest feeling
and the highest possibility of producing a bottdming among the four samples, even
though they all had similar 25% ILD hardness.
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5.1.4 Effect of foam density and hardness

Foam density is also an effective factor for changing the characteristics of polyurethane
foam. The width of foam cell struts change depending on the foam density. As long as
the foam composition is identical, higher density foam has wider and firmer foam cell
struts. This cell structure geometry change affects the hardness and quasi-static
mechanical behaviour of the foam with a small strain. Hilyard and Young (1983)
mentioned a relationship between the foam density and the elastic properties of

polyurethane foam as below:
E; = Kp,"

where E; is the elastic modulus of the foam,
K and n are empirically determined constants,
pr is the density of the foam.
Another expression using the volume fraction of polymer, ¢, which is equal to the density

ratio, pi/pp, is shown in the following equation:
E, = quzﬁ”

where E; is the elastic modulus of the matrix polymer,

Pp is the density of the matrix polymer.

in order to investigate the effect of foam density on the load-deflection curve, five
samples with different foam density were compared. Their foam composition (high
durability type) and size (500 mm x 500 mm x 100 mm} were identical, only the densities
were different. Table 5.3 shows the characteristics of the sampies. As the density
increased, the 25% ILD hardness increased and the hysteresis loss decreased. This
was because higher density foam had wider and firmer foam cell struts. Foam with these
wider and firmer cell struts behaves as harder foam and has better recovering
performance during the unloading phase when compared with foam with thinner and

softer cell struts. The value of ball rebound was not influenced by changing the density.
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Table 5.3 Characteristics of the foam samples for different foam density with the same
foam composition (size: 500 mm x 500 mm x 100 mm).

Composition Density 25% ILD Ball rebound Hysteresis
type (kg.m) e (%) o
High durability 44 13.0 71 20.1
High durability 49 15.5 71 19.7
High durability 52 20.0 71 19.8

| High durability 58 247 71 18.2

| High durability 62 26.6 71 17.2

Figure 5.5 shows the load-deflection curves for different foam densities with the same

foam composition. In the linear elastic region, less than 5 mm deflection, higher density

foam had a larger gradient of the load-deflection curve. This was consistent with the

140
—— 44 kg.m-3 (20.1%)
——49 kg.m-3 (19.7%)
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Figure 5.5 Load-deflection curves for samples with different foam density and the same
foam composition (high durability type). Numbers in parentheses indicate hysteresis
loss.
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theory (equations) described in the beginning of this section. In the plateau region, which
corresponded to the 10 to 40 mm deflection region, the load-deflection curves showed
relatively linear characteristics. In the region, the gradients of the curves for higher

density foams were larger those for lower density foams.

in the large deflection region, more than 50 mm deflection, the load-deflection curves
behaved like hardening springs. The gradients of the curves for smaller density foams
increased more radically than those for higher density foams. Looking at the gradient of
curves at a certain loading point, if the load was small, less than 40 kgf, as would be
expected, the higher density foams had larger gradients of the curves than lower density
foams. However, looking at the larger loading region, greater than 50 kgf, the gradients
of the curves for smaller density foams were greater than those for iarger density foams.
This may imply that smaller density foam has a softer feeling at smaller Iéad, however, it
has harder or a bottoming feeling at larger loading compared with the higher density
foam. Summarising the effect of foam density on the load-deflection curve, the curve for
higher density foam had stiffer characteristics in the smaller loading region and more
linear ch;racteristics than lower density foam; the change of the gradient for the higher
density foam over the whole loading region was smaller than that for the lower density

foam.

5A1.5 Effect of foam thickness

The inner room space of automobiles is very limited compared with some other types of
vehicle, such as trains or ships. Hence, most of automotive parts have dimensional
restrictions. As well as the width, length and height of a seat cushion or seat back, the
thickness of a seat cushion are restricted and important matters. They affects not only
the passenger's eye position and interior space in a car but also the static characteristics,

the dynamic characteristics and the feeling of a seat.

Four different polyurethane foams were compared as shown in Table 5.4. They were
made of the same foam composition (high resiliency type), had the same density of 58
kg.m™ and the same 500 mm square shape, but had different thicknesses: 50, 70, 100
and 120 mm. The 25% ILD hardness increased as the foam thickness increased.

Hilyard and Collier (1984) mentioned that the gradient of the IFD curve in the high strain
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Table 5.4 Characteristics of the foam samples for different foam thickness with the same
foam composition and density {size: 500 mm x 500 mm).

Thickness Density 25% ILD Bali rebound Hysteresis loss
(mm) (kg.m) e (%) (%)
50 58 20.3 80 17.4
70 58 22.0 7 80 17.7
100 58 22.6 80 15.0
120 58 26.3 80 14.6

region was influenced by the stress-strain curves in tension and shear. This meant that
the ILD force values were affected not only by the compressive characteristics of foam
but also by the foam mechanical behaviour in tension and shear. The 25% compression
for the samples differed depending on the foam thickness. Thicker.foams are.
compressed more and may cause more tension and shear forces than thinner foams.
This was the reason why the thicker foams had larger 25% ILD hardness than thinner

foams.

Figure' 56 shows the load-deflection curves for the foam samples with different
thicknesses. As would be expected, thicker foams had a larger deflection and less
gradient on the load-defiection curve for a given load compared to thinner foams. Even
though they were made from the same foam composition and had the same density, the
characteristics of the load-deflection curves were different depending on the sample
thicknesses. Thicker foams behaved as if they were softer than th.inner foams. The
gradient on the load-deflection curve increased as deflection increased. This hardening
spring characteristic, which may cause a bottoming, was more obvious in thinner foams

than in thicker foams.

When the foam composition is the same, the characteristics of a sarhple can be also
changed by changing the foam density, as described in Section 5.1.4. However, there fs
an essential difference regarding the gradient of the load-deflection curve between the
two methods. Softer foams, obtained by a lower density have smaller gradient at a
smaller given load than harder foams with higher density. As the load increases, the

gradient of the curve for the softer foam become greater than that for the harder foam.
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Figure 5.6 Load-deflection curves for samples with different foam thickness and the same
foam composition (high resiiiency type) and foam density (58 kg.m™). Numbers in
parentheses indicate hysteresis loss.

On the other hand, the gradients of the curves for thicker foams, which behave like softer
foams, are smaller than that for a thinner foam over the whole of a given load range.
This difference in the characteristics of the curve may cause crucial differences in sitting

feeling which will be discussed in Chapter 7.

A relationship between strain and load is shown in Figure 5.7. A strain, obtained by
means of dividing the deflection by the initial sample thickness, was used instead of the
deflection. Effect of the thickness of foams was considered to be eliminated in this figure.
Even though the effect of the foam thickness was eliminated, there were differences
between the load-strain curves for the samples. The figure showed that thicker foams
had stiffer characteristics than thinner foams. This may be caused by the effects of
tension and shear force in ILD compression, as observed in the differences of 25% ILD

hardness values.
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Figure 5.7 Load-strain curves for samples with different foam thickness samples and the
same foam composition (high resiliency type) and foam density (58 kg.m™). Numbers in
parentheses indicate hysteresis ioss.

5.1.86 Discussion

The load-deflection curve contains a lot of information and is considered to be a usefui
property to represent the foam static characteristics. The characteristics of the load-
deflection curve is influenced by the characteristics of matrix polymer and cell
construction geometry. All the methods discussed in this chapter, such as changing
foam composition, foam density and foam thickness, were effective methods of changing
the characteristics of the load-deflection curves. The foam compositidn relates to the
foam matrix polymer, and the foam density concems the cell construction geometry. The
foam thickness may relate to a behaviour of tension and shear forces in the ILD
compression process. Changing foam thickness seems to cause a more remarkabie
change for characteristics of the load-deflection curve than changing the foam

composition or foam density.
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The load-deflection curve of a foam with softer polymer matrix or lower density had a
larger deflection and smaller gradient at smaller deflection (or smaller given load region)
than a foam with a harder polymer matrix or higher density. However, és deflection or
load increased, the gradient of the curve for the foams with softer polymer matrices or
lower density increased more rapidly and eventually became greater than those for
foams with harder polymer matrices or higher densities. This drastic increase in the
gradient of the curves may cause a bottoming. The load-deflection curve for a foam with
a harder polymer matrix, or higher density, had a stiffer and more linear characteristic
compared with that for a foam with a softer polymer matrix or lower density. With regard
to the gradient of the load-deflection curve, a reverse relationship was observed between
foams with a softer matrix polymers (or lower density) and foams with a harder matrix
polymer {or higher density) when compared at small deflection and large deflection. The
thickness of the foam also affected the characteristics of the load-deflection curve.
However, there was an essential difference between changing the foam polymer matrix
or density and changing the thickness. For example, thicker foams had a smaller
gradients of the curve than thinner foams at small defiections and also had smaller

gradienté at larger deflection.

It is important to consider a wide region of load-deflection curve rather than at specific
load range. Because passenger’s seating comfort concerns not only with loaded region
around passenger’s body weight, but also with other loaded region, such as around 20
kgf, which may correspond to the contact feeling of samples. This will be discussed in
Chapter 9.
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5.2 PRESSURE DISTRIBUTION

5.21 Introduction

The load-deflection curve contains a lot of information, and is considered to be one of the
most useful physical values for understanding the static characteristics of polyurethane
foam. However, as it is obtained by compressing a foam with a circular plate, it is
different from the situation where a human sits on foam. When considering the static
sitting feeling, pressure over a contact area between a subject and a foam may represent
the real sitting situation better than a load-deflection curve. Several researchers, such as
Habsburg and Middendorf (1977), Kamijo et al. (1982), Kamijo (1982) and twasaki ef al.
(1988), have reported the effectiveness of pressure distribution for predicting the seat

comfort.

Even though the pressure distribution may be a useful method for representing a real
sitting situation, there have been technical difficulties in measuring the pressure
distributién with reasonable accuracy, resolution and cost. Nevertheless, recent
computer and device technology have overcome these problems. Hence, measuring
pressure distribution has become more popular than before. Buckie and Fernandes
(1998) and Gyi et al. (1998} have measured interface pressure between the human body

and a bed or an automotive seat with one of the recent devices using air pressure.

The pressure distribution on a seat is affected by many factors, such as the seat cushion
and the seat cover. This section focuses on the effect of a polyurethane foam cushion
and investigates how the pressure distribution can be affected by changing foam

composition, foam density and hardness and foam thickness.

522 Method

The pressure distribution interface between the human body and polyurethane foam was
measured with a measurement system (model: HYDRA) using pressure sensitive ink

developed by Tekscan Inc. (see Section 3.3).

The square-shaped foam samples (500 mm x 500 mm) were placed on an aluminium

experimental seat the same as when measuring the vibration transmissibility as shown in
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Section 3.1.4. A sensor sheet mat was located on the square-shaped foam sample and
then a subject sat on the sensor sheet mat carefully and gently, so as not to break the
sensor sheet mat: it is quite fragile and easily broken when bent excessivefy. The sensor
mat did cover all the contact area between the subject and the foam sample. The
subject sat on the sensor sheet mat and kept a comfortable upright posture without
touching a backrest with a knee-angle of approximately 80 degrees. The subject kept the
same posture while sitting until the system reached a steady state: the system needed
approximately 30 seconds to become steady since the sensor sheet mat loading is
affected by creep. Therefore, measurements started 30 seconds after the subject sat on

the sensor sheet mat.
5.2.3  Analysis

The pressure distribution obtained by the system is shown in Figure 5.8. The figure
illustrates an example three-dimensional expression of the pressure distribution for a
square-shaped sample (50 mm thickness, high resilient composition). It shows how
pressure‘ was distributed underneath the subject's buttocks: there were two peaks

underneath the ischial bones and pressure became lower away from the ischial bones.

Although the three-dimensional expression provides visually excellent information, it is
difficult to understand pressure distribution quantitatively. [n order to understand
pressure distribution quantitatively, the whole contact area between a subject and a
square-shaped sampi_e was divided into several smaller areas and the total weights in
each area were calculated. Figure 5.9 shows a two-dimensional expression of pressure
distribution and the areas used for calculating the total weight. Area Ais a 4 cm by 4 cm
square area which covers the highest pressure points underneath the ischial bones.
Area B is a 10 cm by 10 cm square area which covers a wider area surrounding area A.
Area C is a rectangular area which is determined so as to cover the whole hip area. Area
D is a rectangular area which covers the thigh area and obtained by subtracting area C
from a whole sensor mat area. Therefore, the size of area C and are D varied depending
on subjects. The distribution of the subject’s upper-body weight to each area was
investigated by calculating the total value for each area. Summation of the total values of

area A, area B - A, area C - B and area D should be equal to the subject’s upper-body

weight.
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Figure 5.8 Three-dimensional expression of pressure distribution with a subject seated on
a square-shaped foam sample.
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Figure 5.9 Two dimensional expression of pressure distribution and divided areas used
for calculating total weight. (Data as shown in Figure 5.8),
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5.2.4 Effect of foam composition

In order to investigate the effect of polyurethane foam composition on pressure
distribution, ten male subjects sat on the square-shaped (500 mm x 500 mm x 100 mm)
foam samples, which were made with different polyurethane foam compositions. Table

5.5 shows the characteristics of subjects.

Table 5.5 Characteristics of the subjects.

Age Weight Upper-body Height
weight“
(years) (kg) (kg) {(cm)
Mean 324 70.0 55.7 172.7
Maximum 37 83.6 66.8 184.0
Minimum 30 55.8 44.8 167.0
sS.D. 2.0 7.7 6.6 4.6

Y Upper-body weight was measured by a scale on which the subjects sat and took the
same posture as when measuring the pressure distribution.

Four HR (High Resiliency) polyurethane foam compositions, which were of the low
density type, standard type, high durability type and soft feeling type, were compared at

the same foam density or at the same 25% ILD hardness.
5.2.41 The same density (Experiment I-1, see Appendix A}

Pressure distribution with the four foam samples, which were made of different HR
polyurethane foam compositions with the same density of 52 kg.m's, were compared.
Table 5.6 shows the characteristics of the foam samples. The low density type foam had
the greatest 25% ILD hardness followed by the standard type, the high durability type
and the soft feeling type foam. The hardness of the soft feeling type was less than half
that of the low density type foam. These differences were caused by differences of the
matrix polymer of the polyurethane foam. The low density type foam had the hardest

matrix polymer and the soft feeling type foam had the softest polymer.
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Table 5.6 Characteristics of the foam samples with the same density of 52 kg.m‘a.

Compasition Density 25% ILD hardness Hysteresis loss
type (kgm) (kgf) (%)
Low density 52 326 23.8
Standard 52 246 21.2
High durability 52 22.8 17.8
Soft feeling 52 14.0 19.0

(1) Comparing pressure distributions

Figure 5.10 shows examples of pressure distributions of for four foam samples obtained
when one of the subjects (height: 174 cm; weight: 67 kg; upper-body weight: 55 kg; age:
37 years old) sat on the foams. Although all foams had symmetrical pressure distribution
patterns, there were differences among the samples. The low density foam with the
greatest 25% ILD hardness had the highest peak pressures around the ischial bones,
and the pressure patterns were narrower and more dense compared with the other three
samples. This means that the low density type foam had the steepest pressure gradient
among the samples. As the foam hardness decreased, the peak pressures around the
ischial bones tended to decrease. However, there were no remarkable differences

among the other three samples.

The contact area for the low density type foam was the smallest among the four samples.
As the foam hardness decreased, the contact area spread out and became larger. This
is because the subject sank into the foam deeper when sitting on the softer foam than
when sitting on the harder foam: the foam sample deflects more at the same loading as

the foam becomes less hard.
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(a) Low density type (32.6 kgf) (b) Standard type (24.6 kgf)
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Figure 5.10 Pressure distribution of the four different foam compositions with the same
density (= 52 kg.m™) obtained when a subject (174 cm, 67 kg, 37 years old) sat on the
foams. Numbers in parentheses indicate 25% ILD hardness.

(2) Comparing distributions of support for the subjects’ upper-body weight

The pie charts in Figure 5.11 show the distribution of subjects’ upper-body weights over
the four areas; A, B - A, C - B and D as defined in Figure 5.9. They are the average
values of the ten subjects. The area A was included in the area B and the area B was
included in the area C. Therefore, “B - A" and “C - B” were used in the pie charts so as

to make 100% equivalent to the total sitting weight of the subjects.

Figure 5.11 shows that, for the low density type foam, the subjects’ upper-body weight

was more concentrated around the ischial bones (= area A and area B - A) compared
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(a) Low density type : (b) Standard type
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Figure 5.11 Distribution of subjects’ upper-body weights to the areas A,B-A, C-Band D
when comparing different foam compositions with the same foam density of 52 kg.m'a.

(Means of ten subjects).

with the other three samples. The weight distributed on the area D (= thigh part) was the
smallest for the low density type foam, which was the hardest foam, and the largest for
the soft feeling type foam, which was the softest foam among the samples. However, the
weight distribution for the standard type foam, the high durabf!ity type foam and the soft

feeling type foam was similar to each other.

Table 5.6 shows the results of Friedman two-way analysis of variance by ranks and

measured statistical values with regard to the distribution of the subjects’ upper-body
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Table 5.6 Results of Freidman analysis and statistical values on distribution of subjects’
upper-body weight when comparing the four foam compositions with the same foam

density.
Friedman Measured values
analysis
Area | Sample Rank | Signifi- | Median | Mean | Minic | Maxi-
cance mum mum
Low density 4.00 4.34 4.29 3.14 5.28
A Standard 2.60 p<0.01 3.45 3.43 2.50 475
High durability 1.50 3.28 3.26 2.47 4.54
Soft feeling 1.90 3.27 3.32 2.53 4.20
Low density 4.00 18.33 18.54 16.53 20.50
B Standard 2.80 | p<0.01 16.16 15.89 14.48 17.32
High durability 1.40 14.75 15.06 13.75 16.36
Soft feeling 1.80 15.44 15.24 13.27 16.81
Low density 3.20 48.22 47.32 38.24 52.16
C Standard 2.30 p>0.05 47.69 46.52 36.89 50.71
High durability 2.20 47 .51 46.12 36.04 51.04
Soft feeling 2.30 - 47.40 46.65 34.47 55.35
Low density 1.80 6.82 8.39 4.06 14.64
D Standard 2.70 p>0.05 8.45 9.19 4.69 17.44
High durability 2.80 9.08 9.59 4.53 16.90
Soft feeling 2.70 7.83 8.06 512 17.92

weight to the four areas when comparing the four different polyurethane foam

compositions with the same foam density.

The table shows that there were_statistically significant differences émong the samples
only in the area A and the area B. This means that changing a foam composition with
the same density affected the weight distribution (= pressure distribution) only around the

ischial bones. It did not affect the weight distribution for the whole hip area nor for the

thigh area.
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5.2.4.2 The same 25% ILD hardness (Experiment i-2, see Appendix A)

The pressure distributions of square-shaped foam samples made of the four different
foam compositions with the same 25% ILD hardness were compared. Table 5.7 shows
the characteristics of the foam samples. The foam density was optimised in order to
have the same 25% ILD hardness of approximately 23.0 kgf. The low density type foam
had the lowest foam density among the samples because it had the hardest matrix
polymer. By contrast, the soft feeling type foam had the highest foam density due to its

softest matrix polymer.

Table 5.7 Characteristics of the foam samples with the same 25% ILD hardness.

Compaosition Density 25% LD hardness Hysteresis loss
type (kg.m”) (kgf) (%)
Low density 46 23.3 259
Standard 51 23.0 21.8
High durability 52 22.8 17.8
Soft feeling 63 22.8 18.9

(1) Comparing pressure distributions

Figure 5.12 shows the pressure distributions of the four samples obtained when the
same subject in Section 5.2.4.1 sat on the foams. The pressure distﬁbution of all four
samples had a symmetrical pattern and the highest peak pressure arose around the
ischial bones. Although the contact area of the low density type foam was slightly
smaller, and that of the soft feeling type foam was slightly larger than that of the other
foam compositions, there were not much differences in the pressure distributions among

the four samples.
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(a) Low density type (23.3 kgf) (b) Standard type (23.0 kgf)
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Figure 5.12 Pressure distributions of the four different foam compositions with the same
25% ILD hardness (~ 23.0 kgf) obtained when a subject (174 cm, 67 kg, 37 years old) sat
on the foams. The numbers in parentheses indicate 25% ILD hardness.

(2) Comparing distributions of support for the subjects’ upper-body weight

Figure 5.13 shows distributions of the subjects’ upper-body weights to the four areas: A,
B-A, C-BandD. There were not many differences among the samples. The weight

distributions of the four samples were similar.

Table 5.8 shows the results of Friedman two-way analysis of variance by ranks and

measured statistical values with regard to the distributions of the subjects’ upper-body

weights to the four areas when comparing the four different foam compositions with the

same 25% ILD hardness. For all areas of A, B, C and D, there were no statistically
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Figure 5.13 Distributions of subjects’ upper-body weights to the areas A, B - A, C-Band
D when comparing different foam compositions with the same 25% ILD hardness of
approximately 23.0 kgf. (Means of ten subjects). :

significant differences among the samples. This means that foam compositions did not
influence the weight distribution {.e. pressure distribution), when the hardnesses of the

| :f.’:r foam samples were the same
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Table 5.8 Results of Freidman analysis and statistical values on distributions of the
subjects’ upper-body weights when comparing the four foam compositions with the same
25% ILD hardness. _

Friedman Measured values
analysis
Area | Sample Rank | Signifi- | Median | Mean | Mini- | Maxi-
i cance mum mum
Low density 3.05 313 | 338 | 261 5.08
o A | Standard 200 | p>0.05 | 3.32 337 | 240 472
.t High durability | 2.10 3.28 326 | 247 4.54
Soft feeling 1.95 3.30 324 | 234 4.23
Low density 3.10 15.76 15.52 13.28 16.70
B | Standard 290 | p>005| 1566 | 1542 | 1390 | 16.80
| High durability | 1.80 1475 | 1505 | 1375 | 16.36
Soft feeling 2.10 1485 | 1503 | 1363 | 16.51
f Low density 2.30 4559 | 4584 | 3723 | 53.68
¢ | Standard 200 | p>0.05| 4815 | 4661 | 3667 | 51.36
= High durability | 2.30 4751 | 4612 | 3604 | 51.04
Soft feeling 2.50 47.00 | 46.15 | 3428 | 51.98
b Low density 2.70 9.19 9.87 587 | 15.55
E [ D | Standard 210 | p>0.05 | 7.86 9.10 452 | 15.44
High durability | 2.70 9.08 959 | 453 | 16.90
""" Soft feeling 2.50 792 | 956 | 553 | 16.68
: 5.2.5 Effect of foam density and hardness (Experiment I, see Appendix A)

The results of Section 5.2.4, which examined the effect of foam composition, showed that
the pressure distributions were not affected by the foam compositions when the
hardnesses of the foam samples were the same. In this section, the e_ﬁect of hardness
and density on the pressure distriﬂbution is investigated by using one foam composition (=

high resilient type foam).

5 | Twelve male subjects participated in this study. Their ages, weights, upper-body weights

and heights are shown in Table 5.9.
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| [‘ Table 5.9 Characteristics of the subjects.

.-f-f_-" Age Weight Upper-body Height

weight

(years) (kg) (kg) (cm)

: { | Mean 28.7 73.5 56.6 177.5
f Maximum 36 84.0 69.0 183
Minimum 22 62.0 51.0 167
E = S.D. 45 6.3 5.7 4.5

The square-shaped foam samples (500 mm x 500 mm x 100 mm) made of the same

foam composition (= high resilient type) with different foam densities and hardnesses

were used in this study. Table 5.10 shows the characteristics of the foam samples. The

25% ILD hardnesses of the foam samples varied depending on the foam density.

o

Table 5.10 Characteristics of the foam samples.

Composition Density 25% ILD hardness Hysteresis loss
ype (kam™) (kgf) (%)
High resilient 43 12.2 19.2
High resilient 47 15.9 18.5
High resilient 52 21.0 15.9
High resilient 57 25.2 15.6
High resilient 63 291 - 140

(1) Comparing pressure distributions

fk.:f,;?.; Figure 5.14 shows the pressure distributions for the five foam samples with different
foam densities and hardnesses obtained when the same subject as in Section 5.2.4 sat

on the foam samples. Although there were not large differences among the samples, the

contact area enlarged as the foam hardness decreased. This was because the subject

sank into the foam sample deeper when sitting on the softer foam samples than when
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sitting on the harder foam samples, as described in Section 5.2.4.1. The softest foam
sample (= 43 kg.m™ — 12.2 kgf) and the hardest foam sample (= 63 kg.m™ - 29.1 kgf)
gave slightly higher peak pressures around the ischial bones than the other foam
samples with medium hardness. This is because, for the harder samples, they had more
rigid matrix polymer which caused higher peak pressure than the softer samples. For the
softer foams, they were deflected more than the harder foams when compressed at the
same load as described above. When polyurethane foam is compressed by a certain

amount, the stiffness of the foam increases suddenly and the foam behaves more rigid,

. as illustrated in the load-deflection curves in Section 5.1. This sudden increase of the

foam stiffness is so-called bottoming. Bottoming tends to occur when the foam sample is
too soft or too thin. [n the case of the softest foam sampie, bottoming may occur and

caused the higher pressure around the ischial bones than other foam samples.
(2) Comparing distributions of support for the subjects’ upper-body weights

Figure 5.15 shows distributions of the subjects’ upper-body weights for the four areas A,
B-A, C: B and D. There were not large differences around the ischial bones (= area A
and B - A) among the samples. However, as the foam became softer, more of the
upper-body weight tended to be distributed to the thigh regions (= area D). This was
because the contact area at the thigh regions increased as the foam became softer since
the subjects’ bodies sank into the foam deeper when sitting on the softer foams than

when sittin_g on the harder foams.

Table 5.11 shows the results of Friedman two-way analysis of variance by ranks and
measured statistical values with regard to the distribution of the subjects’ upper-body
weights to the four areas. Although in Figure 5.15 there seemed to be not much
difference in upper-body weight distribution among the samples, the results of the
Freidman analysis showed that there were statistical significant differences for all areas

among the samples.
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Figure 5.14 Pressure distributions of the foam samples made of the same foam
composition (= high resilient type) with different foam densities and hardnesses obtained
when a subject (174 ¢m, 67 kg, 37 years old) sat on the foams.
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Figure 5.15 Distributions of the subjects’ upper-body weights to the areas A, B - A, C-
Band D when comparing different foam densities and hardnesses. All foam samples
were made of the same foam composition of high resilient type and the same foam

density (= 58 kg.m'a). (Means of twelve subjects).
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Table 5.11 Resuits of Freidman analysis and statistical values for distribution of subjects’
upper-body weights when comparing the same foam composition (= high resment type) with
different foam densities and hardnesses.

Sample Friedman Measured values
analysis

Area | Density | 25% ILD | pooy | signifi- | Median | Mean | Mini- | Maxi-
(kg.m™) | (kg cance , mum | mum

43 12.2 4.25 3.45 3.53 3.00 4.36

47 15.9 2.92 3.24 3.28 2.69 4.09

A 52 21.0 2.33 p<0.05 3.15 3.21 2.71 3.95
57 25.2 225 3.22 3.21 2.66 3.78

63 29.1 3.25 3.27 3.29 2.79 4.17

43 12.2 3.75 16.39 | 16.18 | 14.00 | 17.76

47 15.9 2.58 1514 | 1535 | 13.22 | 17.54

B 52 21.0 2.58 p<0.01 15.07 15.53 14.41 17.40
57 252 2.00 15.37 15.35 13.75 17.01

. 63 29.1 4.08 16,50 | 16.29 | 1385 | 17.74

43 12.2 2.21 4314 | 4445 | 36.68 | 58.08

47 15.9 1.96 4504 | 4464 37.67 54.77

C 52 21.0 3.33 p<0.01 | 44.15 | 45.81 4013 £8.20
57 252 3.08 4452 | 45.75 40.22 55.32

63 291 4.42 46.17 | 46.70 39.90 56.99

43 12.2 3.79 11.55 12.13 8.45 17.32

47 15.9 4.04 11.46 | 11.94 8.59 16.33

D 52 21.0 2.67 p<0.01 | 10.81 | 10.78 834 | 15.88
57 25.2 2.92 11.28 10.83 7.07 14.87°

63 29.1 1.58 10.12 9.89 6.67 12.10

The weight distribution when changing foam density and hardness with the same foam
composition (= high resilient type) are summarised as follows: more of the upper-body
weight concéntrated on around the ischial bones (= area A and B) when a subject sat on
the softest foam or the hardest foam compared with when sitting on foams with medium
hardness, where more of the weight was distributed to the thigh regions (= area D) as the

foam became less hard.
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526 Effect of the foam thickness (Experiment Ill, see Appendix A)

The effect of the foam thickness on pressure distributions and upper-body weight
distributions were investigated. Pressure distributions were measured with the same

twelve male subjects as shown in Table 5.8.

The same square-shaped foam samples in Table 5.4 were used for this study in order to
investigate the effect of the foam thickness on pressure distribution. The foam samples
had the same square shape (500 mm x 500 mm) and were made of the same foam
composition (= high resilient type) with the same foam density (= 58 kg.m™). Only their
thicknesses were different (50, 70, 100 and 120 mm). As mentioned in Section 5.1.5, the
25% ILD hardness of the foam samples increased as the foam thickness increased

because of the effect of tension and shear forces.
(1) Comparing pressure distributions

Figure 5‘.16 shows the pressure distribution of the foam samples with different foam
thickness obtained when the same one subject, as in Section 5.2.4 and 5.2.5, sat on the

foam samples.

There were remarkable differences among the samples. Although the 25% ILD hardness
of the thinner foams was less than that of thicker samples, the pressure around the
ischial bones for the thinner foams was higher than that for the thicker foams. This high
pressure observed with the thinner foam, especially with the 50 mm thickness foam, may
be caused by bottoming. As described in Section 5.2.5, bottoming tends to occur if the
foam is too thin. As it can be seen in the figure, the pressure around the ischial bones
was the highest for the thinnest foam (= 50 mm thickness) and decreased as the
thickness of the foam sample increased. There were few differences between the
samples with 100 mm thickness and 120 mm thickness. This implies that the effect of
bottoming was not observed in these samples. The pressure distributions of the foam
samples whose thickness was more than 100 mm were not influenced by bottoming in

this study.

Another remarkably different feature among the samples was contact area, especially at

the thigh regions. Although differences of contact area were also observed when
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Figure 5.16 Pressure distributions of the foam samples made of the same foam
composition (= high resilient type) with the same foam density (= 58 kg.m’ % and different
foam thickness (= 50, 70 ,100, 120 mm) obtained when a subject (174 cm, 67 kg, 37
years old) sat on the foam. Number in parentheses indicates 25% ILD hardness.

changing the foam hardness, as in Section 5.2.4.1 and 5.2.5, differences caused by

changing foam thickness were more obvious than those caused by changing foam

density and hardness. The contact area around the thigh regions became smaller as the

foam thickness decreased. This was because subjects sank less into the samples when

sitting on the thinner foams than when sitting on the thicker foams. As a result, a large

part of the subjects’ upper-body weight was concentrated around the ischial bones.
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(2) Comparing distributions of support for the subjects’ upper-body weights

Figure 5.17 shows distributions of the subjects’ upper-body weights to thé four areas: A,
B-A C-BandD. As mentioned above, when pressure distributions were compared,
more of the subjects’ upper-body weight was distributed to the area around the ischial
bones (= area A and B) as the thickness of the foam samples became less. By contrast,
the weight distribution to the thigh regions (= area D) decreased as the foam thickness

became less. These differences in the weight distribution may be caused by the

(a) 50 mm (b) 70 mm
D A D A
11% 8% 13% 7%

B-A

B-A 25%

28%

53% 55%
(¢) 100 mm (d) 120 mm
D A D "
6% 5%
20% ’ 22% B-A

C-B C-B
52% 52%

Figure 5.17 Distributions of the subjects’ upper-body weights to the areas A B-AC-B
and D when comparing different foam thickness (50, 70, 100 and 120 mm). Al foam
samples were made of the same foam composition (= high resilient type) and the same
foam density (= 58 kg.m"q’). (Means of twelve subjects).
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differences of contact area. For the thicker foams, subjects sank into the foam samples
to a greater extent and the contact area enlarged. As a result, the subjects’ upper-body
weight spread more widely to a larger contact area and bottoming did not occur. In
contrast, in the case of the thinner foam, the subjects could not sink into the foam sample
deeply, and a large part of the subjects’ upper-body weight was concentrated on the area

around the ischial bones, especially when bottoming occurred.

Table 5.12 shows the results of Friedman two-way analysis of variance by ranks and
measured statistical values. The significant levels for differences among samples for all

areas A, B, C and D were very high (p<0.01). They were higher than those for changing

Table 5.12 Results of Freidman analysis and statistical values for the distribution of
subjects’ upper-body weights when comparing foam samples with different foam
thickness.

) Friedman Measured values
analysis
Area | Sample Rank | Signifi- | Median | Mean Mini- Maxi-
cance mum mum
50 mm 4.00 476 4,70 3.63 576
A 70 mm 3.00 p<0.01 3.9 3.91 3.29 4.86
100 mm 1.75 3.10 3.1 2.63 3.74
120 mm 1.25 3.00 3.02 2.56 3.51
50 mm 4.00 2050 | 2064 | 17.16 | 23.64
B 70 mm 3.00 p<0.01 | 18.05 17.96 15.66 19.82
100 mm 1.67 15.38 15.43 14.30 17.06
120 mm 1.33 15.21 15.06 13.58 17.14
50 mm 3.83 48.75 50.46 43.70 60.96
C 70 mm 3.17 p<0.01 48.08 49.36 43.20 58.88
100 mm 1.83 ~ 43.82 45.00 41.55 54.70
120 mm 1.17 42.64 44.06 38.30 55.08
50 mm 1.17 5.62 6.12 2.77 11.40
D 70 mm 1.83 p<0.01 6.94 7.23 397 11.78
100 mm 317 10.85 11.58 7.03 17.46
120 mm | 3.83 12.60 12.52 9.82 16.42
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the foam composition or the foam density and hardness. This means that more striking
differences among the samples were obseNed when changing the foam thickness than
when changing the foam composition or foam density and hardness. This suggests that
changing foam thickness could affect the pressure distribution more than the other

methods, such as changing the foam composition or the foam density and hardness.

As well as the pressure distribution, the weight distributions for the 100 mm thickness
sample and 120 mm thickness sample were similar. In fact, there were no statistical
significant differences in the weight distribution between the two samples except in area
D by the Wilcoxon matched-pairs signed ranks test. It may be concluded that although
changing the foam thickness was an effective method of changing the pressure
distribution and the subjects’ upper-body weight distributions, it was only effective when

the thickness of the foam sample was less than 100 mm.
5.2.7 Discussion

The pre;sure distributions, and the subjects’ upper-body weight distributions, were
affected by the foam hardness and thickness. in general, the harder foams tended to
give higher peak pressures around the ischial bones and smaller contact areas than the
softer foams. However, if the foam became too soft, the pressure around the ischial

bones became higher because of bottoming.

Changing the foam thickness also provided differences in the pressure distributions and
the upper-body weight distributions. As the foam became less thick, the peak pressure
around the ischial bones increased and the contact area became smaller, especially.in
the area around thigh regions. This increase of the peak pressure around the ischial
bones was striking when the foam thickness was 50 mm and this may be caused by
bottoming. Changing the foam thickness provided more remarkable differences than
when the foam density and hardness was changed. However, the change was only
observed over the foam thickness range from 50 to 100 mm. There .were no statistically
significant differences in the upper-body weight distributions between foam samples with
the 100 mm thickness and the 120 mm thickness except in the thigh regions. This
implies that changing foam thickness was a more effective method to change the
pressure distributions or the upper-body weight distributions than changing foam density

and hardness, however, it was only available at foam thicknesses up to 100 mm.
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The pressure distributions on automotive seats cannot be discussed by focusing only on
foam cushions. They may also be affected by seat covers. Studies of the effects of seat

covers on pressure distributions are recommended.
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CHAPTER 6

EFFECT OF POLYURETHANE FOAM PROPERTIES
ON DYNAMIC CHARACTERISTICS OF FOAM CUSHION

6.1 INTRODUCTION

As well as static properties of a seat, dynamic properties of the seat are very important
for passenger comfort. While being driven, passengers are exposed to vibrations which
come through the seat, floor and stealing. Among these three vibrations, the vibration
coming through the seat is considered the largest and most concerned with the
passenger's comfort. Therefore, the comfort of a seat cannot be discussed without
considering the dynamic characteristics of the seat. ;@Zonsequently, the dynamic

properties of the seat, especially the vibration transmissibility of the seat is important.

Many faétors affect seat transmissibility, as discussed in Section 2.3. For a conventional

automotive seat which consists of a foam cushion and springs, the characteristics of the _

springs largely dominate the dynamic characteristics of the seat. A fuli-depth cushion ™

type automotive seat, which does not contain springs, -has become popular recently =

because production costs of the seat are lower. For the full-depth cushion automotive
seat, the dynamic characteristics of the seat are only affected by the characteristics of
the polyurethane foam cushion, since the seat does not contain any springs. For these

reasons, much attention has been paid to the dynamic characteristics of polyurethane

foam.

Hilyard (1974) predicted the transmissibility of a liquid-filled foam. In his study, variations
of the foam transmissibility with frequency were compared by changing fundamental
foam parameters, such as the shape of the foam block and damping properties of the
matrix material. He concluded that the square of the height-width rafioof the foam block
and the loss tangent of the matrix material could considerably affect the tfansmissibi!ity of
a fluid-filled foam. Although polyurethane foam cushion for automotive seats are filled
with air instead of a liquid, the principle should be the same as in Hilyard's study.
According to his theory, the foam shape and the damping properties of matrix material

are considered the important factors for determining the dynamic characteristics of
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automotive seats. Therefore, the effects of foam composition, foam density, hardness
and foam thickness, which are in accord with the parameters discussed in Chapter 5 are
considered the fundamental foam parameters for changing foam transmissibility and

discussed in this chapter.

6.2 METHOD

As described in Section 3.1, the transmissibilities of square-shaped samples were

measured in the laboratory using two vibration exciters producing vertical vibration. The

foam samples were located on the surface of the rigid flat plate of the experimental seat

fixed to the platform of the vibrators. A subject sitting on the foam was allowed to take a

Figure 6.1 A subject sitting on the rectangular-shaped foam sample on the experimental
seat fixed on the one meter stroke vibrator.
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comfortable upright posture, and foot spacers were located underneath the subject’s feet

in order to keep the knee at a comfortable angle, as shown in Figure 6.1.

Transfer functions were obtained by using one or two minute durations of broad band
Gaussian random vibration over the frequency range 0.8 to 20 Hz at 1.0 m.s? r.m.s.
magnitude. Accelerometers on the platform of the vibrator and at the interface between
the foam sample surface and the human body were used to calculate the transfer

functions of the samples with the cross-spectral density method described in Section

4.1.2.
6.3 RESULTS

6.3.1 Effect of foam composition

Changing foam composition of the automotive seat cushion is one of the most common
methods of changing the dynamic characteristics of a seat. As discussed in Section
252, th; characteristics of foam matrix polymer and foam cell struts significantly affect
the dynamic characteristics of foam. The characteristics of the foam matrix polymer are
mainly changed by the foam chemical composition. Therefore, the foam composition is
thought to be very important for changing the dynamic characteristics of a foam cushion

for an automotive seat.

There is another practical reason for changing the foam composition to obtain different
dynamic characteristics for a seat. This is from the point of view of the seat design. If
the spring or the seat shape were changed so as to change the dynamic characteristics
of the seat, a new seat design would have to be made. Developing the new seat is more
time-consuming and more costly than changing the foam composition. Obviously,
changing the foam composition is an easier way and therefore, has commonly been
adopted in the automotive industry for changing the dynamic characteristics of the seat.

This section discusses the effect of foam composition on the dynamic éharacteristics of

square-shaped polyurethane foam with the same density or the same 25% ILD hardness.
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6.3.1.1 The same density (Experiment IV-1, see Appendix A)

in order to investigate the effect of polyurethane foam composition on the dynamic
characteristics of the foam, the same samples as shown in Table 5.1 in Section 5.1.3.1,
used for measuring the load-deflection curves were examined. The samples were made
of four different foam chemical compositions (low density, standard, high durability and

soft feeling) with the same density at 49 kg.m>.

Eight male subjects participated in this study. The ranges of the subjects’ ages, weights,

upper-body weights and heights are shown in Table 6.1.

Figure 6.2 and Figure 6.3 show the transmissibility, phase and coherency of the foams
with the four different foam compositions obtained with the eight subjébts. Figure 6.4
shows median transmissibilities of the four different foam compositions with the same
foam density at 49 kg.m'3. There seemed to be differences in transmissibilities among
the samples. The high durability composition had the highest transmissibility at
resonanc‘:e, followed by the standard and the low density compositions, while the soft
feeling composition had the lowest transmissibility at resonance among the four samples.
With the frequency range above resonance, especially above 6 Hz, the high durability
composition had the lowest transmissibility and the low density composition had the

highest transmissibility.
If the person-seat system can be assumed to be a simple single-degree-of-freedom

model which consists of mass, spring and damper, the sample having higher

transmissibility at resonance would have lower transmissibility over the frequency range

Table 6.1 Characteristics of subjects.

Age . Weight Upper-body | Height

weight
(years) (kg) (kg) (cm)
Mean 26 68.5 52.4 178.0
Maximum 33 76.0 55.0 185.0
Minimum 22 60.5 47.0 173.0
S.D. 47 4.9 3.0 4.8
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above /2 x the resonance frequency. T.he order of the transmissibilities over the
frequency range above 6 Hz should be inverse to the order at the resonance. If the
results of the study shown in Figure 6.4 had been consistent with the theory, the
transmissibility of the soft feeling foam in a frequency range above 6 Hz should be the
highest among the samples. However, this foam did not have the highest transmissibility
at high frequencies. In fact, as shown in Table 5.1 in Section 5.1, the values of ball-
rebound and hysteresis loss indicate that the soft feeling foam is the second most
resilient foam, following the high durability foam, among the four sampies. In contrast,
the transmissibility of the soft feeling foam at resonance was the lowest. These
contradictions between the theory and the experimental results imply the difficulties of
explaining the characteristics of a person-seat system with a simple single-degree-of-
freedom model. One of the reasons for the difficulties might be the non-linear
characteristics of foam caused by buckling of foam cell struts. As discussed in Section
5.1.3.1, the soft feeling foam had the softest matrix polymer, and its 25% ILD hardness
(= 11.6 kgf) was much less than that of the other foams. A foam with this 25% ILD
hardness level would be compressed greatly and bottoming might occur when the
subject sits. When the polyurethane foam is compressed greatly, up to the bottoming

level, the foam behaves more like a rigid material rather than an elastic one.

The resonance frequency was also affected by changing the foam composition. The high
durability composition had the lowest resonance frequency followed by the standard and
the low density compositions: the soft feeling composition had the highest resonance
frequency among the four compositions. Table 6.2 shows the results of Friedman two-
way analysis of variance by ranks and measured statistical values with regard to the
transmissibility at resonance and the rescnance frequency. Although differences among
the samples were not large, there were statistically significant differences for both the
transmissibility at resonance and the resonance frequency for the four compositions.
This suggests that changing foam composition is an effective way for changing dynamic
characteristics of polyurethane foam. However, in this example at least, the changes

were small.
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Figure 6.2 Transmissibilities, phases and coherencies of low density type foam and

standard type foam with the eight subjects.
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Figure 6.3 Transmissibilities, phases and coherencies of high durability type foam and

soft feeling type foam with the eight subjects.
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Figure 6.4 Median transmissibilities of four different foam compositions with the same
density at 49 kg.m™>. (Data with eight subjects). Numbers in parentheses indicate
hysteresis loss.

Table 6.2 Resuits of Friedman analysis and statistical values at resonance for the
samples with different composition and the same density.

Friedman analysis Measured values
Sample Rank | Signifi- | Median | Mini- | Maxi-
cance mum mum
Low density 213 1.87 1.73 2.16
Transmissibility | Standard 2.88 p<0.01 1.97 1.76 2.26
High durability 4.00 2.11 - 1.85 2.41
Soft feeling ‘ 1.00 1.81 1.65 2.08
Low density 2.94 3.26 3.05 3.46
Frequency | Standard 200 | p<0.05 3.05 3.05 3.26
(Hz) | High durability | 1.56 3.05 3.05 3.26
Soft feeling 3.50 3.26 3.05 3.66
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6.3.1.2 The same 25% ILD hardness (Experiment 1V-2, see Appendix A)

Figure 6.5 shows median transmissibilities of four different foam compositions with the
same 25% ILD hardness at approximately 27.0 kgf. The same foam samples shown in
Table 5.2 were used and the same subjects shown in Table 6.1 participated in this study.
As mentioned in Section 5.1.3.2, the ILD hardness is one of the most fundamental
physical values which can represent the static characteristics of polyurethane foam. ltis
often used as a value which specifies the characteristics of polyurethane foam for
designing automotive seat cushions, Therefore, comparing samples with the same 25%

ILD is more practical than comparing samples with the same density.

Transmissibilities of the high durability and the soft feeling compositions were similar and
higher at the resonance than those of other compositions. The tow density composition
had the lowest transmissibility at the resonance. This order of transmissibiiities at the

résonance, as opposed to the results in Section 6.3.1.1, agreed with the vaiues of ball-

3
Low density (24.6%)
Standard (20.8%)
>
= 2 —— High durability (17.4%)
el
g —— Soft feeling (17.6%)
IS
)
=
St
|....
0 ; Pl 1 1 1 ! L 1 1 1
01 10 20

Frequency (Hz)

Figure 6.5 Median transmissibiiities of four different foam compositions with the same
25% ILD hardness at approximately 27.0 kgf. (Data with eight subjects). Numbers in
parentheses indicate hysteresis loss.
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rebound and hysteresis loss shown in Table 5.2. For example, the high durability
composition which had the largest ball-rebound and the smallest hysteresis loss (this
means that the composition was the most resilient) among the four compositions had the
highest transmissibility at resonance. The iow density composition with the smallest ball-
rebound and the largest hysteresis loss had the smallest transmissibility at the
resonance. In the frequency range above 6 Hz, the low density foam had the highest
transmissibility followed by the standard composition. The high durability and soft feeling
compositions had the iowest transmissibility in this frequency range. In general, although
the transmissibilities of the high durability and the soft feeling compositions were similar,
the transmissibilities of the four compositions were consistent with the theory (as the

foam resilience increased, the transmissibility increased at resonance and decreased

over the frequencies range above J2 x the resonance frequency) as opposed to the
results in Section 6.3.1. All four foam samples with different compositions had a similar
amount of deflection and deformed state when the subjects sat on them because of the
same 25% ILD hardness. Extreme deformation, such as bottoming, did not occur in the
study. This might have helped to provide consistent results between the measured data

and the theory.

Table 6.3 shows the results of Friedman two-way analysis of variance by ranks and
measured statistical values with regard to the transmissibility at resonance and the
resonance frequency. There was a significant difference in the ftransmissibility at
resonance, but not in the resonance frequency. This suggests that changing foam
composition is an effective way of changing the foam resilience, however, it does not
affect the resonance frequency. This appears to be an understandable result because in
a single-degree-of-freedom model, the resonance frequency of the system is represented
by Equation (6.“1) and affected by mass and stiffness in the system. When comparing
the transmissibilities of foams with the same foam hardness, and obtained with the same
subject, foam stiffness, k, is similar and mass, m, is also considered similar although a
person does not respond like a rigid mass in a dynamic condition. Therefore, the results
in this section obtained from foams having the same hardness di.d not have the
differences in resonance frequency, in contrast to the results in Section 6.3.1.1 obtained

with foams of different hardnesses (= stiffness).

— | (6.1)
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where f is resonance frequency, Kk is stiffness,

m is mass in a single-degree-of-freedom model.

Table 6.3 Results of Friedman analysis and statistical values at resonance for the
samples with different composition and the same 25% ILD hardness.

Friedman analysis - Measured values
Sample Rank | Signifi- | Median | Mini- | Maxi
cance mum mum
Low density 1.13 1.94 - 1.75 2.04
Transmissibility { Standard 2.31 p<0.01 2.08 1.81 2.33
High durability 3.88 2.21 1.95 2.43
Soft feeling 2.69 2.17 1.93 2.29
Low density 3.25 3.05 2.85 3.66
Frequency Standard 2.69 p>0.05 3.05 2.85 3.46
(Hz) High durability 2.25 3.05 2.85 3.26
- Soft feeling 1.18 2.95 2.85 3.26

6.3.2 Effect of foam density and hardness (Experiment V see Appendix A)

As discussed in Chapter 5, the density and hardness of polyurethane foam affect the
static characteristics (load-deflection curves and pressure distributions) of polyurethane
foam. In this section, the effect of foam density and hardness on the dynamic
characteristics (vibration transmissibility) was investigated. The same ponUrethane foam
samples shown in Table 5.3 in Section 5.1.4 were used and the same eight male

subjects shown in Table 6.1 participated in this study.

Figure 6.6 shows median transmissibilities of the foams with the same composition (=
high durability type} and differenf"foam density and hardness. The transmissibilities of all
samples were similar; there seemed to be little differences among the samples over the
frequency range from 1 to 20 Hz. Table 6.4 shows the results of Friedman two-way
analysis of variance by ranks and measured statistical values with regard to the

transmissibility at resonance and the resonance frequency. There were .no significant

differences for either the transmissibility at resonance or the resonance frequency.
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Figure 6.6 Median transmissibilities of foams with different foam density and hardness
and the.same foam composition (= high durability type). (Data with eight subjects).
Numbers in parentheses indicate hysteresis loss.

Table 6.4 The results of Friedman analysis and statistical measured values at resonance
for the samples with different foam density and hardness and the same foam

composition (= high durability type).

Sample Friedman analysis Measured values

Density | 25%ILD | Rank Signifi- | Median | Mini- Maxi-

(kgm™) | (kgf) cance mum | mum

44 13.0 1.75 2.05 1.82 2.32

49 15.5 2.81 2.11 1.85 2.41

Transmissibility | 55 200 | 363 | p>005 | 220 | 188 | 240
58 247 3.56 2.15 1.85 2.47
62 26.6 3.25 2.09 1.86 242

44 13.0 3.69 3.16 3.05 3.46

Frequency 49 15.5 2.50 3.05 3.05 3.26
(Hz) 52 20.0 2.50 p>0.05 3.05 2.85 3.26

58 247 2.56 3.05 2.85 3.26

62 26.6 3.75 3.26 3.05 3.26
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As shown in Table 5.3 in Section 5.1.4, as the foam density increased, the hysteresis of
the foam tended to decrease. In this situation, it would be expected that the foams with
higher density should have higher transmissibilities at resonance than the foams with
lower density. Figure 6.7 shows a relationship between foam density and median
transmissibility at resonance for the eight subjects. The transmissibility at resonance
increased as foam density increased up to 52 kg.m'a, however, as density increased
more, the transmissibility started to decrease. In Figure 6.7, the transmissibility at
resonance took a peak (the highest) value with a foam density around 52 kg.m™. With
foam density above 52 kg.m™, the transmissibility at resonance decreased, although the
hysteresis loss of the foam decreased. This means that in this foam density range the
damping of the foam increased, even though the hysteresis loss decreased. This
contradiction may have been caused by pneumatic damping processes resulted from the
movement of air through the foam when the foam was compressed. For foams with high
density, struts of cells are wider and denser and air is obstructed more when it passes
through passages between the struts than foams with low density. This might be a

mechanism for increasing the pneumatic damping of foams with high density.
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Figure 6.7 A relationship between foam density and transmissibility at resonance.
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Resonance frequencies were not affected by foam density, either. As shown in Equation
(6.1), the resonance frequency should be affected by stiffness and mass in a system. In
the study, although the human body does not behave like a rigid mass in a dynamic
condition, it should have some relation with the subject's body weight, and stiffness
corresponds to the slope of the load-deflection curve shown in Figure 5.5. Changing

foam density affected the load-deflection curve: with load range more than 40 kgf, the

inclination of the load-deflection curve decreased, as the foam density increased.

Therefore, it had been expected that the foam density would also affect the resonance

frequency. However, there was no statistically significant difference among the samples

at the resonance frequency. This inconsistency might have been caused by the
differences in the foam characteristics between the static condition and the dynamic
condition. As mentioned in Section 2.5.2, the storage modulus of polyurethane foam in
the dynamic condition is affected by many factors, such as vibration frequency and
magnitude. Therefore, the characteristics of polyurethane foam in the dynamic condition
are more complicated than those in the static condition. Geometric change of the foam
cell struts caused by changing the foam density may increase differences of the foam

characteristics between the two conditions.
6.3.3 Effect of foam thickness (Experiment VI, see Appendix A)

The effect of foam thickness on the vibration transmission is discussed in this section.
The same square-shaped polyurethane foams as shown in Table 5.4 in Section 5.1.5
were used. The foam samples had the same square shape (500 mm x 500 mm),
composition (= high resiliency type) and density (= 58 kg.m™), but different thicknesses of
50, 70, 100 and 120 mm. Twelve male subjects participated in this study. Their ages,
weights, upper-body weights and heights are shown in Table 6.5.

Table 6.5 Characteristics of subjects.

Age . Weight Upper-body Height
weight '
(years) (kg) (kg) (cm)
Mean 28.7 73.5 56.6 177.5
Maximum 36 84.0 69.0 183
Minimum 22 62.0 51.0 167
S.D. 4.5 8.3 57 4.5
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Figure 6.8 Median transmissibilities of foams with different thickness with the same
composition (= high resiliency type) and density (= 58 kg.m”). (Data with twelve
subjects). Numbers in parentheses indicate hysteresis loss.

Figure 6.8 shows median transmissibilties for the twelve subjects. The highest
transmissibility at resonance among the four samples was observed with the 120 mm
thick foam, followed by the 100 mm and the 70 mm samples, and the 50 mm sample had
the lowest transmissibility at resonance. The thicker foam had a lower resonance
frequency and the thinner foam had a higher resonance frequency. Table 6.6 shows the
results of Friedman analysis on the vailues at resonance. There were significant
differences in the transmissibilities at resonance and in the resonance frequency among
the samples. However, there was rio significant difference between the 100 mm sample
and the 120 mm sample according to the Wilcoxon matched-pairs signed ranks test.
This may imply that changing sample thickness is an effective means of changing the
dynamic characteristics of foam cushions at resonance. However, in this study it was

only effective over the thickness range from 50 to 100 mm.
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Table 6.6 The results of Friedman analysis and statistical measured values at resonance
for the samples with different foam thickness and the same foam composition (= high
resiliency type) and density (= 58 kg.m™).

Friedman analysis Measured values
Sample Rank | Signifi- | Median | Mini- | Maxi-
cance mum mum
50 mm 1.00 1.87 1.53 2.07
Transmissibility | 70 mm 2.00 | p<0.01 2.21 1.94 2.44
100 mm 3.42 2.44 2.22 2,70
120 mm 3.58 2.50 2.08 2.70
50 mm 4,00 3.91 3.52 4.30
Frequency 70 mm 2.96 | P<0.01 3.52 3.03 3.52
(Hz) 100 mm 1.67 3.13 273 3.13
120 mm 1.38 3.13 273 3.13

In the frequency range above the resonance frequencies, especially higher than 5 Hz,
thinner samples had higher transmissibilities compared with thicker samples. In contrast,
over the frequency ranges below the resonance frequencies, especially lower than 3 Hz,
thicker samples had higher transmissibilities than thinner samples. This means that in
the frequency rahge below the resonance, a thicker foam transmits more vibration than a
thinner foam; at the frequencies above resonance, a thinner foam transfers more

vibration than a thicker foam.

in simple theory, the transmissibility at resonance should relate to the hysteresis loss,
which could represent the damping characteristics of a foam. A larger hysteresis loss
should correspond to a greater damping, which is expected to cause a lower
transmissibility at resonance. The results of this study were consistent with the theory,
except for the sample with 50 mm thickness. The 50 mm sample had almost the same
hysteresis loss as the 70 mm sample, however, the transmissibility at resonance was
obviously lower than that for the 70 mm sample. This may be caused by bottoming. If
the foam is compressed greatly, the foam behaves more rigidly because of the non-linear
characteristics of the foam as shown in Figure 5.6 in Section 5.1.5. Bottoming occurs

more easily in a thinner foam. The hysteresis loss seems to be a useful indicator for
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explaining the foam damping in this study. However, the pneumatic damping, which is

caused by air flow occurring when a foam is compressed and recovers, must also be

considered.

In a single-degree-of-freedom linear model, the resonance frequency of the model (f) can
be defined by Equation (6.1). In the equation, assuming the mass is the same, a greater
stiffness corresponds to higher resonance frequency. Figure 5.6 shows the static non-
linear characteristics of foam. The gradients of the load-deflection curves were smaller
(i.e. less stiffness) with the thicker foams than with the thinner foams over the loaded
range greater than 20 kgf. Therefore the thicker foams should have a lower resonance

frequency than thinner foams. This is consistent with the results of the study.

6.4 DISCUSSION

6.41 Comparison of the effects of foam composition, density, hardness and
thickness on vibration transmissibility

For the comparison of the effects of foam composition, density, hardness and thickness
on the vibration transmissibility, Figure 6.9 provides all the results of these effects from

Figure 6.4, 6.5, 6.6 and 6.8.

Changing the foam thickness influenced the vibration transmission more markedly than
changing the foam composition or foam density and hardness. Both the transmissibility
at resonance and the resonance frequency varied more when changing the foam
thickness than when changing the foam composition or foam 'density/hardness.
Additionally, not only around the resonance frequency, but also over the whole frequency
range up to 20 Hz, the differences in the vibration transmissibility among the samples
were larger when changing the foam thickness than when changing the foam
composition or foam density and hardness. This indicates that changing foam thickness
can be a more useful method than others for changing the dynamic ‘characteristics of
seats, especially for full-depth cushion type seats. However, it was only-r useful over the

foam thickness range from 50 to 100 mm in this study.

There were no significant differences in the transmissibility at resonance and the

resonance frequency among the samples when changing the foam density in this study.
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Figure 6.9 Comparison of the effects of foam composition, density (i.e. hardness) and
thickness on the vibration transmissibility.

However, the hysteresis loss and the gradients of load-deflection curves varied by
changing the foam density. !t is rather complicated, because changing the foam density
can also affect the construction of foam cell struts; this may affect the pneurhatic
damping of polyurethane foam. The inconsistency between the dynamic foam
characteristics and the static foam characteristics implies difficulty in predicting the
dynamic foam characteristics from the static foam characteristics. A further study

regarding the effect of foam density on vibration transmission is required.
6.4.2 A relationship between hysteresis foss and transmissibility at resonance

It is considered that the damping of polyurethane foam consists of pneumatic damping

and the hysteretic damping. The pneumatic damping results from resistance of air flow
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through a foam while the foam is being compressed and recovered: this is affected by
compression speed and cell structures, especially cell membranes. The hysteretic
damping is caused by collapse of the cell struts and subsequent recovéry during the
unloading phase, which is related in some way to the cellular geometry and the viscous-

elastic behaviour of the matrix polymer.

Both the viscous damping system and the hysteretic damping system can be
represented by single-degree-of-freedom models. in the case of the viscous damping,
which corresponds to the pneumatic damping, the model can be described as in Figure
6.10 (a) and'its resonant amplification factor, A, (= the transmissibility at resonance) is
represented by Equation (6.2) (Nashif et al., 1985). For the hysteretic damping, the
model and its resonant amplification factor, Ay, can be as shown in Figure 6.10 (b) and
Equation (6.3). In Figure 6.10, m is the mass, Kk is the stiffness of the'spring, ¢ is the
viscous damping coefficient of the dash-pot, k* is the complex modulus and n is the loss

factor of the hysteretic damping system.

(a) A viscous damping model (b) A hysteretic damping model

Figure 6.10 Single-degree-of-freedom models for the viscous damping and the hysteretic
damping.
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In the viscous damping system, the resonant amplification factor, A,, is described as

follows:

A, = (6.2)

1 1
2A1-C7 T2

Where £ is the damping ratio (= c/c,),
¢ is the damping coefficient,

¢ Is the critical damping coefficient.

Likewise for the hysteretic damping, the resonant amplification factor, Ay, is described as

follows:

(8.3)

=3
|-

Where n 'is the loss factor.

Hysteresis loss obtained from a load-deflection curve is considered related to the
hysteretic damping. As shown in Equation (6.3), the resonance amplification factor is an
inverse function of the loss factor, therefore, the transmissibility at resonance is expected
to be a function of the hysteresis loss. Figure 6.11 shows a relationship between the
hysteresis loss and transmissibility at resonance for all samples discussed in this
chapter. There seems to be a high correlation between the hysteresis loss and the
transmissibility at resonance. In the figure, plots of the soft feeling foam with the same
density and the 50 mm thickness foam appeared to be located apart from other plots:
their transmissibilities at resonance were rather smaller than had been expected. This
may be caused by bottoming. In both foams, bottoming was observed as discussed in

Section 6.3.1 and Section 6.5: the soft feeling foam was too soft and the 50 mm

thickness foam was too thin. -
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Figure 6.11 A relationship between hysteresis loss and transmissibility at resonance.

The transmissibility at resonance is an inverse function of the loss factor as described in
Equation (6.3), therefore an inverse regression analysis between the hysteresis loss and
the transmissibility at resonance was carried out. Data from the two samples with
bottoming were omitted from the regression analysis. As shown in Figure 6.12, a high
correlation was found between the hysteresis loss and the transmissibility at rescnance.
The correlation coefficient (R = 0.934, R? = 0.873) was significant (p < 0.001). Even in
the case of adopting a linear regression, the correlation was aiso high (R = 0.907, R? =
0.823, p < 0.001).

Damping of polyurethane foam is more complicated than viscous damping alone or the
hysteretic damping alone, because it is considered a complex combination of these two
dampings. However, the resuits of the regression analyses revealed that the hysteresis
loss has a high correlation with ':he transmissibility at resonance, even though it was
obtained from a load-deflection curve which belongs to quasi-static characteristics. This
implies that the hysteresis could be a useful indicator of the damping of polyurethane

foam.
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Figure 6.12 Results of regression analyses between the hysteresis loss and the
transmissibility at resonance.

Although there was a correlation between the hysteresis loss and the transmissibility at
resonance in Figure 6.12, the characte.ristics of polyurethane foam in dynamic conditions
are more complicated than those in stétic conditions. The dynamic characteristics of
polyurethane foam are affected not only by foam characteristics but also by vibration
characteristics, such as the magnitude and frequency. In fact, there were several
inconsistencies between theory and the resuits shown in this chapter. Therefore, it is
difficult to explain the dynamic characteristics of a person-polyurethane foam system
entirely by simple static foam characteristics and subject's body weight, such as a

stiffness, a loss factor and a mass.

@
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CHAPTER 7

EFFECT OF SAMPLE SHAPE AND SEAT COVER
ON THE CHARACTERISTICS OF AUTOMOTIVE SEATS

7.1 INTRODUCTION

There are several types of vehicle seat, such as full-depth cushion type seats, spring
support type seats and suspension seats. The full-depth cushion type seat has the
simplest seat construction (it roughly consists of a cushion pad, a seat cover and a
cushion pan) and has become popular especially for compact cars because of its light

weight and lower production cost.

For a full-depth cushion type automotive seat, a foam cushion pad plays a significant role
in determining the seat characteristics, both statically and dynamically. Chapter 5 and
Chapter‘ 6 discussed the effect of polyurethane foam properties, such as foam
composition, foam hardness and density and foam thickness on the static characteristics
and the dynamic characteristics of foam cushions. The results showed that most of the
foam properties, except foam hardness and density for transmissibility, affected the foam
static characteristics and the dynamic characteristics. In addition to the polyurethane
foam pad, there are other possible factors, which could affect the cushion characteristics
of a fuli-depth cushion type automotive seat. One of the main factors is the seat cover.
Therefore, the effect of a seat cover on the seat characteristics is discussed in this
chapter. Four full-depth cushion type automotive seats with different foam compositions
were compared in terms of their load-deflection curves and transmissibilities with and
without seat covers. The load-deflection curves and the transmissibilities between
square-shaped samples and seats without covers were also compared so as to
investigate the effect of sample shape.

<

7.2 METHOD

The load-deflection curves were obtained by the same procedure as described in Section

5.1.2; compression with a 200 mm diameter circular plate at a speed of 100 mm.min™" up

to 105 kgf leading.




For measuring the transmissibilities, the same eight subjects as shown in Table 6.1
participated in this study. The procedu're and the vibration for m_easuring the

transmissibilities were also the same as those described in Chapter 6.

Four full-depth cushion type automotive seats (driver seats of Mazda 626: thickness of
the foam pad approximately 120 mm underneath the ischial bones) and four square-
shaped (500 mm x 500 mm x 100 mm) polyurethane foams with different HR (i.e. High
Resilient) compositions were used for the study. The densities of the foam samples were
determined to have the same 25% ILD hardness. The densities of the square-shaped
foams were the same as those of the foam cushion pads as long as th.e foam
compositions were the same. However, the 26% ILD hardnesses for the cushion pads
and the square-shaped foams were different from each other because the hardness of
polyurethane foam is strongly affected by the shape and the thicknéss of the samples.
Table 7.1 shows the characteristics of the foam cushion pads and the square-shaped

foams.

Table 7.1 Characteristics of foam cushion pads and square-shaped foams.

Composition Density 25% ILD hardness of | 25% ILD hardness of
foam cushion pad square-shaped foam
(kgf.m™) (kgf) (kgf)
Low density 45 27.1 20.8
Standard 52 27.1 21.1
High durability 55 27.0 21.2
Soft feeling 65 26.2 21.0

Seat covers for the automotive seats used for the study consisted of the following
materials:
« Surface fabric: moquette {polyester and wool);
thickness = 3 mm.
» Polyurethane foam: density = 26 kg.m'a;
25% ILD hardness = 11.7 kgf;
thickness = 15 mm.

» Reinforcement fabric: nylon.
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7.3 RESULTS
7.3.1  Effect of sample shape and seat cover on the load-deflection curves

Figure 7.1 compares the load-deflection curves of the square-shaped sample, the
cushion pad without a seat cover and the cushion pad with a seat cover. The foam
composition was of the high durability type. There were differences in the shapes of the
curves among the three samples. When comparing the curves of the square-shaped
sample and the cushion pad without a cover, the defiection of the cushion pad without a
cover was larger than that of the square-shaped sample. These differences were caused
by differences of sample thickness, top surface shape (especially effects of slits on the
top surface) and under surface shape. When comparing the curves of the cushion pad
without a seat cover and the pad with a seat cover, even though the shapes of the
samples were the same, there were considerable differences between them. The [oad-
deflection curve of the cushion pad with a seat cover had straighter shape and greater

hysteresis loss compared with that of the cushion pad without a seat cover.
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Figure 7.1 Effect of sample shape and a seat cover on a load-deflection curve. (Foam
composition: high durability type. Numbers in parentheses stand for hysteresis loss.)
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Figure 7.2 shows a relationship between applied load to the samples and the stiffness of
the samples. Stiffness is the gradient of the load-deflection curve at a certain loaded
point. The stiffnesses for the square-shaped sample and the cushion pad without a seat
cover were similar to each other. The stiffness of the samples increased as the applied
load increased. This is because of the non-linear characteristics of polyurethane foams.
However, the stiffness of the cushion pad with a seat cover behaved differently from the
other two samples. With small applied loads, the stiffness of the cushion pad with a seat
cover was similar to those of the other samples. As the applied load increased,
differences in the stiffness between the pad with a cover and the other two samples
increased. This feature in the figure, together with the shape of the iload-deflection
curves in Figure 7.1, implies that the curve of the cushion pad with a seat cover was
more linear than those of the other two samples. This linearity may be caused by the
effect of a seat cover: the load-deflection curve of the cushion pad with a seat cover was
less affected by the polyurethane foam, which has strong non-linear characteristics. A
seat cover also affected the hysteresis loss. Although thé same polyurethane foam was

used, the hysteresis loss of the pad with a cover was greater than that of the pad without

a cover.
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Figure 7.2 Relationship between load and sample stiffness. (Foam composition: high
durability type.) -

177




7.3.2

Effect of sample shape on vibration transmission (Experiment Vil-1 and

VIi-2, see Appendix A)

Median transmissibilities of the three samples obtained with the eight subjects are

compared in Figure 7.3. When comparing the transmissibilities of the square-shaped

samples and the cushion pads without seat covers, there were remarkable differences

between them, especially at frequencies below 10 Hz. These differences seemed to be

caused by differences of the resonance frequency rather than differences in the

transmissibility at resonance.

Table 7.2 shows the results of Wilcoxon matched-pair

signed ranks tests on the transmissibility at resonance and the resonance frequency. As

Transmissibility

Transmissibility

(a) Low density

s, S LETE-S haped (24.3 %)

—— Withouta cover (28.0 %)

With a cover (34.3 %)

Frequency (Hz)

20

{c) High durability
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—-— With a cover (29.0 %)
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Figure 7.3 Effect of sample shépe and a seat cover on the vibration transmission.
(Medians with eight subjects.)
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Table 7.2 Results of Wilcoxon matched-pair signed ranks test and median values at
resonance on the effect of sample shape: the square-shaped samples and the cushion
pads without seat covers.

Composition Wilcoxon test Median values
Significance | Square-shaped | Without a cover
Low density p>0.05 1.94 1.85
Transmissibility | Standard p>0.05 2.08 2.06
High durability p>0.05 2.21 2.25
Soft feeling p>0.05 217 2.15
Low density p<0.05 3.05 3.77
Frequency Standard p<0.05 3.05 3.66
(Hz) High durability p<0.05 3.05 3.66
Soft feeling p<0.05 2.95 3.66

shown in the table, there were no statistically significant differences in the transmissibility
at reson‘ance between the samples due to foam composition. ‘However, there were
statistically significant differences in resonance frequency between the samples. The
results of Wilcoxon matched-pair signed ranks tests shows that sample shape affected

the resonance frequency but not the transmissibility at resonance in this study.

7.3.3 Effect of seat cover on vibration transmission (Experiment VII-2 and VII-3,

see Appendix A)

Figure 7.3 also shows an effect of the seat cover on the vibration fransmission.
Differences in the transmissibilities between the cushion pads without seat covers and
the cushion pads with seat covers were smaller than those between the square-shaped
samples and the cushion pads without seat covers. The differences were seen only at
frequencies around resonances and seemed to be caused by differences in the
transmissibility at resonance. Table 7.3 shows the resuits of Wilcdxon matched-pair
signed ranks tests on the transmissibility at resonance and the resonance frequency.
The tranémissibilities at resonance for the pads with covers were lower than those for the
pads without covers, except the standard type composition. This means that a seat
cover increased the damping of the seat. Although statistically significant differences

were found for the resonance frequency for compositions of the standard type and the

179




Table 7.3 Results of Wilcoxon matched-pair signed ranks test and median values at
resonance on the effect of a seat cover: comparison between the cushion pads without
seaf covers and the cushion pads with seat covers.

Compaosition Wilcoxon test Median values
Significance | Without a cover With a cover
Low density p<0.05 1.95 1.84
Transmissibility | Standard p>0.05 2.06 2.07
High durability p<0.05 2.25 2.05
Soft feeling p<0.05 2.15 1.90
Low density p>0.05 377 3.77
Frequency Standard p<0.05 3.66 3.77
(Hz) High durability p>0.05 3.66 3.66
Soft feeling 0<0.05 3.66 387

soft feeling type, the differences were small: the difference in median values for the
standard type foam composition was 0.11 Hz and that for the soft feeling foam was 0.21

Hz.

The static stiffnesses of the square-shaped sample and the pad without a cover obtained
from load-deflection curves, as shown in Figure 7.2, were similar.r However, the
resonance frequencies of the two samples were different, as shown in Table 7.2.
Conversely, although the stiffness of the pad without a cover and the pad with a cover
were different, there was no statistically significant difference in the resonance frequency
between the samples. Although these results were only obtained with high durability type
foam composition, the results imply that the dynamic characteristics of potyureth'ane

foams or seats are different from the static characteristics.

7.3.4 Relationships among the samples with regard to the transmissibility at
resonance and the resonance frequency (Experiment Vi-1, ViI-2 and VII-3,

see Appendix A)

Figure 7.4 shows relationships between the transmissibility at resonance and the

resonance frequency among the three samples: the square-shaped samples, the cushion

pads without covers and the cushion pads with covers. There were significant
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correlations in both the transmissibility at resonance and the resonance frequency among
the three samples. The correlations in the trénsmissibiiity at resonance were espedcially
high. These significant correlations among the three samples showed that the
characteristics of polyurethane foam (ie. the transmissibilty at resonance and the
resonance frequency) reflect the characteristics of an assembled seat. For example, in
comparing different foam compositions, if a foam composition with a square-shaped
sample or a pad without a cover had a higher transmissibility at resonance than an other
foam composition, then an assembled seat with this foam composition should also have

a higher transmissibility than seats with the other foam composition.

For both the transmissibility at rescnance and the resonance frequency, the correlation
between the pads without covers and the pads with covers were higher than those
between the square-shaped samples and the pads with covers. Th-is implies that
prediction of the dynamic characteristics of an assembled seat may be more accurate

when using pads without a seat cover than when using square-shaped sampies.
7.4 DISCUSSION

Even though precise quantitative prediction may be difficult, qualitative prediction of seat
transmissibility at the resonance or the seat resonance frequency may be possible from
results obtained with square-shaped samples or foam cushion pads without seat covers.
This is useful information when designing new foam compositions, because differences
between foam compositions in the vibration transmission of a seat can be predicted from
the results with square-shape samples or foam cushion pads without seat covers.
Making and testing square-shaped samples or foam cushion pads without seat covers is
much simpler and easier than constructing an assembled seat. This would save time

and costs when developing new foam compositions.

The seats used for this study were real automotive seats for commercial use (Mazda
626) and the material of the seat cover was moquette. However, there are several other
types of material for seat covers, such as leather, cloth and vinyl. The pérmeability of air
thorough these materials is quite different from that of moquette. The effect of seat cover
material is considered to be one of the important factors determining the dynamic

characteristics of automotive seats, because the permeability of air through a seat cover

affects the pneumatic damping of a seat. The vibration transmission of the seat may




therefore be significantly affected by the type of seat cover material. Further studies of

the effect of different seat cover materials are recommended.

It is also recommended to carry out similar studies using different seats with different

cushion pad shapes and different seat constructions.
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CHAPTER 8

EFFECT OF CUSHION PAD CONSTRUCTION ON SEAT CHARACTERISTICS

8.1 INTRODUCTION

Polyurethane foam pads play a significant role in determining seat characteristics and
seat comfort. Many types of polyurethane foam have been developed in order to
improve seat comfort. Several studies have been carried out regarding the effect of
polyurethane foam characteristics on seat characteristics or seat comfort (Glaister, 1961;
Blair ef al., 1996; Kinkelaar and Cavender, 1996 and Swellam et al, 1997). These
studies focused on the differences in foam composition or foam cell geometry obtained
by chemical control and how they affected the foam characteristics. As described in
Chapter 5 and Chapter 6, foam composition, foam density and hardness and foam
thickness significantly affect the static foam characteristics and the dynamic foam

characteristics.

Inserting objects which have a larger area than the buttocks into a foam could also
change foam characteristics. The objects can make the compression area larger than
the buttocks. This study compared the effects of cushion pad construction on vibration
transmission by inserting objects at 30 mm from the surface of a cushion pad. The
vibration used for the tests was that recorded on the floor of an automobile running on a

bumpy road and a motorway (M27).
8.2 THEORY

Not all parts of a polyurethane foam cushion pad, but a limited part underneath the
buttocks, supports a passenger's weight and works as a viscoelastic material. As shown
in Figure 8.1, an inserted board changes the compression area. In consequence, the
spring properties of polyurethane foam are also expected to change if the polyurethane
foam is compressed over a larger area than the buttocks. Figure 8.2 shows simple
models of the effects of compression area and foam thickness on the spring constant of
a foam pad. Even if a foam pad ié made of the same polyurethane foam, its spring

constant varies depending on its compression area and thickness.
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Figure 8.1 Effect of the inserted board on the compression area.
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Figure 8.2 Effect of compression area and foam thickness on the spring constant of foam
samples.
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8.3 METHOD

Twelve male subjects participated in this study. Their ages, weights and heights are

shown in Table 8.1.

i Table 8.1 Characteristics of subjects.

Age Weight Height
(years) (k@) (cm)
Mean 27.3 69.3 176.5
Maximum 34 76.0 186.0
Minimum 22 60.5 168.0
S.D. 4.3 4.6 5.8

Three automotive seats (Mazda 626) used in this study were full-depth cushion type
seats having the same foam composition (i.e. high durability type), the same shape and
the same seat cover. Only the construction of the cushion pad was different. Two
different members were inserted into the cushion pads in order to change the

compression area. The details of the inserted members are as follows:

(a) Polypropylene board
Material: polypropylene
Dimension: 280 x 230 x 3 (mm)
Insert position: 30 mm from the pad surface
(b) Dual cell construction foam"
Material: polyether foam (cell size: nine cells per inch)
Dimension: 280 x 230 x 30 (mm)
Insert position: 30 mim from the pad surface
It is obtained by forming polyurethane foam in a ready made foam with
considerable large cells without cell membranes. It has much harder 25%

ILD hardness than normal polyurethane foam, but it does not lose flexibility.

Figure 8.3 shows the dimension and position of the inserted member in the cushion pad.
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“~lnsert member

_ Pad surface

insert member

Figure 8.3 Construction of cushion pad. Insert member located 30 mm from the pad
surface. The thickness of the cushion pad is approximately 120 mm underneath around
ischial bones.

Table 8.2 shows the characteristics of the cushion pads used in the seats.

Table 8.2 Characteristics of the cushion pad.

Density 25% ILD § Hysteresis Comment
Sample hardPess loss _
(kg.m") (kgf) (%)
Normal 60 18.2 22.8 High durability type HR foam
withoutf any insert member.
Polypropylene 56 19.2 24.5 High durability type HR foam with
a polypropylene board.
Dual cell 61 20.8 24.6 High durability type HR foam with
a dual cell construction foam.
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All cushion pads were made to have the same 25% ILD hardness. However, their

densities were different due to the different characteristics of the pad constructions.

The vertical vibrations used for the dynamic test were measured on the floor underneath
" the driver's seat of a car (Mazda 628) using accelerometers, and were recorded using
the signal processing system, HVLab. The vibration on a bumpy road was acquired at a
speed of 30 m.p.h. for a period of 30 seconds. The vibration on a motorway was
acquired at 70 m.p.h. for a 30 second duration. The acceleration power spectral
densities of the vibrations are shown in Figure 8.4: their frequency ranges were 0.8 to 50
Mz, their magnitudes (unweighted) were 0.67 m.s? r.m.s. for the bumpy road and 0.59
m.s? r.m.s. for the motorway. The figure also shows the power spectral densities

generated by the shaker in the laboratory during the experiment.

The seats were fixed on the table of the shaker. The subjects sat on the seats and were
allowed to take a comfortable posture. The setting of the seats, such as the angle of the
backrest and inclination of the cushion, were the same as those used when testing this

seat in the vehicle. Figure 8.5 shows the seat shape and sitting posture.

(a) Bumpy road (b) Motorway
log(m.s" 3Kz log(m.s%%Hz
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Figure 8.4 Power spectral densities of measured vibration and generated vibration used
for the dynamic tests. (a) bumpy road run with magnitude (unweighted) of 0.67 m.s?
r.m.s. (b) motorway run with magnitude (unweighted) of 0.58 m.s™ r.m.s.
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Figure 8.5 Seat shape and sitting posture.

8.4 RESULTS
8.4.1 Static characteristics

Figure 8.6 shows load-deflection curves for the cushion pads. Although their 25% ILD
hardnesses were similar, there were considerable differences among the samples.. At
the elastic region (i.e. up to 15 kgf loading, which corresponds to a region A in Figure
2.15 in Section 2.5.1), the stiffnesses (i.e. the gradient of the load-deflection curve) of the
cushion pads with the inserted members were smaller than those of the normal cushion
pad. However, when a further load was applied to the cushion pad, which was the
buckling region or the dense region ¢hey correspond to regions B and C in Figure 2.15 in
Section 2.5.1), the stifnesses of the cushion pads with the inserted members were
greater than those of the normal pad. This means that the cushion pads with the
inserted members behaved as softer foams than the normal ones at the elastic region,
when a small load was applied, and acted as harder foams in the buckling region, or the

dense region. These characteristics of cushion pads could not be obtained by changing
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Figure 8.6 Effect of seat pad construction on the load-deflection curves. Numbers in
parenthéses indicate hysteresis loss.

the foam composition, foam density and hardness, or foam thickness as discussed in
Section 5.1, because they are caused by changing the compression area with the

inserted members.
8.42 Dynamic characteristics (Experiment VIiI, see Appendix A)

Figure 8.7 shows median transmissibilities of automotive seats with the different cushion
pads and with the twelve subjects exposed to a vibration acquired with the bumpy road

vibration. There seemed to be not much differences among the seats.

Table 8.3 shows the results of -Friedman two-way analysis of variance by ranks and
measured statistical values. 'with regard to the fransmissibility at resonance and the
resonance frequency when comparing the seats. There were no statistically significant
differences among the seats with regard to the transmissibility at resonance or the

resonance frequency. Although the stiffness and the hysteresis loss of the cushion pads

obtained from load-deflection curves were different, there were no differences at the
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Figure 8.7 Median transmissibilities of automotive seats for the bumpy road run. (Data
with twelve subjects.) Magnitude (unweighted) of input vibration on the fioor was 0.67
m.s? r.ms. Numbers in parentheses indicate hysteresis loss obtained from load-
deflection curves.

resonance among the seats. This means that the cushion pad construction mainly
affected the static characteristics of the cushion pads, but did not influence the dynamic

characteristics in this study.

Table 8.3 Results of Friedman analysis and statistical values at rescnance for the seats
for a bumpy road vibration. ‘

Friedman Measured values
analysis

Sample Rank | Signifi- | Median | Mini- | Maxi- | S.D.

cance mum | mum
Normal - 2.04 2.38 215 | 3.03 0.23
Transmissibility | Polypropylene 2.33 | p=0.05 2.48 2.29 2.95 0.18
Dual cell | 1.63 2.33 2.21 2,62 0.12
Frequency Normal 1.96 4,49 410 4.88 0.27
(Hz) Polypropylene | 1.79 | p>0.05 | 4.49 410 | 488 | 0.24
Dual cell 2.25 449 | 410 | 488 | 024
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Figure 8.8 shows median transmissibilities of the seats when exposed to vibration
acquired on the motorway. There seems to be larger differences among the seats

compared with the transmissibilities for the bumpy road shown in Figure 8.7.

Table 8.4 shows the results of Friedman two-way analysis of variance by ranks and
measured statistical values with regard to the transmissibility at resonance and the
resonance frequency. There were statistically significant differences concerning the
resonance frequency. The seat with the polypropylene board had a higher resonance
frequency than the other seats. However, statistically significant differences were found
only between the seat with the polypropylene board and the seat with the normal cushion
pad by Wilcoxon matched-pair signed ranks test. Although there were no significant
differences in the transmissibility at resonance, the seat with the polypropylene board
had the highest median transmissibility and was followed by the seats with the dual cell
construction foam and the seat with the normal cushion pad. The effect of the cushion
pad construction on the dynamic characteristics of the seat was more obvious on the

motorway than on the bumpy road.
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Figure 8.8 Median transmissibilities of automotive seats for the motorway. (Data with
twelve subjects). Magnitude (unweighted) of input vibraticn on a floor was 0.59 m.s
r.m.s. Numbers in parentheses indicate hysteresis loss obtained from load-deflection
curves.




Table 8.4 Results of Friedman analysis and statistical values at resonance for the seats
for a motorway run. '

Friedman Measured values
analysis
Sample Rank | Signifi- | Median | Mini- | Maxi- | S.D.
cance ' mum | mum

Normal 1.71 2.39 2.14 3.22 0.37
Transmissibility | Polypropylene 2.33 | p>0.05 2.80 2.38 3.21 0.25
Dual cell 1.96 2.63 222 2.88 0.20
Frequency Normal 1.71 4.88 4,29 5.46 0.32
(Hz) Polypropylene 254 | p<0.05 5.07 4.68 5.66 0.30
Dual cell 1.75 5.07 410 5.66 | 0.39

With respect to the transmissibility at resonance, the standard deviation for the seats with
the inserted members was considerably smaller than that for the seat with the normal
cushion pad for both the bumpy road and the motorway. This implies that the inserted
members decreased the variation of the transmissibility at resonance, which was caused

by the differences among the subjects.
8.5 DISCUSSION

The construction of a cushion pad, which was changed by inserting a polypropylene
board or the dual cell construction foam into a cushion pad, affected the static
characteristics (i.e. load-deflection curve) of a cushion pad. However, they did not affect
the dynamic characteristics of the seats as much as the static characteristics, except' the
resonance frequency when being exposed to a vibration from the motorway. It might be
expected that if a person-seat system can be simulated with a simple single-degree-of-
freedom model, the dynamic characteristics of a cushion pad or a seat would be changed
when their static characterigtics changed. This inconsistenc:‘y'between the static
characteristics of a cushion pad and the dynamic characteristics of a seat implies
difficulties in predicting the dynamic characteristics of a seat from the static

characteristics of a seat or those of seat components. The effect of a seat cover or seat

assembly condition may be another reason for the inconsistency.




The effect of material or size or location of an insert member has not been studied.
Therefore, optimisation of an insert member‘was not investigated in this study. Greater
changes in the static characteristics or the dynamic characteristics of a cushion pad or a
seat than those observed in this study may be expected by optimising the inserted

member. Further study to optimise inserted members is recommended.
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CHAPTER 9

FACTORS AFFECTING STATIC SEAT COMFORT

9.1 INTRODUCTION

Vehicles seats should have various functions, such as holding occupants, supporting
occupants’ postures and isolating occupants from the vibration through a floor. Among
these functions, some of the most important matters for designing vehicle seats are
safety and comfort. With regard to safety, vehicle seats should protect occupants from a
shock or a vibration in an accident or other conditions in use. In addition to the safety,
vehicle seats should provide a comfortable atmosphere for occupants. In general,
vehicle seat comfort can be divided into two categories: static comfort and dynamic
comfort. The static comfort normally means the seat sitting impression given by the
occupan'Es having no vibration exposure. The dynamic comfort means the seat sitting

impression they have while being exposed to vibration.

To understand seat comfort, it is a useful way to find seat physical values that relate to
the seat sitting feeling. It is also useful when designing vehicle seats because the
subjective seat comfort can be predicted from the objective seat physical values, and the
seat sitting impression could be changed by changing the seat physical values. As
described in Sections 2.4 and 2.5, many studies have been carried out in order to find a
relationship between the objective seat values and the subjective seat sitting feeling in
various conditions. In this chapter, factors affecting the seat or foam sitting feeling in a
condition without vibration exposure (in a condition, where the occupants are not
exposed to vibration) were investigated by comparing the foam physical values with the

results of subjective comfort evaluations.

9.2 METHOD

In order to obtain the subjective sitting feeling, either original Scheffe’s paired comparison
method or modified Scheffe’s paired comparison method (Ura’s method) was adopted

(Miura et al., 1973). The subjects were required to compare the relative static seat
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comfort of two samples when dropping into them. After this comparison for one pair of

seats, another pair of seats was compared.

There were six combinations for four different seats (4C; = 6). The order of these
combinations was randomised. Each combination was tested twice in a different sitting
order so as to take into account the order effect. Therefore, the subjects assessed

twelve combinations in total.

Before commencing the experiment, the subjects were given the instruction on the

method of the experiment and were asked to respond to the questions:

“Please judge the relative discomfort when dropping into each sample

using the following scale.”

The subjects were required to assess the relative discomfort of each sitting in terms of
seven category numbers or category words as below:

+3 : 1st VERY MUCH MORE COMFORT than 2nd

+2 : 1st DEFINITELY MORE COMFORT than 2nd

+1: 1st SLIGHTLY MORE COMFORT than 2nd

0: 1st THE SAME COMFORT than 2nd

-1: 1st SLIGHTLY LESS COMFORT than 2nd

-2 : 1st DEFINITELY LESS COMFORT than 2nd

-3 : 1st VERY MUCH LESS COMFORT than 2nd

The subjects were aflowed to answer either by numbers or by words. If the subjects

answered by number, the experimenter confirmed the number in terms of words.

The subjects sat on the seats and were aliowed to take a comfortable posture. The
setting of the seats, such as the angle of the backrest and the inclination of the cushion,

were the same as those shown in Figure 8.5 in Section 8.3.
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9.3 RESULTS

8.3.1 In the case of small differences among samples (Experiment IX, see Appendix

A)

The paired comparison test of the sitting feeling was conducted in order to find out the
physical values which relate to the static seat comfort. Twelve male subjects participated
in this study. The same twelve subjects, as shown in Table 8.1 in Section 8.3, sat on
four full-depth cushion type automotive seats (Mazda 626, driver's seats), whose cushion
pads were made of different polyurethane foam compositions with the same 25% ILD
hardness. Table 9.1 shows the characteristics of the polyurethane foam pads used in

the automotive seats.

The subjects were required to compare the relative sitting impression of two automotive
seats in a pair according to the experimental procedure described in Section 9.2.
Although there was no specific duration for the experiment, most of the subjects were
sitting oﬁ each seat for 3 fo 10 seconds and assessed the relative comfort within 10

seconds after the second seat sitting.

The summary of the analysis of variance for the static seat comfort obtained by the
original Scheffe's paired comparison test is illustrated in Table 9.2 (the details of the
calculation procedure for a relevant case are shown in Appendix B). There was a
significant difference in the primary effect. This means that there were statistical
significant differences in the static seat comfort among the four seats. A significant

combination effect or order effect were not found in this study.

Table 9.1 Characteristics of cushion pad with the same 25% ILD hardness.

Composition 25% ILD hardness Density Ball rebound | Hysteresis loss
type (kgf) (kg.m”) (%) (%)
Low density 20.8 45 83 28.0
Standard 211 52 65 25.5
High durability 21.2 55 71 23.6
Soft feeling - 21.0 65 69 19.3
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Table 9.2 Summary of analysis of variance for the static seat comfort of automotive seats
obtained by the original Scheffe’'s method. '

Sum of Degree of Variance F Significance
squares freedam
Primary 42.38 3 14.13 15.73 <0.01
Combination 2.21 3 0.74 0.82 >0.05
Order 6.92 8 1.15 1.28 >0.05
Error 118.50 132 0.90
Total 170 144

Figure 9.1 shows the average comfort scores of the four seats for the static seat comfort
obtained by the paired comparison test (the details of the calculation procedure for a
relevant case are shown in Appendix B). Larger comfort scores indicate “more
comfortable”. If the distance between samples was greater than the yardstick for a given
probability, a significant difference exists between the samples at that probability.

Together with the results of the analysis of variance shown in Table 9.2, there were

significant differences in the static seat comfort among the samples, even though they

had the same 25% ILD hardness foam cushion pad. The seat with the high durability
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Figure 9.1 Average comfort scores for the seats and the yardsticks for the static seat
comfort.

198




foam was evaluated as the most comfortable seat and the seat made of the low density

foam was evaluated as the least comfortable seat.

In order to find seat physical values related to the static seat comfort, several static seat
physical values, such as deflection, stiffness, hysteresis loss and SAG factor (see
Section 2.5.3), were compared with the results of the static seat comfort experiment (i.e.
comfort scores). Figure 9.2 iflustrates the four automotive seats’ load-deflection curves,
which are considered one of the typical physical values indicating static seat
characteristics. The figure shows that even though 25% ILD hardnesses of polyurethane
foam cushion pads were the same, there were differences in the load-deflection curves
among the four seats when being loaded greater than 30 kgf. Together with the results in
Section 5.1.3.2, this means that load-deflection curves in the more greatly loaded region
varied depending on the polyurethane foam composition, despite their 25% ILD
hardnesses being the same. This change of load-deflection curves could affect the static

seat feeling.
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Figure 8.2 Load-deflection curves of automotive seats with different foam cushion pads.
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The highest correlation was found between the comfort scores and the seat stiffness in
this study. The seat stiffness was the gradient of a load-deflection curve obtained by
compressing the seat with a 200 mm diameter circular plate. The gradient of a load-
deflection curve was calculated from a line which was drawn by tracing two points on the
curve after adding and subtracting 5 kgf from the appointed load during compression.
For example, Figure 9.3 and Equation (9.1) show a definition of the stiffness at a 40 kaf

load.

Stiffness at 40 kgf (kgf.mm™) = iii = Lo -ls 9.1)
X

Lis| -
L40
LSS

Load (kgf)

0 Dis Das
Deflection (mm)

Figure 9.3 Definition of stiffness at a 40 kgf load.

A relationship between the seat stiffness and the static seat comfort is shown in Figure
g.4. The figure suggests that thé static seat comfort correlated with the seat stiffness.
The seats with smaller stiffness tended to be evaluated as more comfortable in the static
condition than the seats with greater stifiness. The highest correlation was found when
the seat was loaded at 50 kgf, its R-square value was 0.924 and a significance level of a
linear regression was 0.039. Nearly the same high correlation was also found when it

was loaded at 60 kgf (RT2 = 0.921, p = 0.040). Although the correlation was not as high
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Figure 9.4 Relationship between seat stiffness and comfort score (i.e. static seat comfort)
for the automotive seat with different foam compositions.

as in the case of the seat loaded at 50 or 60 kgf, there was a fairly high correlation when

it was loaded at 40 kgf (R? = 0.868, p = 0.068). However, the correlation found with 70
kgf load (R® = 0.515, p = 0.283) was not high.

it can be concluded that there was a high correlation between the seat stiffness, when

loaded around 50 kgf, and the static seat comfort. The seats with less stiffness tended to

be evaluated as more comfortable than those with greater stiffnesses. The seat stiffness

could be an indicator for predicting the static seat comfort.
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9.3.2  In the case of large differences among samples

(1) A relationship between sample stiffness and static seat comfort (Experiment X,
see Appendix A)

In order to confirm the relationship between the seat stiffness and the static seat comfort,
ancther paired comparison test was conducted using samples with a wider range of
stiffness than those compared in Section 9.3.1. The same twelve male subjects, as
shown in Table 5.8 in Section 5.2.5, participated in this study. The square-shaped (500
mm x 500 mm x 100 mm) polyurethane foams were used instead of the automotive
seats. They were the same samples as shown in Table 5.9 in Section 5.2.5, made of the

same HR foam composition (i.e. high resilient type} with 25% ILD hardness range from

12.2 10 29.1 kgf. The hardness of the samples was varied by changing foam density.

Load-deflection curves for the samples are shown in Figure 9.5.
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Figure 9.5 Load-deflection curves of square-shaped samples with different 25% LD
hardness. Numbers in parentheses indicate hysteresis loss.
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Figure 9.6 Relationship between the load and the stiffness of the samples.

Figure 9.6 shows a relationship between the load and the stiffness of the foam samples.
At a small load around 30 kgf, there was not significant differences among the samples.
However, as the load increased, the differences of the stiffness among the samples
increased. Especially the stiffness of samples with smaller hardness increased more
significantly than those with greater hardness. This may be caused by the botftoming

which tends to occur at soft foam samples.

Table 9.3 Summary of analysis of variance for the static seat comfort of square-shaped
foam samples obtained by a modified Scheffe's method (Ura’s method). -

Sum of Degree of Variance F Significance
squares freedom
Primary 89.80 4 22.45 32.41 <0.01
Primary x 147.40 44 3.35 4.84 <0.05
individual o
Combination 11.78 6 1.96 284 | <005
Order 0.07 1 0.07 0.10 >0.05
Order x 6.43 11 0.58 0.84 >0.05
individual
Error 120.52 174 0.69
Total ' 376 240 '
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Table 9.3 shows a summary of the analysis of variance for the static seat comfort
obtained by the modified Scheffe’s (Ura's methad) paired comparison-test. Compared
afe with the original Scheffe’s method shown in Table 9.2, this method can examine subjects’
individual differences on the primary effect and the order effect in addition to the primary
?'_' effect, the combination effect and the order effect which are obtained by the ariginal
Sheffe’s method. The tabie shows that there were significant levels on the primary (i e.
sample) effect, subjects’ individual difference on the primary effect and the combination
effect.
(a) Loaded at 40 kgf (b) Loaded at 50 kgf
| 0.5 0.5 .
© 00} ® 00}
: (=} (=}
LN 2 Q
A € - o 12.2kgf £ o 12.2Kgf
E a 15.9kgf E 15.9 kgf
8 05 [ |« 21.0kgf S 05| |, 21.0kg
a 25.2kgf a4 25.2kgf
o 29.1kgf o 29.1kgf
-1.0 I 1 -1.0 1 L
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Sample stiffness (kgf mm™) Sample stiffness (kgf.mm™)
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Figure 9.7 Relationship between foam stiffness and comfort score (ie. static seat
comfort) for foam samples with a wide range of hardness.
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Figure 9.7 shows a relationship between the sample stiffness and the static seat comfort.
In the case of a wide range of sample stiffnesses, a linear relationship between the
sample stiffness and the static seat comfort did not exist. As a whole, there was a peak
in the comfort score at a certain stiffness: too great or too small stiffness was evaluated
as giving an unpleasant static feeling. These are understandable results, because
humans tend to feel extreme stimuli as unpleasant. This happens not only in terms of
the seat comfort but also for many other subjective preference evaluations, such as
preferences in room temperature, loudness of music and room brightness. This non-
linear peak tendency was more obvious when the foam samples were loaded at 50 or 60
kgf than when loaded at 40 or 70 kgf: the shapes of peak fines in the figures were

smoother when the foams were loaded at 50 or 60 kgf than when loaded at 40 or 70 kgf.

In addition to the subjective preference tendency, another reason fof the non-linear
relationship between the stiffness and the static seat comfort can be considered. Two
different factors may affect the non-linear characteristics of the comfort in this case. One

of them is initial touch feeling (see Glossary), which is affected by the characteristics of a

1.0
Region A
(Initial touch feeling dominant)
05 \ e Region B
i x N / (Bottoming Hominant)
@ / '
§ {/ N .
v 0.0 + | 5 \
= N N N
ke
£ e 122kgf "
3 05 L |B 159k v
' x 21.0 kgf
A 252kgf .
o 29.1kgf )
10 . \
1 1.5 2 2.5

Sample stiffness loaded at 50 kgf (kgf.mm'1)

Figure 9.8 Factors affecting comfort scores.
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foam at the sample surface when the loading is relatively small. The other is bottoming
(see Glossary), which relates to the stiffness loaded around 50 kgf and was affected by
the whole parts of a sample when the loading of the foam sample was relatively large.
For example, when the sample was very hard (e.g. a sample with 29.1 kgf hardness), the
subjects felt the sample was too hard and uncomfortable even though the sample
stiffness with 50 kgf load was small and far from bottoming. The comfort on this sample
may have been dominated by the initial touch feeling rather than bottoming. These
samples may correspond to those in a region A in Figure 9.8. In contrast, as described
in Section 5.1.3, if the sample hardness was insufficient, the sample was more
compressed and bottoming would occur. Softer samples had more bottoming and the
subjects tended to feel them as more uncomfortable than samples with more hardness.
With these samples, the occupants’ feeling was more affected by the bottoming than the

initial touch feeling. They corresponded to the samples in a region B in ngure 8.8

In order to confirm the hypothesis of the two factors affecting the static seat comfort, the
effect of sample thickness on static seat comfort was investigated (Experiment Xl, see
Appendii A). Four square-shaped samples with different foam thickness (50, 70, 100
and 120 mm) were used in this study. Their foam composition and density were the
same, only their thicknesses were different as shown in Table 5.4 in Section 5.1.5. The
foams were intended to have the same initial touch feeling with different bottoming
feeling: thinner foams had more bottoming and thicker foams had less bottoming. The
same twelve male subjects, as shown. in Table 5.8 in Section 5.2.5, participated in a
subjective comfort evaluation experiment which was carried out with the same paired

comparison procedure described in Section 9.2.

Figure 9.9 shows a relationship between the sample stiffness with 50 kgf load and the
comfort score obtained by paired comparison. As would be expected, there was a high
correlation between the sample stiffness and the static seat comfort, even though there
were large differences in the stiffness among the samples. This was because bottoming

was the only factor affecting the static seat comfort in this case.

With the two different factors (the initial touch feeling and the bottoming) affecting the
static seat comfort, there was not a linear relationship between the sample stiffness and
the static seat comfort as shown in Figure 9.7. However, with respect to a limited

stiffness range, where the bottoming may dominate the seat comfort, a linear relationship
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Figure 9.9 Relationship between sample stiffness loaded at 50 kgf and comfort score in
the case of changing foam thickness.

seemed to exist between the stiffness and the static seat comfort. Figure 9.10 shows the
results of regression analysis between the stiffness and the static seat comfort over a
limited stiffness range, where bottoming may dominate the seat comfort: the
corresponding foam samples were foams with 25% ILD hardness of 12.2, 15.9 and 21.0
kgf. In fact, ordinary polyurethane foam pads used for automotive seats have their 25%
ILD hardness in a range around 15.0 to 23.0 kgf. Therefore, omitting data for samples

with greater hardness than 25.2 and 29.1 kgf seemed to be sensible.

The results of regression analysis show that, although only three samples were used for
the analysis, there were high correlations between the sample stiffnesses and the
comfort score. The sample with greatest stiffness was evaluated as more uncomfortable
compared with others with less stiffness. The correlation was especiaily high when the
foam was loaded at 50 or 60 kgf. When the loaded force became smaller or greater, the
correlation became lower. This tendency of the correlations to be affected by the oading

force was the same as in the case of existing small stiffness differences among samples

as described in Section 9.3.1.
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Figure 9.10 Results of regression analysis between foam stiffness and comfort score (i.e.
static seat comfort) with limited stiffness range.

(2) A relationship between pressure underneath buttocks and static seat comfort
(use data from Experiment Il and X, see Appendix A)

The stiffness is an empirically useful physical value which can correlate with the static
seat comfort. However, it seems not to reflect an actual condition where a driver sits on
a seat because the stiffness is obtained by compressing with a 200 mm diameter circular

plate. Investigating the pressure at the contact area between a driver and a seat may
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provide a more realistic situation than investigating the stiffness. Furthermore, the
pressure at the contact area may reflect the initial touch feefing, which affected the static

seat comfort and was not represented by the stiffness.

Regression analysis between the pressure and the static seat comfort was carried out.
The pressures were obtained when the same twelve subjects sat on the square-shaped
foam samples with different 25% ILD hardness. Total weight (= the sum of the
distributed weights) over certain areas surrounded by squares A, B, C and D, the same
as those shown in Figure 5.9 in Section 5.2.3, were used for the analysis as independént
variables instead of the sample stiffness. The areas used for calculating the total weight
are shown in Figure 9.11 and the values of the total weight used for the analysis are the

median values of the twelve subjects.

Figure 9.12 shows the relationship between the total weight for the areas and the static
seat comfort. There was a linear relationship between the total weight over area A and
the comfpr’c. The total weight around ischial bones was highly correlated with the static
seat comfort. This means that the subjects might have evaluated the static seat feeling

based on the pressure around the ischial bones. The samples with higher pressures

. g 180-200
g 160-180
g 140-160
g 120-140
100-120
80-100
76080 |
|| 24060 |
g;20-40

@020

(g.em?)

Figure 9.11 Areas used for calculating total weight from measures of pressure.
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Figure 9.12 Relationships between the total weights over from areas and the static seat
comfort.

around the area were evaluated as having a worse static seat feeling than the samples

with lower pressure.

The samples with larger 25% ILDéihardness tended to have higher pressure around the
ischial bones than the softer samples. In contrast, an extremely soft sample, whose 25%
ILD hardness was 12.2 kgf, also had high pressure around the area. Although
mechanisms of producing high pressure around the ischial bones were different between

the hard sample and the extremely soft sample, both samples had high pressure around
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Figure 9.13 Relationship between total weight over area A and comfort scores, when
changing foam thickness.

the area and were evaluated to be uncomfortable. This suggests that this pressure could
reflect the two different comfort factors (i.e. the initial touch feeling and the bottoming)
and, as a result, the linear relationship between the pressure and the static seat comfort

was established even when there existed large differences among the samples.

A statistically significant correlations between the pressure and the static seat comfort
was only found in the area around ischal bones (i.e. area A). A correlation was not found

in other areas, such as the whole hip (i.e. area C) or the thighs (i.e. area D) in this study.

Another example (ie. when changing foam thickness) of a relationship between the
pressure around the ischial bones and the comfort scores is shown in Figure 8.13. In
this case, only the bottoming factor may have dominated the comfort feeling and a high

correlation was found between the pressure and the comfort score.

It can be concluded that when the samples had small differences and only the bottoming
was a dominant factor in the comfort impression, the static seat comfort correlated with

the sample stiffness or the seat stiffness loaded at 50 to 60 kgf with a 200 mm diameter
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plate. The samples with larger stiffness showed worse static feeling than samples with
less stiffness. When there were large differences among the samples, two factors, the
bottoming and the initial touch feeling may have affected the static seat comfort. In this
case, a linear relationship between the stiffness and the static seat comfort did not exist.
However, if the stiffness range was limited only to conditions where bottoming was

dominant, the linear relationship existed.

Pressure around the ischial bones could reflect two comfort factors: initial touch feeling
and bottoming. There was a linear relationship between the pressure around the area
and the static seat comfort even when there were large differences among samples
where the two comfort factors coexisted. Samples with less pressure were evaluated as

more comfortable than those with higher pressure.
9.3.3  Effect of a sitting shock on initial sitting comfort

(1) Congidering an effect of transient acceleration (Experiment XIl and Xlii, see

Appendix A)

Although a high correlation between the stiffness and the static seat comfort has already
been found, another study was carried out to consider sitting shocks when sitting on a
seat. This is because the shock may affect a subjective impression of initial sitting, which
may relate to the static seat comfort. Transient accelerations were measured at the
interface between the seat surface and the subjects’ buttocks when the subjects dropped

on to the seat.

Four automotive seats with different cushion pads, as shown in Table 8.4, were
compared. Three of them, except HOT foam, were the same cushion pads as illustrated
in Table 8.2 in Section 8.3: HOT foam has a different chemical formulation from HR
foam. In the manufacturing process, HOT foam is kept in a higher temperature (e.g.
approximately 170 C°) than HR foam (e.g. approximately 120 C°). Generally, HOT foam
has more damping and less density but the same foam hardness compared with HR
foam. The same twelve male subjects as in Table 8.1 in Section 8.3 participated in a
paired comparison test. The measurement was carried out in the same manner as in

Section 9.2.
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Table 9.4 Characteristics of the cushion pads.

Sample Density | 25% ILD | Hysteresis Comment
hardness loss
(kgm®) |  (kgh (%)
Normal HR 60 19.2 22.8 High durability type HR foam
without any insert member.
Polypropylene . 56 19.2 245 High durability type HR foam with
a polypropylene board.
Dual cell 61 20.8 24.6 High durability type HR foam with
a dual cell construction foam.
HOT 45 21.9 31.8 HOT foam without any insert
member,

A SAE pad accelerometer was placed on the seat’s surface and transient accelerations
were measured when the subjects sat on to the SAE pad. Figure 9.14 shows these
accelerafion wave forms which were obtained by truncating the original data so as to
remove the first shock wave generated when the subjects’ buttocks contacted the SAE
pad. The median transient accelerations for the twelve subjects' data are shown in

Figure 9.15.

The W, frequency weighted (BS 6841, 1987) VDVs were calculated for each median
transient acceleration in Figure 9.15. The VDVs were compared with the resuits of
subjective comfort experiments, as shown in Figure 9.16. In the figure, larger comfort
scores indicate more comfort than smaller comfort score. Although there was not a
significant correlation between the VDV and the comfort score, the samples with greéter
VDV tended to be evaluated as more comfortable than the samples with smaller VDV.
This may be because transient waveforms of the samples with greater VDV converged
more gradually than transient waveforms of the samples with smaller VDV. If the seat
deforms less and the transient waveform converges quickly, a subject may feel the shock
greater than when the seat deforms more and the transient waveform converges
gradually. For example, if a subject sits on a rigid seat, no transient waveform would be
observed and the VDV is zero, because a rigid seat does not deform. Empirically, it
seems more uncomfortable than sitting on a deformable cushion which would produce a

transient waveform. Therefore, the VDV can indicate the seat deformation performance.
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Figure 9.14 Transient accelerations when twelve subjects sat onto seats.
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Figure 9.15 Median transient accelerations with twelve subjects.
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Figure 9.16 A relationship between VDV for transient waveform and comfort score.
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Figure 9.17 A relationship between frequency unweighted VDV for transient waveform
and comfort score.
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Samples with greater VDV deforms more and may be evaluated as having better sitting
comfort than samples with smaller VDVs. As far as the seat deformation performance is
concerned, frequency weighting may not be necessary for calculating the VDV, because
it focuses on how a seat deforms rather than focusing on how the vibration transfers into
the human body. Figure 9.17 shows a relationship between frequency unweighted VDV
and the comfort score. A slightly improved correlation is seen compared with that of the
weighted VDV and the comfort score shown in Figure 9.16, however, the correlation was
still low and not significant. The resuits imply that even though the subjective evaluation
was carried out in a short time after the subject sat on the seat, the results of the comfort
evaluation was not influenced by the s_itting shock, which was measured at the interface
between the seat surface and underneath the subject's buttocks when the subject

dropped onto the seat.

The relationship between the seat stiffness and the comfort score is shown in Figure
9.18. There was no significant correlation between them: the comfort score for the HOT
sample was small and should have been larger so as to improve the correlation. A

reason for this small comfort score for HOT sample could be explained by an effect of the
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Figure 9.18 A relationship between seat stiffness loaded at 50 kgf and comfort score.
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Figure 9.19 Load-deflection curves for four seats. Numbers in parentheses indicate
hysteresis loss.

initial touch feeling. As described in Section 9.3.2, the stiffness of the seat loaded at 50
kgf could reflect only the bottoming feeling. However, as shown in Figure 9.19, the load
with a small deflection (e.g. around 20 mm) may reflect the initial touch feeling and there
was a remarkable difference between the HOT sample and the other samples regarding
the load in this region. The load providing 20 mm deflection for the HOT sample was
considerably greater than those for the other samples. This may have affected the initial
touch feeling of the HOT sample: it may have made it harder and more uncomfortable
than the other samples. If the initial touch feeling of the HOT sample was similar to those
of the other samples, a HOT sample shouid be evaluated as more comfortable and its
comfort score should be larger. This would improve the correlation between the stiffness

and the comfort score as illustrated in Figure 9.20.
(2) Eliminating an effect of transient acceleration (Experiment X1V, see-Appendix A)

The results of the experiment in Section 9.3.3 show that the subjects’ initial sitting comfort
did not relate to the transient acceleration generated by the sitting shock, aithough they
were exposed to the sitting shock when they sat on a seat. There was other evidence of

a minor effect of the shock on the static seat comfort.
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Figure 9.20 The case of improving the initial touch feeling of the HOT sample.

The results from the static seat comfort judgements obtained in Section 9.3.1 were
compared with those of another experiment of short-time sitting comfort. The short-time
sitting comfort was examined by using the same four automotive seats as shown in Table
9.1 in Section 9.3.1 with twelve male subjects described in Table 9.5. The subjects were
required to assess the initial sitting comfort of the seats in five to ten seconds after
gradual sitting to omit a shock. The effect of the initial sitting shock was considered to be
eliminated in the procedure of this experiment. The method of successive categories

(Guilford, 1954) was adopted in order to obtain psychophysical scaling (Appendix C).

Figure 8.21 shows a relationship between the short-time sitting comfort score and the

static seat comfort obtained in Section 5.3.1. In the figure, the scores of the short-time

Table 8.5 Characteristics of subjects.

Age¢ Weight Height
(years) (kg) (cm)
Mean 27.8 71.2 1771
Maximum 41 80.0 186.0
Minimum 22 60.5 168.0
S.D. 5.9 5.8 55
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Figure 9.21 A relationship between short-time sitting comfort score and static seat
comfort score.

sitting comfort were multiplied by -1 in order to unify the characteristics of score with the
static seat comfort: larger scores correspond to better sitting comfort than smaller
comfort scores. There was a high correlation between the two comfort scores obtained
from the different experiments. This means that the results of the static seat comfort
judgements were similar to those of the short-time sitting comfort study, which eliminated
the effect of the initial sittin'g shock. This may suggest that the static seat characteristics,
such as the stiffness and the pressure distribution, are more important than the shock

absorbing performance for predicting the static seat comfort in this study.

Figure 9.22 shows a relationship between the stiffness of the seat loaded at 50 kgf and
the short-time sitting comfort score. Even though a different psychophysical scaling
method was adopted with different subjects from that in Section 9.3.1, there was a high

correlation between the stiffness and subjective comfort scores.
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9.4 DISCUSSION

Static seat comfort may be affected by two factors: initial touch feeling and bottoming.
The initial touch feeling reflects the characteristics of a sample at the sampie surface
when being loaded relatively lightly and may relate to a load-deflection curve at small
deflections (e.g. around 20 mm). The bottoming concerns a sudden increase in the
stiffness of the sample when being loaded quite heavily with such things as the hurhan
body. It reflects the gradient of the load-deflection curve for the sample loaded at 50 kgf.
When changing foam composition, hardness or thickness at practical values, the
bottoming will mostly affect the static seat comfort. However, if the foam characteristics
are changed considerably, both factors (the initial touch feeling and the bottoming) may
influence static seat comfort. This makes seat design complex as taking into account the

bottoming alone would not be sufficient to predict static seat comfort.

Considering only a compression area, the area of a 200 mm diameter circular plate is

smaller than the subject’s buttocks area. Therefore loading 50 kgf with the circular plate
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is too high compared with actual subject sitting (it should be loaded around 30 kgf).
However, real human buttocks are not flat as the circular plate and.the pressure
underneath the buttocks distributed unevenly as discussed in Section 5.2. This may be a
reason for the stiffness at 50 kgf loading with the circular plate correlating well with the

subjective sitting impression.

The pressure underneath the ischial bones may reflect the two static seat comfort
factors. It could be more useful for evaluating various samples than using the stiffness,
as long as the sample shapes are the same. However, from a practical viewpoint,
measuring pressure is more difficult and more costly than measuring a load-deflection
curve (i.e. stiffness). The stiffness seems to be a more convenient physical value than
the pressure for predicting the static seat comfort if the differences among sampies are

reasonably small.

Many other factors, such as seat shape, subject’s posture and a seat cover, can affect
static seat comfort in addition to the initial touch feeling and the bottoming. However, as
far as the characteristics of polyurethane foam are concerned, they are mainty related to

the initial touch feeling and the bottoming.

In this chapter, only short-time seat impressions were investigated. Other factors may
affect the static seat comfort over long-time sifting, even where the focus is on the

characteristics of polyurethane foam.

With regard to analysis of data obtained by a paired comparison experiments, the original
Scheffe’s method was adopted in the case of Table 9.2 in Section 9.3.1 in order to
simplify the calculation procedure (shown in Appendix B). Ideally, the modified Scheffe’s
method (Ura’s method) should have been used for this case because all the subjects
evaluated all combinations of the samples taking into account the order effect. However,
with either method adopted, the comfort score would be the same. Therefore, it is not
considered to be a problem when-obtaining the comfort score, which is the main interest

in this chapter.
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CHAPTER 10

FACTORS AFFECTING DYNAMIC SEAT COMFORT

10.1 INTRODUCTION

One of the main differences between vehicle seats and furniture chairs is that vehicle
seats are used in dynamic conditions (ie. conditions with vibration). Occupants of
vehicle seats are exposed to various types of vibration while vehicles are moving. In this
situation, the occupants’ comfort feelings may be strongly affected by vibrations which
come through a seat or a floor or the steering wheel. Among these vibration interfaces,
the dynamic characteristics of vehicle seats are particularly import"é\nt factors for
determining seat comfort in dynamic conditions, because a vehicle seat is the largest and
main interface between an occupant and vibration sources. Dynamic characteristics of a
seat can change the characteristics of the vibration transmitted through the seat from
vibration‘sources. The power spectrum of the vibration at the floor will be changed by a

seat.

As discussed in Section 2.4.2, the response of the human body to vibration is affected
not only by the vibration magnitude but also by other factors, such as vibration frequency,
duration and direction. Several vibrétion evaluation methods have been proposed to
relate subjective human responses (i.e. seat comfort} with objective physical values. For
example, L.ee and Pradko (1965, 1966, 1968) proposed “absorbed power” based on the
energy flow and Varterasian (1981} introduced ‘ride number” (see Section 2.4.2 and
2.4.4). Frequency-weighted root-mean-square (r.m.s.), frequency-weighted root-mean-
quad (r.m.q.) and the vibration dose value (VDV), which are defined in SO 2631 (1997)
and BS 6841 (1987), are the most common methods. They may be adequate physical
values to express vibration characteristics with the consideration of the subijective
response to vibration. This chapter compared the results of subjective comfort
evaluations on automotive seats with physical values: the r.m.s., the rm.qg. and the VDV

measured on a seat surface of automotive seats.
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10.2 METHOD
10.2.1 Subjects

Twelve male subjects as described in Table 8.1 participated in this study.

10.2.2 Samples

Four full-depth cushion type automotive seats (Mazda 626, driver's seats) were used for
the study. Cushion pads of the seats were made of different HR (i.e. High Resilience)
type polyurethane foam compositions. They were made to have the same 25% ILD

hardness by changing the foam density. They are the same cushion pads as in Table

9.1.

10.2.3 Vibration

Vibrations used for this study were the same vibrations as used in Chapter 8. They were

acquired driving over a bumpy road and a motorway (M27). The vertical vibrations were

(a) Bumpy road (b) Motorway
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Figure 10.1 Power spectral densities of measured vibration and generated vibration used
for the dynamic tests. (@) bumpy road run with magnitude (unweighted) of 0.67 m.s™?
r.m.s. (b) motorway run with magnitude (unweighted) of 0.59 m.s?r.m.s.
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measured on the floor underneath the driver's seat of a car {(ie. Mazda 626) using
accelerometers and were recorded with the signal processing system, HVLab. The
vibration on a bumpy road was acquired at a driving speed of 30 m.p.h. for a duration of
30 seconds. The vibration on a motorway was obtained at a driving speed of 70 m.p.h.
for a 30 second duration. The acceleration power spectra of the vibrations are shown in
Figure 10.1; their frequency ranges were 0.8 to 50 Hz, their magnitudes (frequency
unweighted) were 0.67 m.s? r.m.s. for the bumpy road and 0.59 m.s? r.m.s. for the
motorway. The figure also shows the power spectral densities generated by the shaker

during the experiment in the laboratory.
10.3 ANALYSIS
10.3.1  Vibration evaluation

Frequency-weighted root-mean-square (r.m.s.), frequency-weighted root-mean-quad
(r.m.q.) and vibration dose value (VDV) were used for this study as physical values
expressi;lg vibration characteristics. The definitions of these physical values are
described in Section 2.4.2.1 and 2.4.4.2. In this study, the vibration duration was 30
seconds and the W, weighting (BS 6841, 1987) was used as the frequency weighting.

10.3.2 Paired comparison

In order to obtain the subjective comfort scores, paired compariscn tests were adopted.
Seats were fixed on the shaker platform side by side as a pair. Subjects sat on the seats
and were allowed to take comfortable postures. After being exposed to the 30 seconds
vibration on the first seat, a subject changed seat and was exposed to the same vibration
again. Another comparison for the same combinations of the two seats was carried out
in a reverse sitting order on another day in order to take into account the order effect.
The order of providing the vibrations from the bumpy road and the motorway were
randomised within the subjects. The experiment was divided into two sessions and each

session was conducted on a different day so as to avoid subject fatigue. |

Other procedures for the experiment were the same as those in Section 9.2.
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10.4 RESULTS

10.4.1 Dynamic physical values (Experiment XV-1, see Appendix A)

10.4.1.1 Transmissibilities

Figure 10.2 shows median transmissibilities of the four seats with the twelve subjects
being exposed to the vibration from the bumpy road. Figure 10.3 shows the median
transmissibilities of the seats for the motorway run. For both runs, there were no
remarkable differences among the seats, although the transmissibility of the seat with the
low density foam pad was lower at the resonance frequency and slightly higher in a
frequency range above 7 Hz compared with the other seats. The overall shapes of the

transmissibility curves for the four seats were similar.
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Figure 10.2 Median transmissibilities of the four seats for the bumpy road run obtained
with the twelve subjects.
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Figure 10.3 Median transmissibilities of the four seats for the motorway run obtained with
the twelve subjects.

Table 10.1 shows the statistical values of the crest factors with the twelve subjects for
bumpy road run and the motorway run. As shown in the table, the crest factors for the
both runs were below 6, therefore, the r.m.s. can be used as the vibration evaluation
according to BS 6841 (1987) or ISO 2631 (1997). However, the fourth power evaluation

methods, the r.m.g. and the VDV, were also calculated in this study.

Table 10.1 Statistical values of the crest factors with the twelve subjects for both the
bumpy road run and the motorway run. W, (BS 6841, 1987) frequency weighting was

used.
Subject Bumpy road* Motorway
Low Standard High Soft Low Standard High Soft
density |- durability feeling densify durability feeling

Median 4.48 4.47 4.39 4.42 3.71 3.61 3.59 3.49
Maix. 4.82 4.88 4.61 4.64 4.39 439 4.18 4.07
Mini. 4.21 4.32 4.33 4.23 3.37 335 | 3.29 3.30
S.D. 0.17 0.17 0.14 0.14 0.39 0.31 0.28 0.27
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10.4.1.2 Frequency-weighted root-mean-square

Table 10.2 shows the frequency-weighted r.m.s. acceleration measured on seat surfaces
of the four seats with the twelve subjects and their statistical values for both the bumpy
road run and the motorway run. Table 10.3 shows the resuit of Freidman two-way
analysis of variance by ranks on the r.m.s. acceleration among the seats for the runs.
There were no statistically significant differences in the r.m.s. values among the seats for
either the bumpy road run or the motorway run. The r.m.s. values for the seat with the
soft feeling foam pad tended to be smaller than those for the other seats for the both
runs, and those for the seat with the low density foam pad were slightly higher only for
the bumpy road run. However, the differences among the samples were very small as

well as the differences in the transmissibilities shown in Figure 10.2 and Figure 10.3.

Table 10.2 Frequency-weighted r.m.s. measured on the surfaces of the seats and their
statistical values on both the bumpy road run and the motorway run. W, (BS 6841,
1987) frequency weighting was used.

Subject Bumpy road {(m.s?) Motorway (m.s™)
Low Standard High Soft Low Standard High Soft
density durability feeling density ' durability feeling
1 0.46 0.47 0.47 0.46 0.22 0.23 0.25 0.20
2 0.42 0.39 0.39 0.41 0.23 0.20 0.20 0.20
3 0.44 0.41 0.40 0.41 0.24 0.21 0.21 0.21
4 0.45 0.44 0.40 0.3S 0.19 0.20 0.21 0.19
5 0.46 0.46 0.44 0.42 0.21 0.21 0.21 0.23
6 0.40 0.42 0.42 0.38 0.21 0.24 0.21 0.22
7 0.45 0.41 0.44 0.41 0.25 0.23 0.22 0.20
8 0.43 0.42 0.45 0.43 0.25 0.28 0.33 0.27
9 0.41 0.41 0.40 0.40 0.21 0.20 0.18 0.19
10 0.46 0.44 0.41 0.38 0.25 0.25 |4 021 0.20
11 0.42 0.44 0.47 0.44 0.19 0.21 0.21 0.19
12 0.44 0.42 0.46 0.44 0.22 0.21 0.22 0.20
Median 0.44 0.42 0.43 0.41 0.22 0.21 0.21 0.20
Max. 0.46 0.47 0.47 0.46 0.29 0.28 0.33 0.27
Mini. 0.40 0.39 0.38 0.38 0.19 0.20 0.18 0.19
S.D. 0.02 0.02 0.03 0.02 0.03 0.03 0.04 0.02
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Table 10.3 Results of Freidman two-way analysis by ranks on the frequency-weighted
r.m.s. among the seats for the bumpy road run and the motorway run.

Sample Bumpy road Motorway
Significance Ranks Significance Ranks
Low density 3.00 2.79
Standard p=0.107 2.58 p=0.072 2.68
High durahility 2.67 2.88
Soft feeling 1.75 1.67

The r.m.s. values for the seat with the standard foam pad and with the high durability

foam pad were similar for both runs.
10.4.1.3 Frequency-weighted root-mean-quad

Table 10.4 shows the frequency-weighted r.m.q. measured on a seat surface of the four
seats with the twelve subjects and their statistical values for both the bumpy road run and
the motorway run. The result of Freidman two-way analysis of variance by ranks on the
r.m.q. among the seats for the runs are shown in Table 10.5. As well as the rm.s.
values, the r.m.q. values for the seat with the soft feeling foam pad tended to be smaller
and those for the seat with the low density foam pad were slightly larger than those for
the other seats. However, as shown in Table 4, there were no statistically significant

differences among the seats for either the bumpy road run or the motorway run.
10.4.1.4 Vibration dose value

Measured VDVs of the four seats for the twelve subjects and their statistical values are
shown in Table 10.6. The relationships for the four seats in the VDV are the same as
those in the r.m.q. shown in Table 10.4. This is because, the difference in the VDV from
the r.m.q. is not divided by the viBration duration (T) in root-quad (see, Section 2.4.2.1).
The duration of all measured vibrations in this study were the same (30 seconds).

Therefore, the VDV was obtained by muitiplying the value of the r.m.q. by 30",
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Table 10.4 Frequency-weighted r.m.q. measured on the surfaces of the seats and their
statistical values on both the bumpy road run and the motorway run. W, (BS 6841,
1987) frequency weighting was used.

Subject Bumpy road (m.s™) Motorway (m.s'z)
Low Standard High Soft Low Standard High Soft
density durability feeling density ] durability feeling

0.63 0.65 0.65 0.62 0.29 0.31 0.33 0.26

-—

2 0.58 0.53 0.53 0.56 0.31 0.27 0.28 0.28
3 061 -| 0.57 0.54 0.56 0.31 0.28 0.28 0.27
4 0.61 0.59 0.55 0.53 0.26 0.26 0.27 0.25
5 0.64 0.63 0.61 0.57 0.28 0.28 0.28 0.30
6 0.55 0.58 0.57 0.63 |- 0.29 0.32 0.28 0.29
7 0.62 0.57 0.59 0.56 0.34 0.31 0.29 0.27
8 0.59 0.58 0.63 0.59 0.34 0.38 0.44 0.36
9 0.56 0.56 0.54 0.54 0.28 0.26 0.24 0.25
10 0.64 0.62 0.55 0.52 0.39 0.33 0.28 0.27
11 0.56 0.59 0.64 0.59 0.26 0.28 0.28 0.25
12 0.61 0.58 0.63 0.60 0.29 0.28 0.29 0.26

Median | 061 | 058 | 058 | 056 | 029 | 028 | 028 | o0.27
Max. | 061 | 065 | 065 | 062 | 039 | 038 | 044 | 036
Mini. | 055 | 053 | 053 | 052 | 026 | 026 | 024 | 0.25
sD. | 003 | 003 | 004 | 003 | 004 | 003 | 005 | 003

Table 10.5 Results of Freidman two-way analysis by ranks on the frequency-weighted
r.m.g. (and VDV) among the seats for the bumpy road run and the motorway run.

Sample Bumpy road Motorway
Significance Ranks Significance | Ranks
Low density 3.08 2.92
Standard p=0.082 267 p=0.123 2.71
High durability 2.50 2.63
Soft feeling 1.75 1.75
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Table 10.6 VDVs measured on the surfaces of the seats and their statistical values on
both the bumpy road run and the motorway run. W, (BS 6841, 1987) frequency
weighting was used.. '

Subject Bumpy road (m.s™'%) Motorway (m.s™7°)

Low Standard { High Soft Low Standard | High Soft

density durability | feeling density durability | feeling
1 1.47 1.52 1.51 1.46 0.67 0.71 0.78 0.62
2 1.35 1.24 1.24 1.30 0.73 0.62 0.65 0.66
3 1.42 1.32 1.27 1.32 0.73 0.65 0.66 0.64
4 1.44 1.39 1.28 1.23 0.60 0.61 0.64 0.58
5 1.50 1.47 1.42 1.34 0.67 0.66 0.66 0.71
6 1.30 1.36 1.34 1.24 0.68 0.74 0.66 0.69
7 1.45 1.33 1.39 1.30 0.79 0.71 0.68 0.64
8 1.39 1.36 1.47 1.39 0.79 0.88 1.03 0.85
9 1.32 1.32 1.27 1.27 0.65 0.61 0.55 0.59
10 1.49 1.44 1.29 1.21 0.91 0.78 0.65 0.63
11 1.32 1.38 1.51 1.39 0.60 0.65 0.64 0.59
12 1.43 1.36 1.48 1.40 0.68 0.66 0.69 0.62

Median 1.43 1.36 1.37 1.31 0.68 0.66 0.66 0.63
Max. 1.50 1.52 |. 1.51 1.46 0.91 0.88 1.03 0.85
Mini. 1.30 1.24 1.24 1.21 0.60 0.61 0.55 0.59
S.D. 0.07 0.07 0.10 0.08 0.09 0.08 0.12 0.07

This relationship between the VDV and the r.m.q. is reflected in the results of Freidman
two-way analysis of variance by ranks test. The results of the VDV should be the same
as the results of the r.m.q. shown in Table 10.5. Although the results of the analysis are
not shown here, in fact, the analysis was carried out using the data in Table 10.6 and the

results were confirmed to be the same as those shown in Table 10.5.
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10.4.2 Subjective comfort evaluations {(Experiment XV-2, see Appendix A)
10.4.2.1 Bumpy road run

A summary of the analysis of variance for the bumpy road run obtained by the paired
comparison test (the original Scheffe’s method) is shown in Table 10.7 (the detai.ls of the
calculation procedure are shown in Appendix B). Significant differences were found in
the primary effect and the order effect regarding the subjective seat comfort, although
there were no statistically significant differences in the physical values among the seats
by the Freidman analysis shown in Table 10.3 and Table 10.5. This means that the foam
composition affected the seat comfort with the vibration on the bumpy road run, and that
the sitting order of the seat affected the subjects’ evaluations: the first sitting tended to be

evaluated as more comfortable than the second sitting.

Figure 10.4 shows average comfort scores and 5% and 1% yardsticks for the four seats
for the bumpy road run {the details of the calculation procedure are shown in Appendix
B). The average comfort score indicates the average scale of the popularity for each
seat. In the figure, greater comfort scores correspond to “more comfortable” and smaller
comfort scores correspond to “more uncomfortable”. If the distance between samples is
greater than the yardstick for a given probability, a significant difference exists between
the samples at that probability. There were significant differences in the seat comfort

between the seat with the low density foam pad and the other seats: the seat with the low

Table 10.7 Summary of the analysis of variance for the bumpy road run in the case of
changing polyurethane foam composition. The values were obtained by the original
Scheffe’'s method.

Sum of Degree of Variance F Significance
squares freedom '
Primary 15.56 3 5.19 5.52 p<0.01
Combination 423 3 1.41 1.50 p>0.05
Order 2479 8 413 4.39 p<0.01
Error 124.42 132 0.94
Total 169 144
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Figure 10 4 Average comfort scores and the yardsticks of the seats for the bumpy road
run.

density foam pad was evaluated as much more uncomfortable than the others.
However, the comfort scores for the other three samples were similar and no statistically

significant differences were found among them.

Although theré were no statistically differences among the three samples, the seat with
the high durability foam pad was evaluated as the most comfortable followed by the soft
feeling foam pad and the standard foam pad. The seat with the low density foam pad

was evaluated as the most uncomfortable.
10.4.2.2 Motorway run

Table 10.8 shows the summary of the analysis of variance for the motorway run. As for
the bumpy road run, significant differences were found in the primary effect and the order.
effect for the motorway run. This means that the polyurethane foam composition and the
sitting order affected the seat comfort for the motorway run as well as for the bumpy road
run. However, there were no significant differences in the r.m.s. and the VDV (or the

r.m.q.) as shown in Table 10.3 and Table 10.5.
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Table 10.8 Summary of the analysis of variance for the motorway run in the case of
The values were obtained by the original

changing polyurethane foam composition.

Scheffe's method.

Sum of Degree of Variance F Significance
squares freedom
Primary 21.52 3 717 8.96 p <0.01
Combination 2.60 3 0.87 1.09 p>0.05
Order 2513 8 419 524 p <0.01
Error 105.75 132 0.80
Total 155 144

Figure 10.5 shows the average comfort scores and 5% and 1% yardsticks for the four
seats for the motorway run. The seat with the high durability foam pad was assigned the
largest comfort score, therefore it was evaluated as the most comfortable seat among the
four sea:ts. However, the distances between the high durability foam and the standard

foam or between the high durability foam and the soft feeling foam was smaller than 5%
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Figure 10.5 Average comfort scores of the seats and the yardsticks for the motorway
run. In the case of changing polyurethane foam composition.
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yardstick. This means that the seat with the high durability foam pad was evaluated as
the most comfortable seat among the fouf seats. However, there was no statistically
significant difference between that seat and the seat with the standard foam pad or
between that seat and the seat with the soft feeling foam pad. The significant differences
were only found between the seat with the low density foam pad, which had the smallest

comfort score, and the other seats.

In contrast to the bumpy road run, the sample order of the subjective evaluations was

different from the ranks of the physical values. This inconsistency between the physical

values and the subjective comfort scores implies that some other factors than the

vibration may have affected the subjective comfort evaluations.

10.4.3 Relationship between the comfort scores and physical values (Experiment
XV-1 and XV-2, see Appendix A)

The resu‘lts of Section 10.4.2 show that the polyurethane foam composition affected the
subjective sitting comfort evaluation of the seats during exposure to vibration. However,
there were no statistically significant differences in the vibration physical values (the
r.m.s., the r.m.a. or the VDV) among the seats. This suggests that the subjective comfort
gvaluations were influenced by some other factors than the vibration magnitude. This

section compares the subjective comfort scores with various physical values.
10.4.3.1 Comfort score — r.m.s.

Figure 10.6 shows relationships between the median r.m.s. acceleration with the twelve
subjects and the average comfort scores for the four seats. Although the R-square value
for the bumpy road run was quite large, the correlations between the r.m.s. acceleration
and the comfort score were not statistically significant for either run. The correlation for
the motorway run, where the magnitude of vibration was small, was especially low. This
poor correlation between the r.m.s. values and the comfort scores suggests that some
other factor than the vibration (at least the r.m.s. acceleration) may affect the subjective

comfort even in a condition with vibration, especially when the magnitude of the vibration

was small.
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Figure 10.6 Relationships between median frequency-weighted r.m.s. acceleration with
the twelve subjects and the dynamic comfort scores. (a) the bumpy road run (the
unweighted vibration magnitude at the shaker table was 0.67 m. s? r.m. s.) and (b) the
motorway run {the unweighted vibration magnitude at the shaker table was 0.59 m. g%
rm.s.). -

According to BS 6841 (1987), the vibration magnitudes on the seats for the bumpy road
run belonged to the discomfort category of “a little uncomfortable”, where the frequency-
weighted r.m.s. acceleration is 0.315 - 0.63 m.s'z., and those for the motorway run
belonged to the category of “not uncomfortable”, where the r.m.s. was less than 0.315
m.s2. Therefore, the contribution of the vibration to the seat comfort might be small at

the vibration levels used in this study, especially for the motorway run.
10.4.3.2 Comfort score — VOV (r.m.q.)

Although the crest factors were smaller than 6 for both runs, the relationships between
the subjective comfort scores and the fourth power physical values were investigated. As
described in Section 2.4.2.1, as long as the vibration duration is the same for all
measurements, either the r.m.q. or the VDV can be used to examine the relationship
between the physical values and the subjective values. The VDV was used here - the R-

square value and the significant level should be the same for either measure.

235




(a) Bumpy road (b) Motorway

Contoriable Confortable
0.4 0.4
Low density X
o2 L Standard 02 L R? = 0.360
High durabiity R p = 0.400
o Soft feeling o
6 ot g o}
(%] 0
= =
£ 2
E 02} E 02| -
8 8 o Lowdensity
R?=0.729 . Standard .
04 | p=0146 04 | |, High durability
» Soft feeling
08 0.6 .
Uncorfortabie 1.3 1.4 1.5 Uncorfortable (60 0.65 0.70
VDV (m.s™ ™) VDV (m.s77%)

Figure 10.7 Relationships between median VDVs with the twelve subjects and the
dynamic comfort scores. (a) the bumpy road run (the unweighted vibration magnitude at
the shaker table was 0.67 m.s” r.m.s.) and (b) the motorway run (the unweighted
vibration magnitude at the shaker table was 0.59 m.s?r.ms.).

Figure 10.7 shows relationships between the median VDVs and the average comfort
scores for the four seats. As when using the r.m.s. acceleration, the R-square value for
the bumpy road run was large and that for the motorway run.was small, however, the
correlations were not statistically significant for either run. The correlations were slightly

higher than when using the r.m.s. acceleration, even though the crest factors were below

6 for both runs.
10.4.3.3 Comfort score — the seat stiffness

The r.m.s., the r.m.q. and the VDV are reasonable physical values for presenting the
vibration magnitude when considering human responses to vibration. However, these
values concern only the vibration characteristics. It seems insufficient to Lise only these
values to estimate subjective seat comfort, especially where static seat characteristics
may also have an influence: for example, when comparing different automotive seats
having different static and dynamic characteristics. ~ Not only when changing
polyurethane foam pads as discussed in this study, but also in other cases when

comparing different automotive seats, both static and dynamic characteristics of seats
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are different. In fact, as shown in Figure 9.2 in Section 9.3.1, where the same seats were
used, the behaviours of the load-deflection curves for the seats were different when they
were loaded at greater than 30 kgf with a 200 mm diameter circular plate, even though
the 25% ILD hardnesses of the foam pads were the same. This change in the static seat
~ characteristics may cause differences in static seat comfort. Consequently, it may be
possible that static seat characteristics also influence the results of the dynamic comfort

evaluations, even in conditions with the vibrations.

Figure 10.8 shows relationships between the stiffnesses of the seats loaded at 50 kgf,
which is considered to correlate with the static seat comfort as described in Chapter 9,
and the comfort scores. For both runs, high correlations were found between the seat
stiffness and the comfort score. In contrast to Figure 10.6 and Figure 10.7, the
correlation was particularly high for the motorway run. This means that the comfort score
was also affected by the static seat characteristics even in the dynamic conditions,

especially when the magnitude of vibration was small.

The resdlts in Figure 10.6, Figure 10.7 and Figure 10.8 suggest that even in dynamic

conditions, the subjective comfort evaluations of the seats were influenced by both the
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Figure 10.8 Relationships between the seat stifiness and the dynamic comfort scores.
The stiffness obtained from a gradient of load-deflection curve loaded at 50 kgf with a

200 mm diameter circular plate.
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vibration magnitude on the seat surface (the r.m.s., the r.m.q. or the VDV) and the static
seat characteristics (e.g. the seat stiffness). The degree of influence of the vibration
magnitude and the static seat characteristics to the comfort evaluation varied depending
on the level of the vibration. When the level of the vibration was low, seat comfort
seemed to be more influenced by the static seat characteristics than the vibration
magnitude on the seat surface; when the level of the vibration was high, seat comfort
seemed to be more dominated by the vibration magnitude on the seat surface rather than

the static seat characteristics.
10.5 DISCUSSION

The results of the study in this chapter suggest an important feature of subjective comfort
evaluation. Subjects may take into account, at least, both the static seat féctors (such as
the seat stiffness) and dynamic seat factors (such as the rm.s., the r.m.q. or the VDV)
when evaluating seat comfort. The r.m.s., the rm.q. and the VDV seem to be
reasonable physical values which can represent the vibration magnitude when
consideri'ng human responses to the vibration. For that reason, they may be suitable
methods for predicting comfort in dynamic conditions if only the vibration magnitude is
varying. However, in some cases, such as when comparing different seats, both static
seat factors and dynamic seat factors change. In this case, considering only the dynamic
seat factors may mislead the comfort evaluation, even when the evaluation is carried out
in dynamic conditions. The relative importance of the static seat factors and the dynamic
seat factors to the seat comfort varied depending on the vibration level: the dynamic
factors more dominated the comfort evaluation as the level of vibration increased. The
results of the study suggest a need to establish a new method, which takes into account
both the static seat factors and the dynamic seat factors, for predicting the seat comfort.

The following chapter will discuss this matter.

The r.m.q. and the VDV had a slightly higher correlation with the comfort scores than the
r.m.s., even though the crest factors were below 6. This implies that the fourth power
methods can be useful for evaluating the subjective comfort even when the crest factor is

below 6.

In Section 6.3.1, the polyurethane foam composition affected the transmissibilities of the

foam samples. However, the transmissibilities obtained in this study did not have as

238




many differences among the samples as those in Section 6.3.1, even though both
studies compared the same four polyurethan'e foam compositions. One of the reasons
for this inconsistency may be the effect of sample shape and seat cover, especially the
effect of the seat cover. While the square-shaped samples were compared in Section
6.3.1, real automotive seats were compared in this chapter. Differences in foam
characteristics observed among different polyurethane foams would not be as noticeable
as when the foams were assembled into seats. Another possible reason is the vibration
characteristics. In Section 6.3.1, a two-minute duration of broad band Gaussian random
vibration over the frequency range 0.8 to 20 Hz at 1.0 m.s” r.m.s. magnitude was used.
In contrast, this experiment used the recorded vibrations from the bumpy road run and
the motorway run, whose power spectra are shown in Figure 10.1. Vibration magnitude
and frequency are considered to make significant differences in the_. transmissibility

because of the non-linear characteristics of polyurethane foam.

The order effect was found by the paired comparison methods for both runs. The
subjects tended to evaluate the first sitting more comfortable than the second sitting.
This may‘/ be caused by the interval between the two sittings. In this study, it took about
30 to 45 seconds before starting the second vibration after finishing the first vibration
because of safety considerations with the experimental facility. In addition to the interval,
the second vibration had a 30 seconds duration. Therefore, when a subject made a
decision about comfort, at least 60 seconds had passed since the first vibration had
finished. During the interval and the presentation of the second vibration, the impression
of the first sitting (i.e. vibration) might have weakened; as a result, the second sitting (i.e.
vibration) was felt to be more uncomfortable to the subjects. In contrast, when
comparing static seat comfort in Chapter 9, where the order effect was not found, where

the interval between each sitting and the sitting duration was approximately 5 seconds.
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CHAPTER 11
A MODEL OF OVERALL SEAT DISCOMFORT

Relationships between static seat factors and dynamic seat factors

when predicting overall seat discomfort

11.1 INTRODUCTION

The results in Chapter 10 suggest that even under the condition with vibration, both the
static seat characteristics and the dynamic seat characteristics influence the subjects’
comfort evaluation. Contributions of these static and dynamic charactéristics to seat
comfort varied depending on the vibration magnitude. Therefore, in some cases,
considering the static seat characteristics alone or the dynamic seat characteristics alone
is not sufficient and may poorly estimate subjective responses to seat comfort. For more
accurate'seat comfort prediction, both static and dynamic seat characteristics should be

taken into account.

It is hypothesised that overall seat comfort is caused by the static seat factors (e.g. the
seat stiffness or the pressure distribution) and the dynamic seat factors (the magnitude of
vibration to which the subjects were exposed, such as the VDV on the seat surface).
Several models of overall seat discomfort will be discussed in this chapter in order to
show relationships between the static seat factors and the dynamic seat factors. An
equation for predicting the overall seat discomfort will be proposed. The subjective seat
feeling is assumed to be “discomfort” rather than “comfort”, because vibration in a vehicle

normally contributes to passenger discomfort.

11.2 A HYPOTHETICAL SEAT BISCOMFORT MODEL

The overall seat discomfort might be obtained by adding the dynamic seat factors
(vibration magnitude, such as VDV) to the static seat factors (stiffness or pressure
distribution of a seat). Such a model of overall seat discomfort is illustrated in Figure
11.1. In the model, the dynamic seat factors increase linearly as the vibration magnitude

increases.  This might be an appropriate assumption.  According to Steven’s
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Figure 11.1 A model of overall seat discomfort.

psychophysical power law (Stevens 1975), the sensation magnitude (e.g. discomfort), v,

is expressed as a power function of the stimulus magnitude (e.g. VDV), ¢, as below:
w = ko’ (11.1)

where k is a constant that depends on the units of measurement,

B is the value of the exponent, which varies depending on the kind of stimulus.

The values of the vibration exponent obtained in the past studies were approximately
one: 1.10 in a study by Fothergill and Griffin (1977), 0.96 and 1.20 in a study by
Hiramatsu and Griffin (1984) and 1.04 and 1.18 in studies by Howarth and Griffin (1990,
1991).

The form of the overall seat discomfort. mode] varies depending on the bharacteristics of
the static seat factors and the dynamic seat factors. The size of the static seat factors in
Figure 11.1 varies depending on the static characteristics of samples. Statically, a more
uncomfortable sample has greéter static seat factors (Figure 11.2.b) than a statically less

uncomfortable sample (Figure 11.2.a).
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Figure 11.2 Effect of the static seat factors on the overall seat discomfort; (a) statically
less uncomfortable sample, (b) statically more uncomfortable sampie.

The slopé of the dynamic seat factors varies depending on the dynamic characteristics of
the sample. A dynamically worse sample has a steeper slope than a sample with better
dynamic characteristics, because the worse sample transfers more vibration into a

subject. The relationship of the two samples is illustrated in Figure 11.3.
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Figure 11.3 Effect of dynamic seat factors on the overall seat discomfort: (a) dynamically
less uncomfortable sample, (b) dynamically more uncomfortable sample.
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Figure 11.1, Figure 11.2 and Figure 11.3 all show that the dynamic seat factors increase
as the vibration magnitude increases and that the total (ie. overat) d_iscomfort also
increases. In contrast, the static seat factors are not influenced by the vibration
magnitude. They should be the same at any vibration magnitude. Relative contributions
of the two discomfort factors to the overall seat discomfort vary depending on the
vibration magnitude. A relative relationship of the two seat factors can be described as in
Figure 11.4. At low vibration magnitudes, the static seat factors dominate the overall
seat discomfort more than the dynamic seat factors. As the vibration magnitude

increases, the dynamic seat factors will be more influential in the overall seat discomfort.

100 %

Relative
seat discomfort

Stétic seat fabtors
(stiffness, pressure)

0%
0 P |arge

Vibration magnitude

Figure 11.4 Relative contributions of the dynamic seat factors and the stafic seat
factors to the seat discomfort.

11.3 TESTING THE MODEL OF RELATIVE SEAT DISCOMFORT

Qualitative relationship between the static seat discomfort and the
dynamic seat discomfort

.

11.3.1 Hypothetical effect on relative seat discomfort

If the overall seat discomfort mode! shown in Figure 11.1 is correct, the shape of the
overall seat discomfort model will vary depending the relationship between the static seat

factors and the dynamic factors as shown in Figure. 11.2 and Figure 11.3.
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11.3.1.1 Case |: a sample with good static characteristics and good dynamic

characteristics

Assume that two samples with different static and dynamic characteristics are compared.
If one of the samples has better static characteristics and also has better dynamic
characteristics, its overall discomfort impression should be less uncomfortable than a
sample with worse static and worse dynamic characteristics. The difference between the
relative discomfort of the samples should increase as the vibration magnitude increases.
The overall seat discomfort models for these two samples are illustrated in Figure 11.5.
The relationship between the degree of discomfort for the two samples as a function of
the vibration magnitude is drawn in Figure 11.6. in the figure, sum of the sample scores

will be always zero.

11.3.1.2 Case iI: a sample with good static characteristics and poor dynamic

characteristics

A sample with better static characteristics and worse dynamic characteristics is
compared with a sample with worse static characteristics and better dynamic
characteristics, the overall discomfort models of the two samples should be as illustrated

in Figure 11.7. The difference between the relative discomfort of the samples should

Uncomfortable
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£ Static: better Static: worse
£
Q
O
N
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T
i)
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©
Qo
>
O
Magnitude of vibration Magnitude of vibration
into a sample info a sample

Figure 11.5 Comparison of the overall discomfort models between two samples. Case
(a) a sample with better static characteristics and better dynamic characteristics, (b) a
sample with worse static characteristics and worse dynamic characteristics.
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Figure 11.6 Relative relationship of the two samples (Case ). Sum of the sample scores
is always zero.

decreasé as the vibration magnitude increases. The relationship between the discomfort

of the two samples may be as shown in Figure 11.8.

Uncomfortable

A (a) Dynamic: better (b) Dynamic: worse
Static. worse Static: better

Overall seat discomfort

Magnitude of vibration Magnitude of vibration
into a sample into a sample

Figure 11.7 Comparison of the overall discomfort models between two samples. Case Il
(a) a sample with worse static characteristics and better dynamic characteristics, (b) a
sample with better static characteristics and worse dynamic characteristics.
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Figure 11.8 Relative relationship of the two samples (Case Il). Sum of the sample scores
is always zero

11.3.2 Method of testing the hypothesis

Relative relationship between the discomfort associated with different samples can be
obtained by the paired comparison method. The same twelve male subjects shown in
Table 6.5 participated in the study. Four polyurethane fbams with different sample
thicknesses of 50, 70, 100 and 120 mm were used. Their static and dynamic
characteristics are shown in Table 5.4'= Figure 5.6 and Table 6.6, Figure 6.8. There were
remarkable differences among the samples, with respect to the static characteristics and
the dynamic characteristics. These differences allowed the samples to have different

static seat properties and different dynamic seat properties.

A modified Scheffe’s paired comparison method (Ura’s method) was adopted (Miura ef
al., 1973) to determine subjective assessments of relative seat discomfort. The subjects
were required to compare the relative discomfort of the samples in the same manner as
when assessing the static and the dynamic seat comfort of automotive seats in Chapter 5
and Chapter 6. However, the average comfort scores obtained were muitiplied by minus
one so that the more uncomfortable samples were assigned greater positive numbers.
This is because this chapter focuses on “discomfort” rather than “comfort”. It seems
preferable that the samples giving more discomfort should be evaluated with greater

discomfort numbers, as shown in Figure 11.9.
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Figure 11.9 Results of paired comparison tests in a static condition. Larger discomfort
scores indicate more. uncomfortable. If the distance between samples is greater than the
yardstick, there is a statistically significant difference between the samples at the given
probability. (Experiment XI, see Appendix A)

Figure 11.9 shows the results of the paired comparison discomfort tests in a static
condition. Larger discomfort scores indicate “more uncomfortable™. Thinner samples
produced a more uncomfortable static feeling while thicker samples produced a more
comfortable static feeling. If the distance between samples is greater than the yardstick
for a given probability, a significant difference exists between the samples at that
probability.  Statically the significant differences arose among the samples, except
between the samples with 70 mm thickness and 100 mm thickness and between the

samples with 100 mm thickness and 120 mm thickness.

in order to provide a dynamic difference among the samples, two vibration stimuli, which
hiad one-third octave narrow-band spectra with different central frequencies, were used
for the dynamic tests. Figure 11.10 shows median transmissibilities of the four samples
obtained with the twelve subjects exposed to one minute broad—band- (0.8 to 20 Hz)
random vibration at a magnitude of 1.0 m.s? r.m.s. beneath the foam sample. As shown
in the figure, the dynamic characteristics of the samples at 2.5 Hz were different from

those at 5.5 Hz: the order of the transmissibilities of the samples at 2.5 Hz was reversed

at the frequency of 5.5 Hz.
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Figure 11.10 Median transmissibilities for the four samples obtained with twelve
subjects.

The hypothetical model of the overall discomfort was tested using fifteen second
durations of one-third octave narrow-band vibration, with central frequencies of either 2.5
or 5.5 Hz. The vibrations were generated by an electro-hydraulic shaker and their
magnitudes were 0.25 m.s” and 0.50 m.s r.m.s. at the shaker platform. At 5.5 Hz, the
thicker samples, which were evaluated statically better had lower transmissibilities than
thinner samples. This situation corresponds to Case [: a sample with good static
characteristics and good dynamic charactéristics. in contrast, at 2.5 Hz, the
transmissibilities of the thicker samples were greater than these of the thicker samples.
This corresponds to Case [I: a sample with good static characteristics and poor dynamic

characteristics.
11.3.3 Results and discussion

Figure 11.11 shows a relationship between the sample stiffness ioaded at 50 kaf and the
static discomfort. Here again, a high correlation was found between the static sample
feeling (static discomfort) and the sampie stiffness. This result supports an assumption of

the overall discomfort model: sampie stiffness is the static seat factor in the model.
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Figure 11.11 Relationship between the sample stiffness loaded at 50 kgf and the static
discomfort. (Experiment XI, see Appendix A).

-

41.3.3.1 Case |: a sample with good static characteristics and good dynamic

characteristics (Experiment XVI-1, see Appendix A)

Figure 11.12 shows the results of the paired comparison tests when using the one-third
octave band vibration whose central frequency was 5.5 Hz. Statically better samples
also had dynamically better characteristics, corresponding to Case |. The relative
discomfort in the figure indicates the average sample preference obtained from the
paired comparison tests. The tests were carried out independently at the different
vibration magnitudes and so the relative discomfort scores at the different vibration

magnitudes cannot be compared directly.

To compare the relative discomfort scores at the different vibration magnitudes, the
relative discomfort scores were divided by the value of the 5% yardsticks obtained at
each vibration magnitude. As a result of this normalisation procedure, the relative
discomfort scores obtained in the different conditions were considered to be fransformed
into the same scale and assumed to be comparable. Unit scale corresponds to the 5%

significant difference level: if the distance between samples is greater than unity, there

249




Uncomiortable

2
o 50 mm
T i L . g 70 mm
E 4 L * « 100 mm
Q
g E a 120 mm
© B '
3 O
3
g} & ¥ >|<
2 4
5 Al ’ 4
o !
i |
1
vy 2 |
Comfortable 0.00 0.25 0.50 0.75

Figure 11.12 Resuits
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of the paired comparison tests using the vibrations with 3.5 Hz

central frequency (Case 1). Magnitudes of the vibrations were 0.00, 0.25 and 0.50 m. g
r.m.s. at the shaker platform.
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Figure 11.13 Normalised relative seat discomfort using the one-third octave band
vibration with 5.5 Hz central frequency (Case ).
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is a statistically significant difference in relative seat discomfort between the samples at
the 5% significance level. The values of the 5% yardsticks were: with no vibration, 0.311;
at 0.25 m.s?, 0.308; at 0.50 m.s2 0.205. Figure 11.13 shows the normalised relative
discomfort. This case corresponds to the model of Figure 11.5 and the results are
expected to be like Figure 11.6. As shown in Figure 11.13, differences among the
samples were smaller with no vibration, and then tended to increase as the vibration

magnitude increased. in general, Figure 11.13 is similar to that of Figure 11.6.

11.3.3.2 Case ll: a sample with good static characteristics and poor dynamic

characteristics (Experiment XVi-2, see Appendix A}

Figure 11.14 shows results of the paired comparison tests for the other case (Case II).
The values of the 5% yardsticks were: with no vibration, 0.311; at 0.25 ﬁ.s'z, 0.332; at
0.50 m.s2, 0.273. The normalised relative discomfort is shown in Figure 11.15. The
differences among the samples were greatest with no vibration and decreased as the
vibration magnitude increased. The relationship among the samples would be expected
to revers-e if the magnitude of vibration increased further. The results were consistent

with the hypothesis shown in Figure 11.8
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Figure 11.14 Results of the paired comparison tests using the one-third octave band
vibration with 2.5 Hz central frequency (Case II). Magnitudes of the vibrations were 0.00,
0.25 and 0.50 m.s r.m.s. at the shaker platform.
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Figure 11.15 Normalised relative seat discomfort using the one-third octave band
vibration with 2.5 Hz central frequency (Case II).

In both cases, good agreements were observed between the hypothesis and the results
of the experiments. The hypothesis regarding the relative contributions of static seat
factors and dynamic seat factors to the seat discomfort is supported by the results of the

experiments.

11.4 TESTING THE MODEL OF OVERALL SEAT DISCOMFORT

Quantitative relationship between the static seat discomfort and the
dynamic seat discomfort

11.41 Hypothetical effect on the overail discomfort

Section 11.3 supported the hypothetical model of overall seat discomfort: the overall seat
discomfort was caused by the sum of the static seat factors and the dynamic seat
factors. The relative discomfort of the samples was obtained by the paired comparison
method. Therefore, if the discomfort scores for all samples are summed, the total is
zero. In this section, the total (ie. overall) discomfort value will be considered. This will
allow the determination of a quantitative relationship showing the total effect of the static

seat factors and the dynamic seat factors.
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According to Steven's psychophysical power law (Stevens 1975), the sensation
magnitude, y, can be described as a power function of the stimulus magnitude, ¢, by the

following expression:
w = kg’ (11.1)

where k is a constant that depends on the units of measurement,

B is the exponent value differing for each sensation.

If relations between the stimuli and the sensations are plotted on iog-log scales, the
differences in the exponent can be expressed by the differences of the slopes (see
Section 4.2). The relation between stimulus and sensory response can be summarised

as below:

“equal stimulus ratios produce equal subjective ratios”.
The interception in a linear-scales graph plays an important role for determining the slope
of the line if a linear-scales graph is redrawn as a log-log plot graph. Assume the overall
discomfort model with the same dynamic characteristics and different static
characteristics as shown in Figure 11.16. These models are the same as those shown in
Figure 11.2. In addition to the mddels in Figure 11.2, the model (a) in Figure 11.16 has
only dynamic seat factors. The overall discomfort Models (a), (b) and (c) in Figure 11.16
can be illustrated as lines (A), (B) and (C) respectively in a linear-scaled graph as shown
in Figure 11.17.(a). For example, if assuming the slope (i.e. dynamic factors) of the lines
is 1 and an intercept (i e. static factors) for a model (A) is 0, that for a model (B) is 1 and
that for a model (C) is 2, the equations of the lines in Figure 11.17.(a) will be y = X (A), ¥
= x+1(B) and y = x+2 (C). The linear-scaled graph in Figure 11.17.(a) would be redrawn
to a logarithmic-scaled graph as shown in Figure 11.17.(b). Figure 11.17.(b) shows that
the presence of initial values (i.e. the static factors) changes the slopes in a logarithmic-
scaled graph, even though the dynamic seat factors (e.g. the slopes in a linear-scaled

graph) for the samples are the same.

According to the features of the logarithmic-scaled graph shown in Figure 11.17.(b), a

relationship of the vibration magnitude and the overall seat discomfort for two samples
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Figure 11.17 Effect of presence of initial values on features of graphs: (a) linear scales,
(b) log-log scales.

with different static characteristics can be represented in Figure 11.18. It can be

hypothesised as follows:

254




Uncomfortable

A Statically more
uncomfortable sample

/ ;

™

TN Statically less

><,,M“’M uncomfortable sample

Static difference between
the samples

Overall
seat discomfort

\j
Comfortable

0 > Larger
Vibration magnitude

Figure 11.18 A relationship of accumulative overall discomfort between two samples
with different static factors.

i} The total discomfort increases as the vibration magnitude increases;

ii) The difference between the samples is greatest with no vibration and becomes
fess as the .vibration magnitude increases;

li) The slope for the statically less uncomfortable sample is steeper than the slope

for the statically more uncomfortable sample.

These hypotheses are consistent with the features of a graph regarding the effect of
noise and vibration on total discomfort response reported by Leatherwood ef al. (1979,

1984).
11.4.2 Method of testing the hypothesis

Magnitude estimation tests were ;:onducted in order to obtain the overall seat discomfort.
Twenty male subjects sat oh three square-shaped polyurethane foams with different
hardnesses and densities (ie. stiffness) and one rigid flat wooden plate, and were
exposed to various magnitudes of vibration. All square-shaped foams had the same

foam composition (high resilient type) and the same size (500 mm x 500 mm x 100 mm),

255




Table 11.1 Characteristics of subjects.

Age Weight Upper-body -Height
weight
(years) (kg) (kg) {cm)
Mean 26.7 73.5 57.3 176.7
Maximum 39 95.0 72.0 193.0
Minimum 22 51.0 43.0 168.0
S.D. 6.1 10.2 7.4 6.5

Table 11.2 Characteristics of foam samples.

Composition Density 25% ILD hardness Stiffness at 50 kgf
(kgf.m™) (kaf) (kgf.mm™
High resilience 42.8 12.2 2.20
High resilience 46.9 15.9 1.88
High resilience 52.4 21.0 1.69

only their hardnesses and densities were different. The differences of the hardnesses
and densities among the samples provided different stiffnesses and different static seat
comfort. Statistically significant differences in the static seat comfort were found among
the samples by paired comparison tests. Table 11.1 shows characteristics of the

subjects, and Table 11.2 shows characteristics of the foam samples.

The subjects were allowed to take a comfortable upright posture, but not allowed to toﬁch
a backrest so as to avoid an effect of vibration from the backrest. Foot spacers were
located underneath the subjects’ feet in order to keep the knee at a comfortable angle, as
shown in Figure 6.1 in Section 6.2. The subjects were required to evaluate the overall
discomfort of the stimuli, which consisted of the different samples (different static seat
factors) and different vibration magnitudes (different dynamic seat factors), compared
with a reference stimulus (using the same sample with the same vibration). Ten seconds
duration of broad-band (0.8 to 20 Hz) random vibration, which were generated by an
electro-hydraulic shaker, were used for the tests. Magnitudes of the vibration were 0,

0.125, 0.25, 0.50, 1.00 and 2.00 m.s” r.m.s. at the platform of the shaker. The sample
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with 46.9 kg.m™® density, 15.9 kgf ILD hardness and 1.88 kgf.mm™" stiffness in Table 11.2
was used as the reference sample. A vibration with 0.50 m.s? r.m.s. at the platform was
used as the reference vibration. Therefore, the sample with 1.88 kgf.mm™ stiffness and
the vibration with 0.50 m.s™ r.m.s. magnitude was given to the subjects as the reference
stimulus when they evaluated the overall discomfort of each stimulus. The subjects were
required to assign an overall discomfort number for each stimulus as a ratio based on the
reference stimulus, which was assumed to be 100. For example, if a stimulus was twice
as uncomfortable as the reference stimulus, the subjects should assign the discomfort
number as 200. If a stimulus was half as uncomfortable as the reference stimulus, 50
should be assigned as the discomfort number (Appendix D). In order to explain a way of
assigning numbers in a ratio, the subjects were given a practice to evaluate the length of
lines in a ratio based on a reference line. Before commencing the experiment, a few

stimuli were given to the subjects as a practice.

Twenty-four stimuli, combinations of the four samples (three foams and one wooden
plate} and the six magnitudes of vibrations, were given to the subjects in a random order
followed by the reference stimulus. The subjects were required to stand up after every
vibration, even though the same sample was used consecutively so as to refresh the
sensitivity at the buttocks. Another session of the same experiment condition with a
different random order was carried out with each subject on a different day. The average
data from the two sessions were used as data for individual subjects in order to make the

data more stable.
11.4.3 Results and discussion (Experiment XVil-1 and XViI-2, see Appendix A}

Figure 11.19 shows the median transmissibilities which were obtained with the twenty
subjects, for the four samples at different vibration magnitudes. Transmissibilities for the
wooden plate were almost unity over the whole frequency range and at every vibration
magnitude. However, transmissibilities for the polyurethane foams varied depending on
the vibration magnitude because-of the non-linear characteristics of a polyurethane foam
and human body as described in Section 2.3.2.4. the resonance frequency and

transmissibility at resonance tended to decrease as the vibration magnitude increased.
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Figure 11.18 Median transmissibilittes for the four samples with different vibration
magnitudes (obtained with the twenty subjects). (Data obtained from Experiment XVI-1 )
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Figure 11.20 shows a relationship between the VDVs measured on the surface of the
samples and the overall seat discomfort obtained from the mean magnitude estimation of
two measures data from twenty subjects. In the figure, data are plotted on linear-scales.
Median values for the twenty subjects were calculated and are shown in Figure 11.21.
The differences of sample stiffness (static seat factors) among the samples caused the
differences of the overall discomfort at any vibration magnitudes. Figure 11.21 aiso
shows features regarding a relationship between the vibration magnitude and the overall
discomfort. In general, the overall discomfort increased as the vibration magnitude
increased. However, when a small magnitude of vibration (= 0.125 m.s r.m.s. at the
shaker platform) was given, the overall discomfort was less than when no vibration was
given. These characteristics could be seen for all the samples in this study. This implies

that a small magnitude of vibration may improve the overall seat discomfort.

The negative effect of vibration on the overall discomfort might be considered as follows:
With no vibration, subjects focused on only the static seat feeling and evaluated it as the
overall c{iscomfort. When a vibration was given to the subjects, the subjects had to
evaluate two matters (the static seat feeling and the dynamic seat feeling caused by
vibration) at the same time. In these conditions, the vibration may have disturbed the
static seat feeling. A subjects’ sensitivity to the static seat feeling might have been
deteriorated by presence of vibration. if a low level of vibration was given to the subjects,
the amount of increased discomfort caused by the vibration might be smaller than the
amount of decreased discomfort caused by the deterioration of the subjects’ sensitivity to
the static seat feeling. As a result, the total (i.e. overall) discomfort with a small vibration

would be smaller than that with no vibration.

Figure 11.22 shows the relationship between the median VDV on the samples and
median overall seat discomfort in logarithmic-scales using the data from the twenty
subjects. In this figure, data with no vibration are omitted because a zero value cannot
be plotted on logarithmic-scales. The overall seat discomfort increased as the vibration
magnitude increased (hypothesis-i). The differences among the samples were greater at
lower vibration magnitudes and decreased as the vibration magn'itude increased
(hypothesis ii). Although there were no statistically significant differences among the
slopes for the three foams, the slope for the statically less uncomfortable foam (stiffness
= 1.69 kgf/mm) was steeper than that for the statically more uncomfortable foam

(stiffness = 2.20 kgf/mm). When comparing the slope for the wooden plate with the
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Figure 11.20 A relationship between VDV on the sample surface and overali seat
discomfort on linear-scales (mean of two measures data from twenty subjects). (Data
obtained-from Experiment XVIl-1 and XVII-2.)
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Experiment XVil-1 and XVII-2.)
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Figure 11.22 A relationship between VDV on the sample surface and accumulative
overall seat discomfort in logarithmic-scales (median data for twenty subjects). (Data
obtained from Experiment XVii-1 and XVII-2.) '

slopes for the foam samples, statistically significant differences were found (hypothesis
fi). These features of the figure show that the model and the hypotheses were
consistent with the results of the experiment. It is concluded that the hypotheses of

overall seat discomfort were supported by the results of this experiment.
11.5 OVERALL SEAT DISCOMFORT PREDICTION

11.5.1 Obtaining the exponent values of the static seat factors and the dynamic

seat factors

As shown in Equation (11.1), according to the Steven's psychophysical power law, the

sensation magnitude, y, can be expressed as a power function of the stimulus, ¢:
w = ko’ (11.1)

where k is the constant, which depends on the units of measurement,

B is the exponent value, which differs from the kind of sensation.
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Predictions of overall seat discomfort could be made from the physical values of stimuli
based on this equation. The sensation, v, corresponds to the overall seat discomfort and
the stimulus corresponds to either the static seat factors or the dynamic 'seat factors.
The results of Chapter 9 suggest that either the sample stiffness loaded at 50 kgf or the
pressure underneath the ischial bones, which were both highly correlated with the static
seat comfort, could be the static seat factors. With regard to the dynamic seat factors, as
discussed in Chapter 10, the vibration dose value, VDV, the r.m.q., or the rm.s., which
are defined in 1SO 2631 (1997) and BS 6841 (1987), are considered to be adequate
physical values. The exponent, B, indicates one of the important features of sensory
continuum and should be used to predicting the overall discomfort. The constant, k, is

not important here.

11.5.1.1 Exponent value of the static seat factors (Experiment XVII-1 and XVII-2, see

Appendix A)

The sample stiffness loaded at 50 kgf was used as a measure of the static seat factors in

this study. Figure 11.23 shows a relationship between the sample stifiness loaded at 50
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Figure 11.23 A relationship between sample stifiness loaded at 50 kgf and accumulative
overall seat discomfort (median data for twenty subjects). (Data obtained from
Experiment XVil-2).
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kgf and overall seat discomfort with different vibration magnitudes (unweighted r.m.s.
accelerations at the shaker platform). The exponent was obtained from a slope of a
regression line in the figure. Although the values of the exponents varied depending on
the vibration magnitude, most of the values were around 1.20. This implies that the static
seat factors (the sample stiffnesses) affected the overall seat discomfort to almost the
same degree at each vibration magnitude. However, when considering only the static
seat factors, it is better to eliminate the effect of other stimuli, such as vibration since
other stimuli may affect the subjective evaluations of the seat discomfort. Therefore, the
exponent obtained when the vibration magnitude was 0.00 m.s? should be used as the
exponent value for the static seat factors. The result of this experiment (Experiment
XVIi-1 and XViI-2, see Appendix A) shows that the value of the exponent at the vibration

magnitude is 1.18.

11.5.1.2 Exponent value for the dynamic seat factors (Experiment XViil-1, XVIili-2
and XVIII-3, see Appendix A) |

In order to obtain the exponent value for the dynamic seat factors, a similar experiment to
the one for obtaining the overall discomfort shown in Section 11.4.2, was carried out.
Twenty male subjects as mentioned in Table 11.3 were required to evaluate the
discomfort caused by a vibration compared with a reference vibration. In the experiment
with overall discomfort described in Section 11.4.2, the subjects were required to assess
both the static seat feeling and the dynamic seat feeling at the same time. In contrast,
only the dynamic seat feeling was evaluated in this experiment (Appendix E). The
vibration at a magnitude of 0.50 m.s? r.m.s. at the shaker platform was used as the

reference vibration. Five magnitudes of test vibrations (0.125, 0.25, 0.50, 1.00, 2.00 m.s

Table 11.3 Characteristics of subjects.

Age _ Weight Upper-body | . Height )
weight
(years) (kg) (kg) (cm)
Mean 254 73.5 57.9 176.8
Maximum 39 95.0 74.0 187.0
Minimum 20 51.0 43.0 168.0
S.D. | 5.5 9.5 7.5 4.9
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2 . ms. at the shaker platform) were given to the subjects in random order after the
reference vibration. In addition to obtaining the value of the exponents for the dynamic
factors, the overall discomfort was also obtained in the same manner as in Section

11.4.2.

In this experiment, a box filled with small chips of soft polyurethane foam was located
underneath the subject’s feet as a footspacer instead of a rigid footspacer used in the
experiment described in Section 11.4.2, so as to minimise any vibration transferring to
the subject's feet. On the top of the foam a board was located and the subject’s feet

were placed on the board as shown in Figure 11.24.

Figure 11.25 shows the relationship between the VDV on the sample surface and the
dynamic discomfort (discomfort caused by vibration). Compared with a figure of the
overall discomfort shown in Figure 11.22, an effect of the static seat factors was
eliminated and only the effect of dynamic seat factors (vibration magnitude) are apparent:
this corr?sponds to model (a) in Figure 11.16 and lines (A) in Figure 11.17. If the stafic
seat factors are neglected, the slopes (i.e. the exponent value) of the regression curves
should be the same for the all samples. The results of the experiment in Figure 11.25
show that the exponent values of the three foam samples were very similar although the

value of the wood sample was slightly less than the values for the foam samples.

A hoard

Smali chips of very soft

A box polyurethane foam

Figure 11.24 A footspacer using small chips of very soft polyurethane foam.
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Figure 11.25 A relationship between VDV on the sample surface and dynamic discomfort
(median data for twenty subjects). (Data obtained from Experiment XVIilI-1 and XVIIi-2).

Figure 11.17 and hypothesis (iii) in Section 11.4.1 indicates that “the slope for the
statically less uncomfortable sample is steeper than the slope for the statically more
uncomfortable sample’. The slopes in Figure 11.22 were obtained taking into account
‘the effect of the static seat factors, while the slopes in Figure 11.25 were obtained
without consideration of the static seat factors, corresponded to model (a) in Figure
11 16. As a result, the samples in Figure 11.25 should have been evaluated as statically
less uncomfortab[e samples than those in Figure 11.22. Comparison of the exponent
values of the same samples in Figure 11.22 and Figure 11.25 shows that the exponent
values in Figure 11.25 are larger than those in Figure 11.22. Thus, the findings are

consistent with the hypothesis.

In order to obtain the exponent value for the dynamic seat factors, a regression analysis
was made using all data for the three foam samples shown in Figure 11.26. There was a
high correlation between the VDV and dynamic comfort. The exponent value obtained
was 0.929 and this is similar to the results of previous studies: 1.13 in a study by

Fothergill and Griffin (1977) and 1.04 and 1.18 in studies by Howarth and Griffin (1989,

1991). The exponent value of 0.929 therefore seems reasonable.
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Figure 11.26 Results of a regression analysis on the VDV on the sample surface and
dynamic discomfort of three foam samples. (Data obtained from Experiment XViil-1 and
XVIII-2). .

11.5.1.3 Overall discomfort (Experiment XVIli-1 and XVIIi-3, see Appendix A)

In addition to the experiment in Section 11.4 (Experiment XVII-2), the same experiment
for obtaining the overall seat discomfort was carried out again. Figure 11.27 shows the
overall seat discomfort. Using the regression curves for the three foam samples, the
hypotheses (i) and (iii) in Section 11.4.1 were not confirmed: an effect of the static seat
factors was not reflected in the slopes of the regression curves. Figure 11.28 shows a
relationship between the sample stiffness and the overall seat discomfort. The exponent
values of the regression curves varied at different vibration magnitudes and the R-square
values for the regressions were much less than those in the first overall discomfort
experiment shown in Figure 11.23. This may mean that the subjects could not
distinguish the foam samples in the second overall discomfort experiment. in the first
experiment (Experiment XVII-2), thirteen subjects out of twenty could tell the difference
among the samples at the 5% significance or higher probability levels according to the
results of Freidman two-way analysis of variance by ranks. [n contrast, only three
subjects out of twenty could distinguish the samples in this second experiment

(Experiment XVIII-3).
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Fourteen subjects participated in both the first and the second overall seat discomfort
experiments and eight subjects out of the fourteen could distinguish the samples in the
first experiment. However, only one subject out of the eight could tell the sample
differences in the second experiment. This suggests that the lower ability of the subjects
to distinguish the samples in the second experiment may not have been caused by the

subjects’ variability but by other reasons, such as the experimental conditions.

One of the reasons for the difficulty in distinguishing the samples in the second
experiment might have been an effect of the footspacer. As shown in Figure 11.24, the
subject's feet were located on the board placed on the small chips of very soft
polyurethane foam so as to minimise the vibration transferred to the feet. The
polyurethane foam absorbed the vibration, especially when its frequency range was
above 8 Hz. The subjects felt less vibration from the feet than in the ﬁrst experiment
using the rigid footspacer. However, the soft footspacer was very unstable and appeared
to have a side effect: the instability of feet may have disturbed the subjects’ concentration

and may have caused a deterioration in the sensitivity at the buttocks.
11.5.2 Multiple regression analysis

Since the overall seat discomfort was influenced by both the static seat factors and the
dynamic seat factors, a method of predicting the overall seat discomfort should take info
account the two factors. The overall seat discomfort corresponded to the éensation, u,
and could be expressed by a summation of the two stimuli, o, and, ¢, which represent
the two factors. Howarth and Griffin (1990a and 1991) proposed that a type of Equation

(11.1) can be modified as below in this case:
w = a + bpy+ coy (11.2)

where o is the stimulus which represents the static seat factors,
n, is the exponent value of the static seat factors,
oy is the stimulus which represents the dynamic seat factors,
n, is the exponent value of the dynamic seat factors,

a, b, and ¢ are the constant obtained by the regression analysis.
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When including an interaction variable between the two stimuli, the overall seat

discomfort, vy, will be expressed as below:
w = a+ bpl+ coy +degey (11.3)

in Equations (11.2) and (11.3), as described in Section 11.4, the static stimulus, o5, was
the sample stiffness loaded at 50 kgf and its exponent value, n,, was determined as 1.18.
The dynamic stimulus, ¢,, was the VDV on the sample surface and its exponent value,
n, was 0.929. The constant a, b and ¢ were determined by following procedures.
Firstly, the value of the stiffness to the power of 1.18 and the value of the VDV to the
power of 0.929 were calculated as independent variables. Then the muitiple regression
analysis was carried out between the overall seat discomfort as a dependent variable
and the independent variables. The relationship between the sensation, y, and the

stimuli, s, and, o, were obtained by the following equations:

(i) using the stiffness only:

w =632 +54.80, " (11.4)
(i) using the VDV only:

v = 34.3 + 102,757 (11.5)
(iii} using the stiffness and the VDV
w=-50.3+395¢, "+ 101, >%% (11.6)
(iv) using the stiffness, the VDV and an interaction variable:

w=-19.1+252¢"" + 65.90,"%%° + 16.0 e 180, 0% (11.7)
Howarth and Griffin (1990b and 1991) also mentioned the equivalence of two stimuii
(noise and vibration). If using the same technique they proposed, the equivalence
between the stiffness and the VDV was given by the following equations derived from

Equation (11.6):
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or

logqg (stiffness) = 0.787 logqo (VDV) + 0.345

logsg (VDV) = 1.27 l0g10 (stiffness) - 0.438

(11.8)

(11.9)

Figure 11.29 shows relationships between the predicted overall seat discomfort from

Equations (11.4), (11.5), (11.6) and (11.7) and the measured median overall seat

discomfort with the twenty subjects and the foam samples. There were high correlations

between the predicted overall seat discomfort and the median overall seat discomfart

except for the equation using stiffness only. Using the stiffness and the VDV or the

stiffness, VDV and an interaction variable provided higher correlations than when using
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Figure 11.29 Relationships between predicted overall seat discomfort and median overall
seat discomfort for twenty subjects and the three foam samples.




the VDV only, however, the improvements were only sfight. Using the VDV only for the

prediction equation appeared to be sufficient to predict the overall seat discomfort for

these data.

The results in Figure 11.29 were obtained over the VDV range from 0.153 to 2.43 m.s
75 The greatest VDV was more than fifteen times greater than the lowest VDV. [t is
considered that the difference in the vibration magnitude was much greater than the
difference in the stiffness among the samples. As a result, the overall discomfort heavily
depended on the VDV (i.e. the dynamic seat factors) and depended less on the sample
stiffness (j.e. the static seat factors). When developing automotive seats, even a ten
percent difference in the VDV is significant and may change the dynamic seat discomfort
perceptibly. In general, a much narrower range of vibration magnitudes than used in this

study is relevant in a practicat case.

Figure 11.30 shows the relationships between the predicted overall discomfort and the
median gverall discomfort using the same equations but limiting the VDV range to less
than 0.50 m.s7®. The R-square value when using the stiffness only was larger than in
Figure 11.29. In contrast, R-square values for using the other variables were smaller
than those in Figure 11.29. Especially, R-square value when using the VDV became
considerably smaller compared with that when using the stiffness and the VDV or the
stiffness, the VDV and an interaction variable. This suggests that the VDV range
influenced the prediction accuracy and that a more accurate prediction of the overall
discomfort could be made from a relation involving a summation of the effects of the

stiffness and the VDV,

The effect of the VDV range on the R-square value is shown in Figure 11.31. The R-
square values were obtained by Equations (11.4), (11.9), (11.6) and (11.7). The figure
indicates that involving both the stiffness and the VDV in the regression equation
improved the prediction accuracy in comparison with involving the stiffness alone or the
VDV alone, especially when the VDV range was less than 1.0 m.s*"°.. When the VDV
range was less than 0.25 m.s"”s, the equation including the stiffness alone had a higher
R-square value than the equation with the VDV alone. This implies'that at small vibration
magnitudes the static seat factors (e.g. the sample stiffness) influenced the overall seat
discomfort more than the dynamic seat factors {e.g. the VDV). The interaction variable

further improved the prediction accuracy.
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Figure 11.30 Relationships between predicted overall seat discomfort and median overall

seat discomfort for twenty subjects and the three foam samples when limiting the VDV

range to less than 0.50 m.s™".

The R-square values in Figure 11.31 were obtained by Equations (11.4), (11.5). (11.6)
and (11.7), which means that the regression analysis was carried out over the largest
VDV range: < 0.25 m.s™°. Whilst the R-square values in Figure 11.32 were obtained by
calculating the regression equatians for limited VDV ranges: < 0.25, < 0.50, < 1.00, <
2.00 and < 2.50 m.s""°. Table 11.4 shows the constants and the coefficients of the
independent variables for the regression equations. Although the R-square values when
using stiffness alone or the VDV alone in Figure 11.32 were the same as those in Figure
11.31, those when using both the stiffness and the VDV or the stiffness, the VDV and the

interaction variable in Figure 11.32 were higher than those in Figure 11.31. This

272




1.0

0.8

11
L

0.4 }

R-square value

02}

. Gtifiness |
g VDV I
. Stifiness & VDV
‘ 5 Interaction variable:

i
|
1
i

1 1 1 1

0.0

< 05 <1.0 < 1.5 < 2.0 < 25

VDV range (m.s™7°)

Figure 11.31 Effect of the VDV range on R-square values obtained by Equations (11.4),

(11.5), (11.6) and (11.7).
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Figure 11.32 Effect of VDV range on R-square values obtained by recalculating the
regression equations at each VDV range.
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Table 11.4 Constants and coefficients of the independent variables for the regression
equations recalculated over different VDV ranges. :

VDV range | Used Constant Coefficients R
(m.s'1'75) variables (ps‘l.‘lB (PVO.QZQ (ps1.189(pv0.92 square
0s -4.39 21.7 - - 0.977

<025 | o, -187 - 1280 . 0.889
Qs Pu - - - - -

Ps; Pvy PsPy - - - - -

s -15.0 32.8 - - 0.295

<050 |o, 9.11 181 - - 0.743
Psr Py -49.3 28.1 172 - 0.956

Psr Pur PsPy 10.9 0.469 -60.7 106 0.976

s -12.0 385 - - 0.159

§ <1.00 |, 20.2 - 133 - 0.865
' 05, Py -47.3 31.9 130 - 0.973
Psr Pyr POy -22.1 20.3 63.9 30.1 0.977

®s 2.37 43.1 - - 0.061

<200 |o 21.9 - 128 - 0.962
Ps: Pu -43.9 30.8 126 - 0.993

Ps, Byr Ps@y 429 30.4 125 30.4 0.993

9s 6.32 54.8 - - 0.042

<250 | oy 34.3 - 102 - 0.953
Ps Dv -50.3 39.5 101 - 0.975

Ps Oyr POy -19.1 25.2 65.9 15.9 0.977

suggests that recalculating the regression equations at each VDV range improved the
prediction accuracy of the equatiors when using the summation of the stimuli compared
with using the equations obtained with the largest VDV range. The interaction variable

improved the prediction accuracy, but the improvement was slight.

It is concluded that taking into account both the static seat factors (e.g. the sample

stiffness) and the dynamic seat factors (e.g. the VDV) for predicting the overall seat
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discomfort provided more accuracy than considering the static seat factors alone or the
dynamic seat factors alone. This was most useful when the vibration magnitude, or the
difference of the dynamic seat factors among samples, was small. Recalculating the
regression equations at each VDV range provided better a prediction accuracy than the

equations obtained over the largest VDV range.
11.6 DISCUSSION

Stevens (1975) mentioned that a reference stimulus was not essential for magnitude
estimation. However, provisional tests not reported here showed that using a reference
stimulus provided more consistent results than tests without a reference stimulus. In this
study, the subjects were required to assess two matters, the static seat feeling and the
dynamic seat feefing, at the same time. This was more complicated than when
evaluating a single stimulus. Using a reference stimulus may help subjects to make a
consistent decision in a complicated evaluation.

Section 6.4 discussed the effect of foam density and hardness on vibration transmission
and reached the conclusion that the foam density and hardness did not affect either the
resonance frequency nor the transmissibility at resonance. In contrast, Figure 11.19
shows that the foam density and hardness did affect the fransmissibility. One of reasons
for this conflicting result may be that different foam compositions were used. Further

studies of the effect of foam density and hardness on vibration transmission are required.

The sample stiffness loaded at 50 kgf was used as the static seat factor for the overall
seat discomfort prediction in this sfudy. As described in Section 8.3.2, the preséure
underneath the ischial bones may also be used as the static seat factor. Either of these
physical values can be used in the prediction equations as long as the static sample
feeling (i.e. the static seat factors) is dominated by bottoming as occurred here. |f
differences among samples are‘Earge, and both bottoming and initial touch feeling
influence the static sample feelihg, using pressure might be better than using the
stiffness. Advantages of using the stiffness are that it can be measured more easily and

it is a more common physical value to represent foam characteristics or seat

characteristics than the pressure.
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When subjects were exposed to less magnitudes of vibration, they tended to feel more
camfortable than when being exposed to no vibration. Although an experiment
investigating the reason has not been carried out, one of possible reason is that a small
vibration may deteriorate a subjects’ sensitivity to the static seat feeling. In addition,
~ when the soft footspacer was used, the subjects could not distinguish the sampies.
These results suggest that other stimuli could affect a subjects’ sensitivity or evaluation of
seat discomfort, even though they come from different parts of the human body. [n the
former case, the stimulus was the vibration from the hip and feet. In the latter case, the

stimulus, which may be instability at the feet caused by the footspacer.

Square-shaped foam samples and a Gaussian random vibration were used in
experiments to provide the overall seat discomfort prediction method in order to simplify
the procedures of the experiments. Equations for predicting overall seat discomfort
obtained in this study may not be directly applied to real vehicle seats, because real
vehicle seats may have different a range of stifinesses due to the seat cover or other
seat components. in addition, the vibration spectra may be different when driving on a
real road. However, the method for predicting overall seat discomfort proposed here can

be applied to other cases.
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CHAPTER 12

CONCLUSIONS AND RECOMMENDATIONS

121 INTRODUCTION

This chapter summarises the conclusions of the experimental research. The findings in
each chapter are summarised individually. The principal objective of this thesis (ie.
proposing a mode! of seat discomfort and a seat discomfort prediction method) is
described in Chapter 11. The findings in Chapter 9 and Chapter 10 regarding static seat
comfort and dynamic seat comfort are closely related to the contents of Chapter 11.
Chapter 5, Chapter 6, Chapter 7 and Chapter 9 described static and dynamic

characteristics of foam samples or seats. Recommended works for the future are also

given in this chapter.
122  SUMMARY OF CONCLUSIONS

12.2.1 Effect of polyurethane foam properties on static characteristics of foam

cushion: Chapter 5

The load-deflection curve is one of the physical representations of the static
characteristics of a foam. It is influenced by the characteristics of the foam matrix
polymer and foam cell construction geometry. All polyurethane foam properties
discussed in Chapter 5, such as foam composition, foam density and hardness and foam
thickness changed the characteristics of the load-deflection curve.  The foam
composition alters the foam matrix, and the foam density and hardness affect the cell
construction geometry. As long as the foam composition and density are the same, the
foam thickness does not alter either the foam matrix polymer or the foam cell
construction geometry, however, it may affect a behaviour of tension énd shear force in
the ILD compression process. Changing foam thickness makes more difference in the
load-deflection curves than other foam properties discussed in this chapter. Even though
the 25% ILD hardnesses of foam samples are the same, there are differences in the

gradients of the load-deflection curves as the load increased.
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The load-deflection curve of a foam with a softer polymer matrix or a lower density had a
larger deflection and smaller gradient at Ebw deflections than a foam with a harder
polymer matrix or higher density. However, as the deflection or the load increased, the
gradient of the curve for the foams with softer polymer matrices or lower densities
increased more rapidly and, eventually, became greater than those for foams with harder

polymer matrices or higher densities.

The pressure distributions and the subjects’ upper-body weight distributions were
affected by the foam hardness and foam thickness, but not by the foam composition with
the same hardness. The harder foams tended to give higher peak pressures around the
ischial bones and smaller contact areas than the softer foams. However, when a foam
became too soft, the pressure around the ischial bones became higher. This high
pressure observed in the soft foam may have been caused by bottoming. As the foam
became less thick, the peak pressure around the ischial bones increased and the contact
area became smaller, especially in the area around the thigh regions. When the foam
thickness was 50 mm, the peak pressure around the ischial bones was strikingly high
because of bottoming. Changing the foam thickness influenced the pressure distribution
more than changing the foam hardness. However, the change was only observed over

the foam thickness range from 50 to 100 mm in this study.

For both the load-deflection curve and the pressure distribution, changing the foam
thickness provided more outstanding differences than other polyurethane foam properties
discussed in this chapter. This implies that changing the foam thickness is the most

effective way to change the static characteristics of a foam cushion.

12.2.2 Effect of polyurethane foam properties on dynamic characteristics of

foam cushion: Chapter &

While the foam composition and foam thickness affected the vibration transmissibility of a
foam cushion, the foam density did not. Changing the foam thickness influenced the
vibration transmission more than when changing the foam composition. It can be
concluded that changing the foam thickness is more effective than other methods for
changing dynamic characteristics of a foam cushion. However, it was only useful over

the foam thickness range from 50 to 100 mm in this study.
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With regard to the resonance frequency and the transmissibility at resonance, even from
a qualitative viewpoint, the experimental results were not consistent with theoretically
predicted values based on a single-degree-of-freedom model using the static foam
characteristics and the subject’s weight. This implies difficulty in predicting the dynamic
characteristics of a person-foam system from the static foam characteristics and a

subject’'s weight.

The damping of polyurethane foam is considered to be a complex combination of viscous
damping and hysteretic damping. However, the results of the regression analyses
showed that the hysteresis loss had a high correlation with the transmissibility at
resonance, even though it was obtained from a load-deflection curve. This suggests that

the hysteresis could be an useful indicator of the damping of polyurethane foam.

12.2.3 Effect of sample shape and seat cover on the characteristics of

automotive seats: Chapter 7

Both sar;lple shape and seat cover affected the load-deflection curve. The stiffness for
the square-shaped sample and that for a cushion pad without seat cover were similar at
the same applied load. The stiffness of the samples increased as the load increased: the
stifiness of the cushion pad with seat cover did not increase as the load increased as
much as the other samples. The shape of the load-deflection curve of the cushion pad
with seat cover was more straight and had more hysteresis loss compared with the other
samples: seat cover prevented a sudden increase of a gradient of the load-deflection

curve, which was observed in a square-shaped sample and a seat pad without seat

cover, and increased the hysteresis loss.

Sample shape and a seat cover also influenced the vibration transmission. Sample
shape appeared to affect the resonance frequency rather than the transmissibility at
resonance. In contrast, a seat cover changed the transmissibility at resonance.

There were significant correlations in both the transmissibility at resonance and the
resonance frequency among three samples: a square-shaped sample, a cushion pad
without seat cover and a cushion pad with seat cover. These correlations mean that the
characteristics of polyurethane foam was reflected in the characteristics of an assembled

seat. The correlation between the transmissibilities of the pads without covers and the

279




pads with covers was higher than that between the transmissibilities of the square-
shaped samples and the pads with covers: using pads without covers. to predict the
dynamic characteristics of an assembled seat may provide a more accurate prediction

than using square-shaped samples.
12.2.4 Effect of cushion pad construction on seat characteristics: Chapter 8

In order to change the compression area, a board having a larger area than the buttocks
was inserted into cushion pads. This change of cushion pad construction (ie. the
compression area) was expected to change the static and dynamic characteristics of the
seats. The static characteristics (e.g. load-deflection curves) of a cushion pad were
affected by the change of cushion pad construction: a cushion pad with inserted board
had a smaller deflection than a normal polyurethane foam cushion pad over the load
range greater than 20 kgf; the gradients of the load-deflection curves for the board-
inserted cushion pad were steeper than those for the normal cushion pad over the loaded
‘range. In contrast, the dynamic characteristics were not affected by the cushion pad
construction as much as the static characteristics, although there were statistically
significant differences in the resonance frequencies when the seats were exposed to the

vibration from the moforway.
12.2.5 Factors affecting static seat comfort: Chapter 9

The static seat comfort of cushion pads appeared to be affected by two factors: initial
touch feeling and bottoming. Initial touch feeling reflected the characteristics of a sample
near the sample surface when the sample was compressed with a relatively small load
and might be predicted by the load of a load-deflection curve at small deflections (around
20 mm). Bottoming is a sudden increase in sample stiffness when a seat is loaded with a
heavier weight, such as the human body; it may be predicted by the gradient of the load-
deflection curve at about 50 kgf load. When bottoming dominated the static seat comfort,
a significant correlation was found between the subjective seat comfort obtained by
paired comparison experiments and the sample stiffness {(i.e. the gradient of load-
deflection curves) at loads from 40 to 60 kgf. Samples with less stiffness tended to be
evaluated as more comfortable. However, when there were large differences among

samples, a linear relationship between the static seat comfort and the sample stiffness
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did not exist. There was a peak in the comfort score at a certain stiffness: samples with

too much or too little stiffness were evaluated as having an unpleasant static feeling.

The pressure underneath the ischial bones correlated with the results of static seat
comfort evaluations, even though the differences among samples were large. Samples
with higher pressure underneath the ischial bones were evaluated as more
uncomfortable. The results imply that the pressure underneath the ischial bones may

reflect the two static seat comfort factors: the bottoming and the initial touch feeling.

A sitting shock (i.e. transient acceleration generated when subjects sat on seats) did not

affect the static seat comfort at an initial sitting.
12.2.6 Factors affecting dynamic seat comfort: Chapter 10

The results of dynamic seat comfort experiments obtained by paired comparison were
compared with objective physical values measure of vibration magnitude (frequency
weighted r.m.s., rm.q. and VDV). The dynamic seat comfort evaluations were carried
out under conditions where subjects were exposed to vibrations of a bumpy road and a
motorway. The results showed that even in dynamic conditions, the subjective comfort
evaluations on seats were influenced by both the vibration magnitude on the seat surface
and the static seat characteristics (e.g. the seat stiffness). The degree of influence of the
vibration magnitude and the static seat characteristics on the comfort evaluation varied
depending on the level of the vibration: when the level was low (motorway vibration), the
comfort evaluation was more influenced by the static seat characteristics than the
vibration magnitude on the seat surface; when the level was high (bumpy road vibration),
the comfort evaluation appeared to be more dominated by the vibration magnitude on the

seat surface than the static seat characteristics.

Although the crest factors for both vibrations were below 6, the subjective comfort
evaluation correlated with the fourth power methods (the VDV and the r.m.q.) slightly

higher than with the second power method (the r.m.s.) in this study.
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12.2.7 A model of overall seat discomfort: Chapter 11

A model of the overall seat discomfort, which consists of static seat factors and dynamic
seat factors was proposed. The following hypothetical effect of the relative seat
discomfort based on the model was consistent with the results of an experiment (paired

comparison discomfort experiments):

i) The overall seat discomfort is influenced by both static and dynamic seat
factors;
i) The degree of influence of both static and dynamic seat discomfort factors on

the overall seat discomfort varies depending on the magnitude of the vibration.

The characteristics of the overall seat discomfort based on the model was hypothesised
as below in a logarithmic-scaled graph. Good agreement was observed between the
hypotheses and the results of an experiment using magnitude estimation:

i)‘The overall seat discomfort increased as the vibration magnitude increased,;

iy The difference between the samples was greatest with no vibration and

became less as the vibration magnitude increased;

iii) The slope of the overall seat discomfort for the statically less uncomfortable

sample was steeper than that for the statically more uncomfortable sample.

A method of predicting overall seat discomfort based on Steven’'s psychophysical power
law was proposed. The method involved the static and dynamic seat characteristics: the
sample stiffness loaded at 50 kgf was used as the static seat factor and the VDV on the
sample surface was adopted as the dynamic seat factor. The following equations were

obtained by multiple regression analysis carried out over the largest VDV range:

(i) using the stiffness only:

w =6.32 + 54.8¢p," " (11.4)
(i) using the VDV only:

y = 34,3 + 10299 (11.5)
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(iii) using the stiffness and the VDV;
y = -50.3 + 39.5 ¢, "% + 1019, %° | (11.6)
(iv) using the stiffness, the VDV and an interactive variable:
w=-19.1+25.2 ¢, "% + 65.9¢9,29° + 16.0 ¢, "9, "% (11.7)

where ¢ is the stimulus which represents the static seat factors (the sample stiffness),
ns is the exponent value of the static seat factors (1.18 in this study),
¢y is the stimulus which represents the dynamic seat factors (the VDV),
ny is the exponent value of the dynamic seat factors (0.929 in this study),

a, b, and ¢ are the constant.

The proposed methods (Equations (11.6) and (11.7)) using the static seat factors and the
dynamic_seat factors provided a more accurate prediction than Equations (11.4) and
(11.5) using the static factors alone or the dynamic factors alone at any vibration
magnitude. The improvement of prediction accuracy was great, especially when the
vibration magnitude or the difference of the dynamic seat factors among samples was
small. - The equivalence between the sample stiffness and the VDV was given by the

following equations:

log. (stiffness) = 0.787 logyo (VDV) + 0.345 (11.8)
or
logo (VDV) = 1.27 logy, (stiffness) - 0.438 (11.9)

Recalculating the regression equations at each VDV range provided more accurate

predictions than the equations obtained with the largest VDV range.
12.3 RECOMMENDATIONS

For the overall seat discomfort prediction, the stiffness of a sample loaded at 50 kgf was
used as the static seat factor and the VDV was used as the dynamic seat factor. it is
adequate to use the sample stiffness as the static factor for discomfort prediction

because the static seat discomfort of all samples was dominated by the bottoming factor
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(ie. the static seat discomfort correlated with the sample stiffness) in this study.
Howéver, the sample stiffness correlated with the static seat discomfort with a limited
range of sample variation, when the bottoming factor dominated the static seat
discomfort. Considering samples with a wider range of hardness, where both the
bottoming and the initial touch feefing affect the static seat discomfort, the pressure
underneath the ischial bones should be used instead of the sample stiffness. Therefore,
other studies are recommended, where the pressure underneath the ischial bones is

used as the static seat factor for predicting the overall discomfort.

In overall evaluation of seat discomfort, when the subjects were exposed to small
magnitudes of vibration, they felt more comfortable than when exposed to no vibration.
When a soft footspacer was used, subjects could not distinguish between the samples.
These results suggest that when subjects are exposed to several stimuli at the same
time, the combination of the stimuli could affect the subjects’ sensitivity or annoyance:
the subjects responded differently from when they were exposed to a single stimulus.
Seidel et al. (1989, 1990, 1992) and Howarth and Griffin (1980a, 1990b, 1991) have
reported ‘the combined effect of noise and vibration. Passengers are exposed to several
stimuli, such as vibration, noise and temperature in vehicles. Even when dealing with the
vibration only, several vibrations are transferred into passengers through different parts
of the body, such as the buttocks, the back, the hands and the feat. As Kozawa ef al.
(1986) mentioned, a ride comfort may correlated not only with the acceleration of the
seat cushion but also with accelerations of many places, such as a seat back and feet.

Consequently, study of the combined effect of these vibrations is required.

The overall seat discomfort prediction method proposed in this research is based on
short periods, 10 seconds, of sitting discomfort. Although the dynamic seat factor, VDV,
takes into account the vibration duration, the static seat factor, the sample stiffness, does
not include the time-dependency of discomfort. Therefore, the method proposed in this
research should only be applied to the overall seat discomfort prediction for short periods
of sitting. Longer periods of sitting, which may produce fatigue, VES'important and a
prediction method is required to understand the discomfort that arises. it would be
possible to predict the overall seat discomfort for any sitting duration if physical values

reflecting how the static seat comfort changes with time are found.
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Although this research concerned the characteristics of cushion pads, other seat
components, such as seat covers and springs can also affect the seat characteristics and
the seat comfort. A seat cover may particularly influence the pressure distribution and
static seat comfort, especially the initial touch feeling. Springs may provide larger
differences in the vibration transmission than changing cushion pads. Studies of the

effects of these components on static and dynamic comfort are recommended.

For the study of the effect of cushion pad construction on seat characteristics in Chapter
8, the effect of material or size or location of inserted member was not investigated. If
the optimisation of inserted members was studied, greater changes in the static
characteristics or the dynamic characteristics of a cushion pad or a seat than those
observed in this study may be expected. Further study to optimise the characteristics of

inserted members is recommended.
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APPENDIX B

PROCEDURE OF THE ORIGINAL SCHEFFE’S PAIRED COMPARISON
(Experiment 1X, XII, and XV-2)

B.1 INTRODUCTION

In this study, either original Scheffe's paired comparison method or modified Scheffe's
paired comparison method (Ura’s method, Miura et al., 1973) was used in order to carry
our the analysis of variance and to obtain the subjective sitting feeling. The analysis of
variance and the determination of the comfort scores for seats (i.e. popularity of the
samples) were carried out by the original Scheffe's method as shown the following
procedures. The results of bumpy road run (Experiment XV-2 in Section 10.4.2.1) is

‘shown as an example.
B.2 EXPERIMENT PROCEDURE

Seats were fixed on the shaker platform side by side as a pair. The setting of the seats,
such as the angle of the backrest and the inclination of the cushion, were the same as
those shown in Figure 8.5 in Section 8.3. Subjects sat on the seats and were allowed to
take comfortable postures. After being exposed to the 30 seconds vibration on the first
seat, a subject changed seat and was exposed to the same vibration again. Then the

subjects were required to compare the relative seat comfort of two seats.

There were six combination for four different seats (4,C; = 6). The order of these
combinations were randomised. Each combination was tested twice in a different sitting
order so as to take into account the order effect. Therefore, the subjects assessed
twelve combinations in total. The experiment was divided into two sessions and each

session was conducted on different day so as to avoid subjects’ fatigue. -

Before commencing the experiment, the subjects were given the instruction on the

method of the experiment and were asked to respond to the questions:

291




The subjects were required to assess the relative discomfort of each sitting in terms of

seven category numbers or category words as below:

“Please judge the relative seat discomfort while sitting in each seat using

the following scale.”

+3 : 1st VERY MUCH MORE COMFORT than 2nd

+2 : 1st DEFINITELY MORE COMFORT than 2nd

+1: 1st SLIGHTLY MORE COMFORT than 2nd
0: 1 st THE SAME COMFORT than 2nd

-1: 1st SLIGHTLY LESS COMFORT than 2nd

-2 : 1st DEFINITELY LESS COMFORT than 2nd
-3 : 1st VERY MUCH LESS COMFORT than 2nd

The subjects were allowed to answer either by numbers or by words. If the subjects

answered by number, the experimenter confirmed the number in terms of words.
B.3 CALCULATION PROCEDURE OF ANALYSIS OF VARIANCE

(1) A table of sums of data
The results of subjective assessment date were summed as in Table B.1.

The value of x;. was calculated as following:

e.g. A —> B: A is the 1st sitting sample and B is the 2nd sitting sample.
Xap. = (1) x2+(0) x4 + (+1) x5+ (+2) x1 =5

(2) Variance for primary effect (effect of foam composition)
The variance for the primary effect was obtained by using the resuits of Table
B.1, as shown Table B.2. The sum of square for primary effect (Sgy) and its

degree of freedom (fy) were calculated by the following equations.

Sq = (% - x4.)° 1 (2tn)
fa = t = 1

where t is a number of samples (= 4), nis a number of subjects (= 12).
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Table B.1 Subjective assessment data of four seats for bumpy road run.

Seat Category X X2
1st | 2nd -3 -2 -1 0 +1 +2 +3

A—>B 2 4 5 1 5 25
B—A 1 2 7 2 10 100

A—>C 1 3 2 6 1 1
C-—>A 1 2 6 3 11 121
A—>D 3 4 1 4 -6 36
D—A 3 6 3 12 144
B—C 2 3 7 5 25
C—B 2 3 7 5 25
B-—D 2 ) 4 1 5 25
D—B 2 4 6 4 16
C-—>D 4 2 4 2 4 16

D-——C 1 4 3 3 1 -1 1
5 27 34 65 12 1 55 535

A: a seat with a low density type foam pad.

C: a seat with a high durability type foam pad.

Table B 2 Calculation table for primary effect.

B: a seat with a standard type foam pad.

D: a seat with a soft feeling type foam pad.

Xy. X;.. X.j. X = X | (X - x.j)2
w4 A B C D
A 1 -6 0 33 -33 1089
B 10 5 20 14 6 36
c 11 4 20 5 15 205
D 12 4 -1 15 3 12 144
Sum 33 14 5 3 55 55 0 1494
X.j. X... X... I(xj.. - x )2
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In this case, Sy and fy became as below:

Sq = 1494/ 2x4x12 = 15.563
fu=4-1=3

(3) Variance for combination effect
The variance for the effect of the seat combination was obtained by using the

results of Table B.1, as shown in Table B.3. The combination effect (S,) and its

degree of freedom (fy) were calculated by the following equations.

Sy = ISy - %5)° / (2n) - Sg
fy =Cz - (t-1)

In this case, SY and fY became as below:

Sy =475/ 2x12 - 15.563 = 4.229
fy = (4x3) [ (2x1) - (4-1) =6 -3 =3

Table ij)y Calculation table for combination effect.

Xij. - Xji. (X - %5.)?
w2 A B C D A B C D
A -5 -10 -18 25 100 324
. B 0 1 0 1
C 5 25
D

ZjZiq- (Xij- - in.)z =475

* (4) Variance for order effect
The variance for the order effect was obtained by using the results of Table B.1,
as shown in Table B.4. The order effect (Sg) and its degrees of freedom (f5) were

calculated by the following equations.
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Sa = EjEi<_i (Xij'- + in.)z / (2”)

f5 = C2
j

In this case, Sg and fg became as below:

S5 =595/ 2x12 = 24.792
fs = (4x3) / (2x1) = 6

Table B.4 Calculation table for order effect.

Xij. + xji. . + %)
W A B C D A B C D
A 15 12 6 225 144 36
B 10 9 100 81
C 3 9
D

T (X5 + X;.)° = 595

(5) Total of sum of squares
Total sum of square (Sy) and its degrees of freedom (f) are calculated by the

foilowing equations.

_ - 2
ST = EiLjE|ij'|

¢ fT=2nxth_

In this case, St and f; became as below:

Ciaad St = (225 + (-1)2x27 + (0)%x34 + (+1)%x65 + (+2)*x12 + (+3)2x1
| =20 +27 + 65+ 48 + 9 = 169
fr = (2x12) x (4x3)/(2x1) = 24 x 6 = 144
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(6) Error
Sum of square for error (S.) and its degrees of freedom (f,) were calculated by

the following equations.

Se = ST - Exij.z fn
f,=2(n-1) x Ca

2
in this case, S, and f, became as below.

S, = 169 - 535/12 = 124.417
f, = 2x(12-1) x (4x3)}/(2x1) =22 x 6 = 132

The results of calculations described above are summarised in Table B.5.

Table B.5 Summary of the analysis of variance for the bumpy road run in the case of
changing polyurethane foam composition.

Sum of Degree of Variance F Significance
squares freedom
Primary 15.56 3 5.1¢ 5.52 p<0.01
Combination 423 3 1.41 1.50 p>0.05
Order 24.79 6 413 4.39 p<0.01
‘| Error 124.42 132 0.94
Total 169 144

B.4 CALCULATION PROCEDURE OF COMFORT SCORE

(1) Scale value for the popularity (comfort score)

F.03(0.05) = 2.68, Fy50°(0.01) = 3.95, 150°(0.05) = 2.18, F42,°(0.01) = 2.96.

The average scale for the popularity () is obtained by the following equation.
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o = {X;.. - XJ) [ 2tn

e.g. Comfort score of a seat A (i.e. a seat with a low density type foam pad) on

the bumpy road:
ap = -33/ 2x4x12 = -0.3438

In this study, higher comfort scores correspond to better sitting comfort, and

smaller comfort scores correspond to poorer sitting comfort.

(2) Yardstick
With regard to the difference between each comfort score for seat samples, the
amount of difference which corresponds to a significant difference is obtained by

calculating the yardstick (Yg4) as shown in the following equation.
Y = dg(tfe) x (®/(2nt))™

where q¢,(t,fe) is student's range obtained from a table of student's range (Miura et
al., 1973),
¢ and f, are significance level and degrees of freedom for error,

&% is the variance of the error.

In the case of the bumpy road run, ggos(4,120) = 3.69, qpo(4,120) = 4.50. f, =
120 was used instead of 132 since f, = 132 is not on the table. Yardsticks were

calculated as below:

Yo.0s = 3.69 x (0.943/(2x4x12))'? = 0.370
Yoo1 = 4.50 x (0.843/(2x4x12))"? = 0.451
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APPENDIX C

PROCEDURE OF THE METHOD OF SUCCESSIVE CATEGORIES
(Experiment XIV)

cA INTRODUCTION

The results from the static seat comfort judgements obtained by the original Scheffe's
paired comparison in Section 9.3.1 (Experiment (X, see Appendix A) were compared with
those of another experiment of short-time sitting comfort obtained by the method of
successive categories (Guilford, 1954) in Section 9.3.3 (Experiment XIV, see Appendix

A). Experiment and data analysis procedures are shown as follows.
C.2 EXPERIMENT PROCEDURE

The subjects sat on the seats and were allowed to take a comfortable posture, however
the settings of the seats, such as the angle of the backrest and the inclination of the

cushion, were the same as those shown in Figure 8.5 in Section 8.3.

Subjects sat on each seat five times, sitting for a total of twenty times in random order.
Subjects were required to assess the initial sitting comfort of the seats in five to ten
seconds after sitting using one of category numbers or category words from five

categories as shown below according to the level of the comfort.

. Very comfortable
: Moderately Comfortable
: Neutral

: Moderately Uncomfortable

S WM

: Very Uncomfortable

Before commencing the experiment, the subjects were given instructions on a method of

the experiment and were asked to respond to the question:
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"How do you assess the sitting comfort of these seats? Please answer in
terms of the category numbers or cat'egory words. There is no correct or

wrong answer."

The subjects were allowed to answer either by numbers or by words. If the subjects

answered by numbers, the experimenter confirmed the numbers in terms of words.

The subjects wore a blindfold during the experiment so as not to be able to distinguish
which seat they were sitting on. Therefore the experimenter led the subjects in front of

*the seat which should be assessed at every sitting.
C.3 ANALYSIS PROCEDURE

The method of successive categories (Guilford, 1954) was used as a psychophysical
scaling method in this study was. The comfort scores of the seats were determined by

the following procedures.

(1) Cumulative proportions
The frequencies with which each seat was placed in every category were

transformed into cumulative proportions, p, which are shown in Table C.1.

Table C.1 Cumulative proportions (p) for judgements of four seats in five successive
categories.

Seat Successive category
1 2 3 4 5
Seat A 0.117 0.550 . 0.967 1.000
Seat B 0.033 0.433 0.850 1.000
Seat C 0.083 0.817 0.967 1.000
Seat D 0.033 0.367 0.767 0.933 1.000

Seat A: a seat with a low density type foam pad,
Seat B: a seat with a standard type foam pad,
Seat C: a seat with a high durability type foam pad,

Seat D: a seat with a soft feeling type foam pad.
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(2) Transfer to deviates
The cumulative proportion values in Table C.1 were transferred into the deviates,
z, under the normal distribution curve. Each deviate may be fegard as the
distance of an upper category limit or limen from the mean for that seat. Then

central values of each category, M., were then calculated and are shown in Table

C.2.

Table C.2 Distance, in z units, of upper category limits from mean of each of four seats.

Seat Successive category
1 2 3 4
Seat A -1.190 +0.126 +1.838
Seat B -1.838 -0.169 +1.036
Seat C -1.385 +0.904 +1.838
Seat D -1.838 -0.340 +0.729 +1.499
22, -5.061 -0.795 +3.729 +3.337
zzjn -1.687 -0.199 +0.932 +1.669
| 7~ Z4] 1,488 1.131 0.737
M. -0.943 +0.367 +1.300
M -1.310 0 +0.933
z -2.054 -0.566 0.565 1,302

z; deviate at upper limit of category j,
M.: a central value of a category j (Mc = z;- | - 24 | 12),

M, : normalised central value of a category (M;* = M, - 0.367, i.e. assuming deviate of 0
at a central value of category 3 which was assessed neutral in ride comfort

evaluation),

z;: normalised upper limit of the category assuming the central value of the neutral
category (/.e. category 3) is 0 (z; - 0.367).

(3) Calculation of the median score for a seat

The median scores (i.e. 50% tile) of comfort for the seats were obtained by the

following equation.

300




*

Zj — Zjy
Pi — Pig-1

where zij* is normalised upper limit of the category assuming the central value of

Comfort scoregy, = Zj., + x (0.5~ Pyiqy)

the neutral category (i.e. category 3} is 0,
pj is cumulative proportion,
i indicates a sample (i.e. seat),

j indicates a category number.

The median score {i.e. 50% tile) in cumulative proportion locates between z; and z; 4y

The equation gives a comfort score which is the median rating of the subjects in a normai

distribution.

A central value of a neutral category (i.e. category 3) assumed to be a score 0. Less
uncomfortable evaluations correspond to greater negative scores and more

uncomfortable feeling correspond to greater positive scores.

Figure C.1 and following equations show an example of obtaining a 50% tile comfort

score of seat A.

1.000 /

-
i)
E /
S pr=0550 5
o |
o 0500 !
m 1
> !
W Pre=0117 !
v—— 1
- ]
= !
S !
O !
[}
0 / ’ 1.302

) 0.434
Zp2 = (.566 ZAa3 =0.565

Deviate

Figure C.1 The method of obtaining a 50% tile comfort score of seat A.
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. zZ -7
Comfort scorey, of seat A = zy  + —— - x (0.5 - Py q))

Py — Pig-y
= 0,566 +220° = (~0.566) (0.5-0117)
0.550 - 0.117
= 0.434

In the equations, zij* and zi(j_n' are obtained from Table C.2, and p; and pj.4, are obtained

from Table C.1.
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APPENDIX D

INSTRUCTION TO SUBJECTS FOR OVERALL SEAT DISCOMFORT EVALUATION
(Experiment XVII-2 and XVIII-3)

OVERALL SEAT DISCOMFORT EVALUATION

You will be presented with many types of vibration via various foam cushions. Your task

is to decided how uncomfortable they are by assigning numbers to them.

(1) First, you will be presented with a reference stimulus assigned a discomfort of 100.

(2) Next, a test stimulus will be presented.

You are required to assess your overall seat discomfort which should include the static

feeling and the vibration transmitted by the cushion.

You can assign any number for the test stimulus by comparison with the reference

stimulus of 100.

For example:
* If the test stimulus feels twice as uncomfortable as
the reference stimulus ----> assign the number 200
* If the test stimulus feels half as uncomfortable as

the reference stimulus ----> assign the number 50

Please ignore any vibration you feel through your feet.

Please sit in the same comfortable upright posture (do not touch the back-rest), and keep

your posture, feet and legs as still as possible through the experiment.
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APPENDIX E

INSTRUCTION TO SUBJECTS FOR VIBRATION DISCOMFORT EVALUATION
(Experiment XVIil-2}

VIBRATION DISCOMFORT EVALUATION

You will be presented with many types of vibration. Your task is to decided how

uncomfortable they are by assigning numbers to them.

(1) First, you will be presented with a reference vibration assigned a discomfort of 100.

(2) Next, a test vibration will be presented.

You are 'required to assess your discomfort caused by the test vibration.

You can assign any number for the test vibration by comparison with the reference

vibration of 100.

For example:
* If the test vibration feels twice as uncomfortable as
the reference vibration ----> assign the number 200
* |f the test vibration feels half as uncomfortable as

the reference vibration ----> assign the number 50

Please ignore any vibration you feel through your feet.

Please sit in the same comfortable upright posture (do not touch the back-rest), and keep

your posture, feet and legs as still as possible through the experiment.
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