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A literature review suggested that seat transmissibility could be used to evaluate seat 
dynamic performance. Using a mathematical model to predict seat transmissibility may be 
useful, but no standard seat-person model has been developed. This study developed a 
standard seat-person model based on measured seat impedance and the apparent mass of 
the human body so as to predict the transmissibility of conventional car seats. There are 
three parts to this thesis: the development of a human body model, a seat model and a seat-
person model. 

Many researchers have considered using a linear mathematical model to represent the 
seated body apparent mass, but researchers have not considered whether this model can 
represent the body apparent mass in a wide range of vibration environments. It has been 
reported that the body apparent mass is affected by sitting posture, footrests, vibration 
magnitude, vibration spectra and backrests, but some factors have not been investigated. 
Four experiments were conducted to investigate the influences of seat cushion inclination, 
hard and soft seats, seat backrests and vibration spectra on measured apparent mass. In 
each experiment, ten subjects were exposed to 60 seconds of random vibration with a 
frequency range from 0.5 to 25 Hz. The conclusions were: (i) the effects of seat inclination, 
hard and soft seat and vibration spectra on body apparent mass are not great and so a 
simple seated body mathematical model is useful, (ii) the seat backrest has a significant 
influence on apparent mass so the model parameters must be varied for different backrest 
conditions, (ill) a change of vibration magnitude revealed a non-linear response of the body, 
so model modifications are needed for different vibration magnitudes. Four linear models 
were developed to predict body apparent mass and encouraging results were obtained from 
two models. 

Fairley and Griffin (1986) proposed an indenter method to measure seat impedance. An 
experiment was conducted to compare this method with other seat test methods. It was 
concluded that an indenter can provide useful results, but the method requires development. 
There are many factors that may affect test results, such as vibration magnitude, pre-load 
force, seat cushion inclination, contact area and vibration spectra. Experiments were 
conducted to investigate the effect of these factors on foam impedance. Five foams were 
used in each experiment over the frequency range of 0.5 to 30 Hz. The conclusions were: (i) 
the influence of seat inclination, vibration magnitude and vibration spectra were small, (ii) the 
effect of pre-load and contact area were significant and must be specified to obtain useful 
measurements of seat impedance. 

A seat-person model was developed based on the above studies. Three experiments were 
conducted to compare measured and predicted seat transmissibilities. Eight subjects 
participated in a laboratory study with a seat and a foam over the frequency range from 1 to 
30 Hz; six subjects participated in a field study with three car seats over the frequency range 
from 1 to 50 Hz. It was found that the seat-person model provided good predictions of seat 
transmissibilities. However a new model, which includes interaction between the seat 
backrest and the person, should provide improved predictions of seat transmissibility. 
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c Viscous damping of seat, Ns/m 
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CHAPTER 1 

INTRODUCTION 

People are exposed to vibration environments wlien they travel in a car, a bus 

or a train. Such whole-body vibration could have adverse effects on health or 

could result in discomfort even when sitting on a soft seat. In order to reduce 

effects of vibration on people, good seat isolation features became an issue in 

both research and industrial development. Sitting comfort, which depends on 

seat dynamic properties became, therefore, one of the prime matters in 

vehicle design. 

In order to provide good isolation of vibration at the frequencies to which a 

seat will be exposed, seat dynamic evaluation techniques were needed. There 

are many proposed methods for evaluating seat dynamic properties. Seat 

transmissibility is the most often used tool to express seat dynamic 

characteristics and performance. However, obtaining a good measurement of 

seat transmissibility is a difficult task. At the moment, most seat 

transmissibilities are measured using seated subjects in the field. Using a 

subject to measure seat transmissibility is a time consuming and expensive 

method, it also has an inherent risk when exposing the human body to 

vibration. A laboratory test may improve the repeatability of seat 

transmissibility measurements because it reduces the existence of any cross-

axis coupling, but other problems still exist. Fairley and Griffin (1986) proposed 

a prediction method to obtain seat transmissibilities. The method used the 

measured seat impedance and the measured body apparent mass to directly 

predict seat transmissibility. They showed good prediction results using this 

method. 

The research in this thesis continues the idea of predicting seattransmissibility 

and further develops it. In this research, a seat-person mathematical model 

based on the measured seat impedance and the measured human body 

impedance were developed and then used to predict seat transmissibility. 

There were three main parts in this study: (i) developing a standard 
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mathematical model to replace the seated body, (ii) developing a seat model 

representing seat dynamic characteractics, (iii) using the seat-person model to 

predict seat transmissibilities. The study concentrates on conventional car 

seats. 

S/Wnp body mode/ deve/opmenf 

The use of a linear mathematical model to replace the seated body has been 

proposed by many researchers (Vogt ef a/., 1968; Suggs ef a/., 1969: Kaleps 

ef a/., 1971; Fairley and Griffin, 1986 and International Organization for 

Standardization, 1981). However, these studies did not consider the effect of 

changes to apparent mass in different vibration environments. The human 

body is a complex system. The features of this system are affected by many 

factors, such as sitting posture, vibration magnitude, seat inclination, hard and 

soft seat, seat backrest, footrest and vibration spectra, etc. A full 

understanding of the factors influencing the body apparent mass is needed 

before setting up a standard body mathematical model. Some factors have 

been studied by researchers, for example vibration magnitude, sitting posture, 

footrest and backrest, but some factors have not been investigated, such as 

the effect of hard and soft seat and seat inclination. The studies here 

investigate the effect of these factors on measured apparent masses so that a 

model can be developed to represent the seated body in varied vibration 

environments. 

l\/1any studies revealed that the response of the seated body was non-linear 

with respect to vibration magnitude. However, the current international 

standard and some researchers suggest a linear model to represent the 

seated body. It is unclear whether any revision of these linear models can 

extend the use of them to include non-linear properties. In other words, it is 

needed to investigate the relation between the models and the response of 

the seated body at varied vibration magnitudes. A modified linear model is 

developed to represent the non-linear response of the sitting body. 

It has been found previously that the effect of a backrest on the measured 

apparent mass was significant. No researchers have been concerned whether 



a linear model can represent the change in body apparent mass with changes 

in backrest angles. Developing a model representing the seated body with 

varied backrest angles is one of the aims of this thesis. An experiment is 

conducted to investigate the relation between the linear model and apparent 

mass with changed backrest angles. 

No previous research has focused on the effect of hard and soft seat, and 

seat inclination on apparent mass. The study of these factors would extend 

the understanding of responses of sitting subjects to vibration. Two 

experiments are conducted to investigate the influence of these factors on 

apparent mass. The findings of the studies can be helpful in model 

development. 

Sea^ fesf mef/iod and seaf mode/ dei/e/opmenf 

Predicting seat transmissibility depends not only on a model of the human 

body but also on a model of the seat. A seat model based on the measured 

seat impedance is developed. 

However, there are many methods to obtain seat impedance. A new method, 

proposed by Fairley and Griffin (1986), used an indenter to measure seat 

impedance. An experiment is conducted to investigate which method can give 

reliable data. 

The indenter rig is complex and there are many factors affecting test results, 

such as vibration magnitude, pre-load, seat cushion inclination, contact area 

and vibration spectra. Previous research has not investigated the effect of 

these factors on the indenter test. Some experiments are therefore conducted 

in this thesis to investigate the influence of these factors on results obtained 

with an indenter. The findings will contribute to establishing a standard seat 

test method. 

Pred/cf/ng seaf fransm/ss/b#y us/ng seaf-person mode/ 

A seat-person model based on the separately developed human body model 

and the seat model is then used to predict seat transmissibility. Assessment is 



performed through a comparison between the measured and predicted seat 

transmissibilities. Three experiments are designed to assess the model. 

Because most studies were based on laboratory measurements without a 

seat backrest, it is not surprising that the prediction of seat transmissibility 

performed in the laboratory without a seat backrest gave encouraging results. 

However, the model is not suitable for predicting the measurements in the 

field with a seat backrest. A new model is, therefore, developed to predict seat 

transmissibility with a conventional car seat backrest. 

The general objective of the research is to develop a standard test procedure 

to predict transmissibility of car seats from seat dynamic properties. The core 

of the study is the seat-person model development based on a full 

understanding of the human body apparent mass and the measured seat 

impedance. Series studies have been conducted to obtain a standard seat-

person model and encouraging results were achieved using this model. 

Table 1.1 shows experiments and model application in thesis. The thesis is 

divided into nine chapters. The content of each chapter is summarised as 

follows: 

Chapter 1: The objectives of this research are explained. 

Chapter 2: A review of previous studies in related fields is presented. The 

responses of the seated body and coresponding mathematical models are 

discussed. The study area was selected. 

Chapter 3: The apparatus used for the experiments in this research is 

described. The data analysis method is also described. 

Chapter 4: A preliminary study conducted to select the appropriate research 

direction is presented. Encouraging data were obtained in limited conditions. 

Chapter 5: This chapter describes a method to obtain seat mechanical 

properties. The seat test methods and factors affecting the seat measurement 

are discussed. 
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Chapter 6: Alternative mathematical models representing the sitting body are 

investigated. A comparison between these models is performed. IVIodels with 

good predictions of seat transmissibility were produced. 

Chapter 7: Factors affecting seated body responses are discussed. 

Experiments were performed to investigate the influences of these factors on 

the response of the sitting body. Modified models were developed. 

Chapter 8: This chapter describes the prediction seat transmissibilities and 

comparing with measurements. Encouraging results were obtained in 

laboratory and in the field. 

Chapter 9: The findings of this research are summarised in this chapter. 

Recommendations for future research are also provided. 

Table 1.1 Experiments reported in thesis. 

Chapter Experiments Factors studied Model applied 

4.2 One foam, indenter 
test 

One degree-of-freedom 
(dof) body model and foam 
model 

5.2.1 Five car seats, static 
and dynamic indenter 
tests 

Seat dynamic 
stiffness and static 
stiffness 

Seat model 

5.2.2.1 Seat tests using 
indenter, sand bag 
and riqid mass 

Comparison of 
seat test methods 

Seat model 

5.3 Five foams, indenter 
tests 

Effect of contact 
area, static force, 
vibration 
magnitude and 
inclination on foam 
dynamic stiffness 
using indenter test. 

Foam model 

6 Fairley and Griffin: 
60-people apparent 
mass measurements 

Body one dof model 1 a, 1 b 
and body two dof model 
2a, 2b. 

7.2 Mansfield: 8-people 
apparent mass 
measurements 

Effect of input 
vibration 
magnitude on 
apparent mass 

Modification of model 2b 

7.3 10-subject apparent 
mass measurements 

Effect of seat 
cushion inclination 
on body apparent 
mass 

Model 2b 

7.4 lO-subject apparent 
mass measurements 

Effect of seat 
backrest on body 
apparent mass 

Modification of model 2b 



Chapter Experiments Factors study RdodelappHcaMon 

7.5 10 subject apparent 
mass measurements 

E fec to fha^sea t 
and soft seat as 
well as vibration 
spectra on body 
apparent mass 

Model 2b and foam model 

8.2 Seat transmissibility 
measured in 
laboratory 

Efectofseat 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 INTRODUCTION 

The aim of this chapter is to review previous studies of seat and human body 

dynamic response so as to find out the factors that affect seat transmissibility. 

The review of previous studies will be helpful to determine the fields of future 

study and avoid spending time on the road that other people have passed. 

Various mechanical responses to whole-body vibration have been measured 

by many researchers to investigate the effects of vibration on the human 

body. A number of human body dynamic responses have been obtained 

through experimental investigations. However, the experimental results are 

not always consistent because the human body is a complex structure with 

large variability between subjects and within a subject. IVIany biodynamic 

models of the human body response to the vertical vibration have been 

developed so as to interpret the measured responses with a physical and 

theoretical understanding, and also to predict dynamic responses of body. It is 

the purpose of this review to investigate and study the factors that affect the 

body responses so as to develop a suitable model representing the human 

body in various vibration environments. 

The seat transmissibility gives an insight into the dynamic response of a seat. 

Seat transmissibility is the frequency response function for vibration 

transmitted from the base of a seat to the person sitting on the seat. However, 

the transmission of vibration through a seat is dependent on the mechanical 

impedance of the body supported on the seat: the seat and the body act as a 

coupled dynamic system. IVIany previous seat transmissibility measurements 

are summarised in this review. 

This literature review is a summary of previous studies of the mechanical 

impedance of the human body, the transmissibility of seats, biodynamic 
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models of sitting persons and seat test methods. The intention of this review is 

to find out all important factors affecting the seat dynamic response so as to 

develop an useful method to predict the seat transmissibility and SEAT 

values. 

2.2 IVIECHANICAL IIVIPEDANCE OF THE SITTING HUlVIAN 
BODY IN THE VERTICAL VIBRATION 

2.2.1 Introduction 

The mechanical impedance of a resilient system reflects its dynamic 

properties. When considering the effects of vibration on a system, it is 

valuable to have an understanding of the mechanical characteristics of the 

system. There are two types of mechanical impedance, transfer and driving 

point mechanical impedance. When the excitation point and the response 

point are different, they are termed the transfer mechanical impedance. When 

the response point is the same as the excitation point, they are termed the 

driving point mechanical impedance. Transfer mechanical impedance of the 

human body is outside the scope of this study. 

For a simple structure, driving-point mechanical impedance is a useful tool to 

reveal the fundamental natural frequency and the resonances of the major 

subsystems. Plotting impedance versus frequency, it is possible to calculate 

the system parameters for the main system or for the subsystem if their 

resonance peaks can be distinguished clearly. 

The driving-point mechanical impedance, Z(co), is defined as the ratio of the 

driving force, F(m), acting on a system to the resulting velocity, v(m), of the 

system measured at the same point and in the same direction as the applied 

force. 

F(o3 ( 
IVIechanical Impedance, Z(co) = — ( (2.1) 

vco^ 
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Where Z((o), F(m) and v(o)) are the complex values for impedance, force and 

velocity amplitudes respectively at a given frequency, 

In addition to mechanical impedance, apparent mass and dynamic stiffness 

are also used as a tool to measure system dynamic properties. 

The apparent mass IVI((o), is defined as the ratio of the driving force, F(m), at 

the driving point to the resulting acceleration, a(m), at the same point. 

Apparent mass, IVl(&') = (2.2) 

Where l\/1(co), F(m) and a(co) are the complex values for apparent mass, force 

and acceleration amplitudes respectively at a given frequency, co. 

The dynamic stiffness S((o), is defined as the ratio of the driving force, F((o), at 

the driving point to the resulting displacement, d(co), at the same point. 

Dynamic stiffness, = (2.3) 

Where S((o), F(co) and d((o) are the complex values for dynamic stiffness, force 

and displacement amplitudes respectively at a given frequency, 

Table 2.1 drawn by Griffin (1990) shows all used terms defined for the 

measurements of system driving point dynamic response. When the 

movement is measured at a distant point in the system the term transfer 

impedance is used. 

The three elements of a simple spring-mass-damper system have typical 

impedance curves as a function of frequency. For a pure mass the impedance 

is a straight line through the zero-point. Table 2.2 shows dynamic responses 

of pure masses, dampers and springs. 



Table 2.1 Some common measures of dynamic response. From Griffin 1990. 

Ratio Preferred terms Other terms 

Force/acceleration Apparent mass Effective weight 

Effective mass Effective load 

Force/velocity IVIechanical impedance 

Force/displacement Dynamic stiffness Dynamic modulus 

Acceleration/displacement Accelerance Inertance 

Velocity/force Mobility IVIechanical admittance 

Displacement/force Dynamic compliance Receptance 

Table 2.2 Dynamic responses of pure masses, dampers and springs (a)=2Trf) 
From Griffin 1990. 

Element Modulus Phase 

Mass, m Apparent mass = m a and F in phase 

IVIechanical impedance = imm V lags F by 90° 

Dynamic stiffness = -co^m d and F 180° out of phase 

Damper, c Apparent mass = c/im a leads F by 90° 

IVIechanical impedance = 0 V and F in phase 

Dynamic stiffness = imc d lags F by 90° 

Spring, k Apparent mass = -k/m^ a and F 180° out of phase 

IVIechanical impedance = k/ico V leads F by 90° 

Dynamic stiffness = k d and F in phase 

Although driving point mechanical impedance (DPIVII) and apparent mass 

(APIVIS) both can reveal system dynamic properties, there is a difference 

between the functions. A recently reported synthesis of selected published 

data, performed on both DPIVII and APIVIS data, revealed the important 

differences between the two functions (Wu a/. 1997). The two biodynamic 

functions yield considerably different dominant frequency at which the peak 

magnitude is observed. The analysis of the data sets, reported in the literature 

and acquired under similar test conditions, revealed extensive variations in 

both the resonance magnitude and resonance frequency, irrespective of the 
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biodynamic function considered, attributed to differences in the test 

conditions, measurement techniques, data analysis methods, test objectives, 

subject populations, etc. The analysis of the APMS data, however, revealed a 

more consistent primary resonance frequency near 4.4 Hz, while this primary 

resonance frequency derived from the reported DPIVII data ranged from 4.0 to 

5.6 Hz in the DPIVII data. The statistical results of the primary resonance 

frequency of the human body are summarized in Table 2.3. 

Table 2.3 Variation in the primary resonance frequency of the human body 
derived from 8 data sets (Wu ef a/. 1997). 

Function Mean value (Hz) Standard Deviation (Hz) Range (Hz) 

DPI\/1I magnitude 4.70 0.51 4.0-5.6 

APIVIS magnitude 4.38 0.46 3.6-4.8 

2.2.2 Mechanical impedance of the si t t ing human 

Sensations perceived by the human body in the sitting position when 

subjected to vertical vibration are due to the deformation and relative 

movement of organs and body segments (Donati 1983). Indeed, visual 

observation shows that the human body does not vibrate like a pure mass. 

Different body parts can be animated with relative movement whose form is a 

function of frequency, magnitude and axis of vibration. 

The mechanical impedance and the apparent mass are the most widely 

measured driving point responses for whole-body vibration. The driving point 

(excitation point) of whole-body vibration is the buttocks when a subject is 

sitting on a seat. When measuring the driving point responses of a seated 

subject, the subject sits on a seat mounted on a vibrator. Excitation and 

measurement are usually in the vertical direction. The excitation velocity or 

acceleration is measured on the seat. Velocity is sometimes integrated from 

acceleration measured by an accelerometer, if mechanical impedance is used 

to study body dynamic properties. A force transducer placed between the seat 

and the buttocks of the subject measures the response force. IVIathematical 

descriptions of the driving point impedance and the apparent mass are 
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obtained by substituting the output by force and the input by velocity or 

acceleration (equation 2.1 and 2.2). 

It will be realized that knowledge of the mechanical impedance of a body will, 

at least, give some indication of what force is required to produce a given 

movement. The apparent mass of the body has the advantage that it can be 

obtained directly from the signals provided by accelerometers and force 

transducers. At very low frequency, the value of apparent mass is equal to the 

human body static mass and the force and acceleration are in phase (Table 

2.2). 

Mertens (1978) 
Sandover (1978) 
Fairley and Griffin (1989) 
Smith (1994) _ 

120.0 

100.0 : 

5. 40,0 

0 5 10 15 

Frequency (Hz) 

Figure 2.1 Apparent masses of sitting subjects. (IVIertens 1978, Sandover 

1978, Fairley and Griffin 1989 and Smith 1994). From IVIansfield 1998. 

l\/1any researchers have measured mechanical impedance or apparent mass 

of the seated body (e.g. Coermann 1962, Pradko 1968, Suggs a/. 1969, 

IVIiwa 1975, Sandover 1978 and 1982, Fairley 1986 and 1989, IVIansfield 

1997). The experiments were conducted in laboratories on mechanical, 

electrodynamic or hydraulic vibrators. Some of the previously reported data 

are shown in Figure 2.1. Although authors did not always report subject static 

weight, the body static masses supported on the seat were equal to the 

apparent mass at the lowest frequency. 

From previous mechanical impedance data, it can be observed that the main 

resonance frequency of human apparent mass or mechanical impedance is at 
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Figure 2.2 apparent masses of sixty people (from Fairley and Griffin 1989) 

approximately 5 Hz, which was corroborated by Fairley and Griffin (1989) 

using 60 people, including 24 male, 24 female and 12 children (Figure 2.2). It 

could be observed that there were significant differences between apparent 

mass moduli and phases. The differences may be caused by many factors 
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which deserve study for further understanding about human body dynamic 

characteristics. 

Most apparent masses show one resonance feature. Coermann (1962) found 

evidence of a second resonance at approximately 10 Hz for sitting subjects. In 

International Standard ISO 5982 (1981) the mechanical impedance also 

shows two resonance frequencies of the human body for vertical vibration 

(Figure 2.3). Some researchers even thought that there was a third resonance 

in the human mechanical impedance. Coermann (1962) and Vogt efa/. (1968) 

mentioned a third resonance at about 15 Hz in their data. IVIiwa (1975) 

suggested that a third resonance was present at about 50 Hz. However, the 

third resonance peak is small and not clear, and the effect of it is also small. 

2.2.3 Factor affecting body apparent mass and mechanical impedance 

The sitting body is a complex dynamic system when it is exposed to a variety 

of vibrations. Therefore, many researchers have measured the response of 

the sitting body in different conditions to study the system characteristics. 

Some studies revealed that the response of the sitting body to vertical 

vibration is non-linear. It has been shown that the sitting posture, footrest, 

backrest, vibration magnitude and the type of input signal all cause changes 

of body apparent mass and mechanical impedance. Hence, it is important to 

study the factors affecting body apparent mass and mechanical impedance. 

The driving-point responses are easily measured and indicate the total 

responses of the body, however they are also affected by many factors. In 

addition to the above mentioned factors which have a significant influence on 

the measured responses of the body, external restraints, such as the seat 

pan, arm rests and seat belts or harnesses have an effect too. These factors 

may merit attention to obtain the repeatability of results, but they are less 

important compared to other factors which will be discussed below and they 

are not included in this research. 
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Figure 2.3 Driving point impedance of human in sitting position from ISO 5982 

(1981). 

2.2.3.1 Effect of posture 

IVIany researchers have investigated the effects of posture on the driving point 

responses. Coermann (1962) did an experiment with a subject on a hard stiff 

plate connected to a shaker table supported on force-transducers. The natural 

frequency of the system, consisting of the mass of the subject and the 

elasticity of the plate was 6 times higher than the highest frequency in his 

study. The subject was exposed to vertical discrete sinusoidal vibration in the 

frequency range from 1 to 20 Hz with a magnitude of 0.1 g, in erect and 

relaxed postures. Coermann found that there were significant differences 

between the two sitting postures. In the erect sitting posture, the body had the 

highest impedance peak and the highest natural frequency and therefore, the 

lowest damping factor. By relaxing the muscles to a relaxed posture, the first 

resonance frequency reduced and the damping factor increased. 
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l\/1iwa (1975) used vertical swept sinusoidal excitation with a magnitude of 0.1 

g to measure the driving point impedance of seated subjects over the 

frequency range 3 to 200 Hz. The impedance was measured on 20 subjects in 

two postures: erect posture and relaxed. The conclusion from IVIiwa was that 

no clear difference exists between the two sitting postures. From the 

impedance curves, IVIiwa observed two resonances below 30 Hz and, above 

30 Hz, the impedances could be classified into two groups, one group had the 

resonance at 50 Hz, and the other did not. 

Fairley and Griffin (1989) compared the apparent masses of subjects in 

several postures. Random vibration with four magnitudes (0.25, 0.5, 1.0 and 

2.0 ms'^ rms) was produced by a 1m stroke hydraulic vibrator. Eight subjects 

were exposed to vertical vibration in four posturesi'normal', 'erect', 'tense' 

and backrest. 'Normal' means a comfortable upright posture with normal 

muscle-tension. 'Erect' was a posture the same as 'normal' but with an erect 

body. 'Tense' was all the muscles in the upper body tensed as much as 

possible. 'Backrest' was the subjects leaning back slightly so as to rest 

against a rigid backrest. Figure 2.4 shows results from eight subjects. This 

appears to be a general trend for the resonance frequencies and the apparent 

mass at frequencies above resonance to be larger for the 'erect' and 'tense' 

conditions than the 'normal' condition. The largest changes were for the 

'tense' condition, but there was considerable variability between subjects: 

some subjects were able to increase the stiffness of their body so that they 

almost doubled their resonance frequency whilst others showed hardly any 

change, even though they appeared to tense their muscles in the upper body 

with equal effort. The effect on the second resonance located around 10 Hz 

was not clear. Further investigation was conducted using one of the subjects. 

The subject adopted five different postures, slouched, normal, slightly erect, 

erect and very erect postures. In this study, a clear trend for the resonance 

frequency to shift from the slouched posture to the very erect posture was 

observed. The largest shift between the two extreme postures was about 1.5 

Hz (Figure 2.5). 
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Figure 2.4 Effect of posture and muscle tension on the apparent masses of eight 
subjects (N=normal; E=erect; B=backrest; T=tense). From Fairley and Griffin 
(1989). 

Kitazaki (1998) also investigated the effect of posture on the apparent mass. 

Three postures were studied in his paper: slouched, normal and erect 

postures. Random vibration with constant acceleration power spectra between 

0.5 and 35 Hz and a magnitude of 1.7 ms'^ rms was generated for 60 seconds 

by a computer and fed into the vertical axis of a vibrator. The time histories of 

acceleration and force were acquired simultaneously into a computer with a 
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sampling rate of 100 samples per second through low pass filters at 35 Hz. 

Eight male subjects were used in the experiment. The natural frequencies 

corresponding to the principal and the second principal resonances of the 

apparent mass in the normal posture were 4.9 and 8.6 Hz when extracted 

from the mean apparent mass (Figure 2.6). At the principal resonance, when 

the subjects changed posture from erect to slouch, the frequency of the mean 

apparent mass decreased from 5.2 to 4.4 Hz with a corresponding decrease 

in the modulus. 

For standing subjects, IVIatsumoto (1996) revealed that subject posture 

affected apparent mass. The value of the normalised apparent mass at 

resonance and resonance frequency both changed between a normal and a 

knees bent posture. 

100 

^ 50 

3 
n 
o 
5 

ve ry e rec l 

s louched 

Frequency 

Figure 2.5 Effect of posture on the apparent masses of one subject: 

(slouched, normal, slightly erect, erect, very erect). From Fairley and Griffin 

(1989). 

Although many previous studies showed that the effect of posture on body 

impedance and apparent mass is significant, Coermann (1962) reached a 

contrary conclusion that the posture of the subject did not influence apparent 

mass. However, the majority of the studies tend to reveal that subject posture 

affects human body response. It seems clear that when subject posture 

18 



w 

E 
C 
CD 
CO 
CI 
a . 
m 
TD 
o 
w 

15 
E 

2 0 

Frequency (Hz) 

Figure 2.6 IVIean normalized apparent mass of tlie eight sitting subjects ( 
erect posture, normal posture, slouched posture). From Kitazaki 
and Griffin 1998. 

changes from slouched to erect, the resonance frequency increases, the 

frequency range covered by the peak increases and the peak apparent mass 

increases (Figure 2.5 and 2.6), but below the resonance frequency there is no 

change between the different postures. 

2.2.3.2 Effect of footrest 

Fairley and Griffin (1984) investigated the effect of footrest on the apparent 

mass. The vertical driving point apparent masses of ten men, sitting on a flat 

rigid seat without backrest, were measured for 40 seconds on an 

electrodynamic vibrator. The subjects sat in a normal upright posture with 

either the feet supported on a stationary footrest, so that the lower leg was 

vertical and the upper leg horizontal, or with the feet allowed to hang free. 

Figure 2.7 shows the results of two test conditions and a comparison of the 

apparent masses between the Fairley and Griffin measurements and 

International Standard ISO 5982. It can be observed that the modulus of the 

measured apparent mass is less for the feet supported than for the feet not 

supported, but the resonance frequency of both conditions is the same. 

The effect of a stationary footrest was investigated further by measuring the 

apparent mass of one subject with eight different heights of a stationary 
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Figure 2.7 IVIean apparent mass o f ten sitting subjects compared with ISO 5982. 
From Fairley and Griffin 1984. 

footrest (Fairley and Griffin 1989). The results in Figure 2.8 showed that the 

apparent mass increased slightly at frequencies above about 10 Hz as the 

footrest was lowered. However, the greatest effect was at low frequencies: the 

apparent mass at 1 Hz was about 60 kg with a high footrest — close to the 
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static weiglit of tlie person on the platform - but only about 20 kg with the 

lowest position of the footrest (where the feet were only just able to reach the 

footrest). Generally speaking, a higher stationary footrest can transfer more 

subject mass from seat to footrest and the value of apparent mass should be 

lower at 1 Hz frequency because it represents the mass of the subject. 

However, this experiment result showed the converse result. Therefore, 

further study is needed to confirm the finding. 

3 

1 0 0 -

High footrest 
Feet u n w p p o r t a d 

Low footrest 
(feet only juit 
touching the footregt) 

3 I* 5 

Frequency (Hz) 

Figure 2.8 Effect of the height of a stationary footrest on the apparent mass of 

one subject. From Fairley and Griffin 1989. 

Fairley and Griffin (1989) also studied the effect of a moving footrest. With a 

moving footrest, where there was no relative movement between the feet and 

the platform, it was found that the apparent mass of the body tended towards 

the static weight on the platform near zero frequency, as expected. 
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Experimental results showed that the effect of the height of a moving footrest 

was small compared to the effect of the height of a stationary footrest, the 

apparent mass of the body above 10 Hz and the static weight on the platform 

both increased slightly when the height of the moving footrest was reduced. 

2.2.3.3 Effect of backrest 

There are only a few investigations concerning the effect of a seat backrest on 

the measured apparent mass, because the influence of the backrest on a 

seated subject is complex. The force produced by the backrest for a sitting 

subject is not only in the vertical axis but also in the fore-and-aft axes and it is 

not at the main drive point. Coermann and Okada (1964) investigated the 

effect of different backrest angles from zero to fifty degrees from vertical. The 

results showed no consistent changes in the mechanical impedance of the 

body with changes in backrest angles. 

Fairley and Griffin (1989) made apparent mass measurements of the human 

body in the vertical direction with and without a rigid backrest. The results 

showed that there were significant differences between the two conditions 

(Figure 2.9). When the subject sitting condition changed from 'normal' to 

'backrest', that is the subject leant back against the rigid backrest, the 

resonance frequency increased, the frequency range covered the peak 

increased and the peak of apparent mass decreased. IVIeanwhile, the second 

resonance peak for some subjects became more clear. 

Fairley and Griffin (1990) also investigated the effects of a backrest on the 

apparent mass of the human body in both lateral and fore-and-aft directions. 

Data were presented at frequencies up to 10 Hz, since above 10 Hz the 

apparent mass was very small. The measurements made without a backrest 

showed that the seated body has two heavily damped modes of vibration in 

both the fore-and-aft and lateral directions. The first mode of vibration had a 

resonance frequency at about 0.7 Hz in both directions. The second mode of 

vibration was observed in the lateral direction at 2 Hz and in the fore-and-aft 

direction at 2.5 Hz. Adding a backrest to the rigid seat greatly affected the 

apparent mass of the body in the both the lateral and fore-and-aft directions. 
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Figure 2.9 Apparent masses of eiglit people with and without backrest. From 
Fairley and Griffin 1989. 

For fore-and-aft motion, the modulus of the apparent mass was increased 

across the whole frequency range apart from at 0.8 Hz and there appeared to 

be only one resonance, which occurred at 3.5 Hz. For lateral motion, there 

was a single resonance at 1.5 Hz and there was again an increase in the 

modulus of the apparent mass over the entire frequency range. The authors 

suggested that the backrest had the effect of both restraining the rocking and 

swaying motion of the upper body at low frequencies and providing an 
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additional vibration source for motion at high frequencies. The change in the 

apparent mass resonance frequency may have been due to the first 

resonance not occurring for the 'back-on' case and the second resonance 

being increased. 

2.2.3.4 Effect of input signal 

The apparent mass or mechanical impedance of the human body is obtained 

from the measured driving point acceleration and the force. It can be 

understood that both signals, the measured driving point acceleration and the 

force, are affected by the input vibration. Therefore, many studies have been 

conducted to investigate the effect of the characteristics of the input vibration 

on human body apparent mass and mechanical impedance. 

2.2.3.4.1 Vibration magnitude 

IVIany studies have been concerned with the effect of input vibration 

magnitude on human body apparent mass or impedance. Pradko ef a/. (1966) 

conducted a study of the effect of vibration magnitude on the mechanical 

impedance of the seated body. Seven magnitudes of random vibration 

ranging from 0.35 to 2.0 g peak to peak were used. The author found that the 

human response was linear when subjects were exposed to different vibration 

magnitudes. Although the author did not display the experimental data, the 

finding of this study is clearly different from other later research. A further 

attempt to investigate non-linearity by varying the intensity of the vibration was 

made by Sandover (1978). Using a seat with a backrest, the apparent mass of 

a single seated subject was measured in the frequency range from 1 to 25 Hz. 

Exposing the subject to vibration at 1 and 2 ms'^ rms. Sandover obtained the 

same conclusion as Pradko: 'any non-linear effects are small'. 

l\/1iwa (1975) compared the driving point impedances of a kneeling subject 

exposed to vertical vibration with two excitation magnitudes of 0.1 and 0.3 g. 

He found that the higher vibration magnitude shifted the first resonance 

frequency from about 5 Hz to about 4.5 Hz. Although a kneeling subject is 

different from a sitting subject, the finding showed that the input vibration 
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magnitude is important when considering human body mechanical 

impedance. 

M 50 

JO 

^ /G" H-f 

frf otrf/iCK 

Figure 2.10 The mechanical impedance of the sitting human body; (a) under 
1 g gravity, (b) under 2g gravity and (c) under 3 g gravity. From Vogt (1968). 

Vogt (1968) and IVIertens (1978) studied the effect of gravity on the sitting 

body mechanical impedance. Vogt exposed ten subjects to increased 

acceleration on a centrifuge. The frequency range used was between 2 and 

20 Hz. IVIeasurements of mechanical impedance made at 1, 2 and 3 g are 

shown in Figure 2.10. The data showed that the resonance frequency of the 

impedance of the body increased as the static acceleration increased from 1 

to 3 g. Mertens explained these shifts as being due to the increasing stiffening 

of the body under the gravity force. The author suggested that the change in 

response was primarily due to subjects being unable to maintain an upright 

posture at high static acceleration levels thereby allowing the spine to change 

to a curved shape. However, such a change in shape may be expected to 

reduce the stiffness of the spine to vertical motion, thereby reducing the 

mechanical impedance resonance frequency with increased static 

acceleration. A change of static acceleration differs from a change of vibration 
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magnitude, so the changes of body response caused by these two variables 

may be different. 
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Figure 2.11 Apparent masses of 8 subjects measured at 0.25, 0.5, 1.0 and 2.0 
ms"^ rms. From Fairley and Griffin (1989). 

Hinz and Seidel (1987) compared the apparent masses with two different 

excitation magnitudes of 1.5 and 3.0 ms'^ rms. They used vertical discrete 

sinusoidal vibration in the frequency range from 2 to 12 Hz to excite four 
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subjects. It was found that the first resonance frequency, at about 4 Hz with 

the greater magnitude, was increased to 4.5 Hz with the lower magnitude. 

Fairley and Griffin (1989) came to same conclusions to those of Hinz and 

Seidel, but with different experimental conditions. They measured eight 

people with four different magnitudes of vibration: 0.25, 0.5, 1.0 and 2.0 ms'^ 

rms. The vertical random vibration was used in the frequency range from 0.25 

to 20 Hz. They found that the first resonance frequency consistently 

decreased with increasing input vibration magnitude for every subject (Figure 

2.11). The mean resonance frequency reduced from 6 Hz at 0.25 ms'^ rms, to 

4 Hz at 2.0 ms'^ rms. Some subjects showed small changes in the apparent 

mass at resonance, but there appeared to be no mean effect. The second 

resonance frequency also decreased with increasing vibration magnitude. The 

implication of the reduction of resonance frequency is that the human body, a 

complex dynamic system, becomes less stiff with higher vibration magnitudes 

Smith (1994) has also studied the effect of vibration magnitude. Using discrete 

sinusoidal frequencies between 3 and 20 Hz at selected acceleration levels 

(0.347, 0.694 and 1.734 ms"^ rms), she found that for four male subjects, the 

driving point mechanical impedance resonance frequency decreased with 

increases in vibration magnitude. Data from one subject are shown in Figure 

2.12. The mean resonance frequency for the first resonance region is shifted 

downward from 6.8 Hz at 0.347 ms'^ rms to 5.9 Hz at 0.694 ms'^ rms and to 

5.2 Hz at 1.734 ms'^ rms. A significant decline in resonance frequency was 

also observed in the high frequency range (15 to 18 Hz). The figure also 

showed that there were four relatively distinct peaks in the magnitude profiles 

between 3 and 20 Hz for the lowest acceleration level (0.347 ms'^ rms). 

However, the number of peaks decreases from 4 at 0.347 ms"^ rms to 3 at 

0.694 ms'^ rms and to 2 at 1.734 ms'^ rms. That means the low vibration 

magnitude excited more vibration modes in human response, but this finding 

has not been verified by other researchers. 
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Figure 2.12 Driving point mechanical impedance measured for one subject at 
0347, 0.694 and 1.734 ms'^ r.m.s, From Smith 1994. 

IVIatsumoto and Griffin (1998) investigated the effect of vibration magnitude for 

standing subjects. They showed that the main resonance frequency of the 

apparent mass decreased from 6.75 Hz to 5.25 Hz as the vibration magnitude 

increased from 0.125 to 2.0 ms'^ rms. The 'softening' effect was also found for 

the second broad peak in the apparent mass. It did not appear that the 

vibration magnitude influenced the magnitude of apparent mass at resonance. 

2.2.3.4,2 Sinusoidal and random vibration 

Most early studies reported in the literature were conducted with sinusoidal 

motions, which are different from the vibration conditions in vehicles. Donati 

and Bonthoux (1983) compared the driving point impedances in response to a 

vertical swept sinusoidal vibration and a broad band random vibration of 

Gaussian distribution. For both of the vibrations, the magnitude was 1.6 ms'^ 

rms and the frequency band was restricted to the 1-10 Hz range. The 

exposure to each type of signal was 5 minutes. Fifteen male subjects took 

part in the experiments. The results are shown in Figure 2.13. It can be 

observed that the random excitation produced a lower modulus of the 

impedance below 5 Hz and a larger modulus above 5 Hz. Although the first 

resonance frequency at about 4 Hz did not shift, the second resonance 

frequency shifted from 6 Hz to 8 Hz when the vibration changed from the 
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swept sinusoidal to the broad band random motion. Any phase difference is 

not clear between the two excitations. 

2.2.3.4.3 Vibration spectrum 

The effect of the vibration spectrum on the mechanical impedance of the 

seated human body has rarely been considered. Sandover (1978) studied the 

effect of the input vibration spectrum on the apparent masses of two subjects. 

A broad band random vibration was used. The stimulus type was changed by 

having more or less energy at high and low frequencies. Figure 2.14 showed 

the effect of varying the frequency spectrum for two magnitudes: 1.0 ms'^ rms 

and 2.0 ms'^ rms. For the stimulus with more energy at low frequencies there 

was a slight downwards shift in the resonance frequency compared to the 

stimulus with more energy at high frequencies. However, these changes were 

small. 

z 1000 

Frequency (Hz) 

Figure 2.13. Comparison between the mean of the body impedance (modulus 
and phase) of subjects in the sitting position. , Swept sinusoidal motion; 

, broad band random motion. From Donati and Bonthoux 1983. 

Fairley (1986) studied the effect of adding sinusoidal vibration to random 

vibration. He measured the apparent mass of a subject with different 

frequencies (2.5, 5, 10 and 20 Hz) and magnitudes (0, 0.25, 0.5 and 1.0 ms'^ 

rms) of sinusoidal vibration added to 'background' random vibration with a 

magnitude of 0.25 ms'^ rms. The measurements were conducted as separate 

experiments for each frequency of sinusoidal vibration. It was concluded that 

the apparent mass at resonance consistently shifted towards lower 
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frequencies as tlie magnitude of tlie sinusoidal vibration was increased for 

each frequency of sinusoidal vibration. 
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Figure 2.14 Apparent masses of sitting people resulting from different input 

vibration spectra. From Sandover 1978. 

Fairley (1986) also compared the effect of random vibration and a frequency 

sweep vibration. The apparent mass of a subject was measured with both 

random vibration and a linear frequency sweep vibration. The magnitude of 

the vibration was 1.0 ms'^ rms in each case. The frequency sweep, from 1.5 

to 20 Hz, had a duration of 64 seconds. The results, calculated as the mean of 

tests, were very similar for the two vibration inputs. 
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2.2.4 Non-linearity 

There are various kinds of non-linearities in the responses of a seated body to 

vibration. Excitation magnitudes have been considered as the important factor 

causing the non-linear response of human body by many researchers. Some 

of the studies which investigated the non-linearity of the driving point response 

caused by excitation magnitudes have been discussed (see Section 2.2.3.4). 

Additional research and some reasons for human body non-linearity will be 

discussed here. 

For vibration magnitude, Coermann (1962) expected that the human body had 

a non-linear characteristic over a large range of acceleration. He exposed a 

subject to three-vibration magnitudes: 0.1, 0,3 and 0.5 g. He found that the 

impedance and phase curves remained in the range of ±10 per cent (which is 

about the accuracy with which such impedance and phase angle 

measurements can be taken), this means that the human body is a linear 

system in different vibration magnitudes. He does not be the only researcher 

to express that the human body had linear characteristics at different vibration 

magnitudes. Pradko ef a/. (1966) and Sandover (1978) obtained the same 

conclusion, but Sandover used a different experimental condition that was a 

subject sitting on a seat with a backrest, and Pradko measured the 

mechanical impedance of the seated body on a seat without backrest. 

Mansfield (1994) investigated the non-linearity of the body by using different 

vibration magnitudes. Subjects were exposed to six magnitudes of vibration 

(0.25, 0.5, 1.0, 1.5, 2.0 and 2.5 m/s^ rms). Twelve male subjects were used in 

the experiment with mean height 1.79 m and mean weight of 68.3 kg. One 

minute of Gaussian random vibration with equal energy at each frequency 

was used in the experiment in the frequency range of 0.2 to 20 Hz. He noted 

the same conclusion as Fairley and Griffin (1989), except that the resonance 

peak value was consistent with different vibration magnitudes (Figure 2.15). 
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Figure 2.15 IVIedian 12 subjects' apparent mass at 0.25, 0.5, 1.0, 1.5, 2.0 and 
2.5 ms'^ rms. From Mansfield 1998. 

For a vertical impact loading, Wittman and Phillips (1969) used a vertical drop 

tower to measure the transient driving point impedance. Four subjects 

participated in the experiment. Two types of vertical impacts with peak 

acceleration magnitudes of 6-7 g and 12-14 g were compared. The effect of 

acceleration profile was also investigated. One profile was of 55 msec 

duration and the other of approximately 120 msec. The impedance curves for 

these tests is presented in Figure 2.16. The solid curve presents a high 

acceleration (12-14 g)test of the longer duration waveform, the dashed curve, 

a low acceleration (6-7 g) test of the shorter duration waveform, and the 

dotted curve, a high acceleration test also of the shorter duration waveform. 

The difference between these curves for the same subject reflects the 

dependence of the human body's mechanical impedance on the test 

32 



environment and, therefore, the non-linearity in subject response to impact 

forces. 
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Figure 2.16. Transient mechanical impedance of one subject exposed to three 
different acceleration environments from wittman and Phillips (1969). 

IVIany researchers have tried to explain why non-linearity appears in the 

biodynamic response of the body. They considered that non-linearity in the 

body may be caused by the response of the skeleton or by the response of 

muscles but these effects have not been proven. The discussions about the 

reason for non-linearity of the body are helpful to avoid the non-linearity of the 

body in experiments and are helpful in designing mathematical models for the 

human body. 

1) Skeleton 

Coermann (1962) assumed that the response of the body would show 

stiffening characteristics due to a hardening characteristic of the spine. To the 

contrary, Fairley (1986) hypothesised that more movement may occur in the 

skeletal joints of the body with higher magnitudes of motion making the body 

appear to be less stiff. Mansfield (1998) supports Fairley's hypothesis when 

he showed a non-linear response with vibration magnitude in the seat to spine 

and seat to pelvis transmissibilities. However, the reason why the skeleton 

may change in stiffness is not clear from these data. 
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^ Muscle stiffness 

An alternative explanation of the non-linearity in the apparent mass is that the 

tissue beneath the ischial tuberosities acts as a softening spring (Kitazaki 

1994). According to this hypothesis, increasing or decreasing the contact area 

with the tissue may cause the change of the body response to vibration. 

Experimental studies were performed by IVIansfield (1998) where the pressure 

on the seat surface was varied by using the 'normal upright' posture, an 

'inverted SIT-BAR' and 'cushion' conditions. The measurements were 

obtained with increasing and decreasing pressure at the ischial tuberosities, 

respectively. No significant changes in the non-linearity were observed 

between apparent mass measurements made using the three conditions. 

These results show that the non-linearity in apparent mass is not dependent 

on the pressure distribution beneath the ischial tuberosities. Additionally, 

these data imply that the non-linearity in the dynamic response of the body is 

not due to inherent characteristics in the tissue beneath the ischial 

tuberosities. 

Fairley (1986), Potemkin and Frolov (1979) and Lakie (1986) all explained 

non-linear dynamic behaviour of the body as being caused by muscle 

stiffness. Lakie (1986) investigated the response of muscles to vibration. 

When exposed to vibration, the forces exerted by muscle fibres were shown to 

decrease. After the vibration stopped, the muscle took up to 20 seconds to 

return to the original stiffness. This delay was termed the 'post vibration force 

recovery'. Such a loosening effect due to vibration could also account for the 

lower stiffness and hence the lower apparent mass resonance frequencies at 

higher vibration magnitudes. 

Other possible reasons for the non-linear response of the body may be that 

subjects could not maintain a steady posture (IVIertens 1978) or that pelvis 

motion was the primary contributor (Smith 1994). 

2.2.5 Absorbed power for the seated body 

Pradko ef a/. (1965, 1966), Lee and Pradko (1968) discussed the concept of 

absorbed power in whole-body vibration. They presented results from some 
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investigations whicli indicated tliat subjective experience of vibration is related 

to the amount of vibration energy absorbed by the body. The absorbed power 

is defined as the product of the force and the velocity (Lundstrom ef a/. 1995), 

in contrast to the driving point mechanical impedance, which is defined as the 

ratio of the force and velocity. The absorbed power, P, transmitted to a 

structure due to vibration exposure is defined by the dynamic force, F, to 

which the structure is exposed, multiplied by the resulting velocity, v: 

P = F x v 

where both the force and velocity components are vectors. They have both 

magnitude and direction. Therefore, the absorbed power, P, is complex. It can 

be separated into real and imaginary parts. 

- F * y * cos((z)f F * y * s i n ^ , ) / 

where ^F,v is the phase between the force and the velocity. The real part, PRe, 

reflects the part of the vibration energy per unit of time absorbed by the 

structure. The imaginary part, Pim, reflects the part that is returned to the 

vibration source, (i.e. the energy which is not absorbed by the structure). 

Practically, this implies that the magnitude of the power not only depends on 

the force and velocity components but also on the phase difference between 

them. The maximum absorption of the power occurs when force and velocity 

are in phase. When the phase between force and velocity is 90°, the 

absorption of power is zero. 

Lundstrom ef a/. (1998) made measurements of the absorbed power for 15 

male and 15 female subjects during vibration exposure at 1.0 ms"^ rms. 

Subjects sat in erect and relaxed upper body postures while being exposed to 

frequencies from 2 to 100 Hz. The individual graphs have a similar shape 

(Figure 2.17). A peak in the absorbed power was observed at about 5 Hz for 

all measurements. There were significant differences between male and 

female subjects. For females, there was an indication of an additional peak 

around 9 Hz. The frequency for maximum absorption was somewhat lower for 

the relaxed sitting position compared to the erect. Regression and correlation 

35 



analysis clearly indicated that absorbed power, over the entire frequency 

range, increased with increasing body weight. 

Ivlale 
P o s t u r e ; 

Erected ( ) 
Relaxed ( ) 

1 

Female 
Posture: 

Erected ( ) 
Relaxed ( } 

F r e q u e n c y , H z 

Figure 2.17 Absorbed power for 15 males and 15 females (relaxed and erect), 
From Lundstrom ef a/. (1998). 

The amount of vibration energy, either absorbed or exchanged between the 

source and body, may be a measure of the physical stress on the body since 

it takes into consideration the interplay between the vibration structure and the 

body in contact with it. However, some doubts exist over the use the value of 

absorbed power as an indicator of subjective response. 

2.2.6 Conclusions 

The driving point mechanical impedance and the apparent mass are useful 

tools to reveal the human body dynamic properties. Many researchers have 

used these methods to measure human body response in different vibration 

environments. Previous data showed that the apparent mass, or mechanical 

impedance, of the seated human body has a resonance frequency at around 

5 Hz in the vertical direction. Some subjects show a second resonance 

between 7 and 12 Hz. However, there are important differences between the 

two functions: the apparent mass and the mechanical impedance. The two 

dynamic functions yield different dominant frequencies at which the peak 

magnitude is observed. If the mechanical impedance is used to measure 
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human response, two resonances, sometimes three resonances, are 

obsen/ed. If the apparent mass is used, often one resonance appears. 

It is clear that there are many factors affecting experimental results when 

measuring human body responses. These factors can be divided into two 

groups, one group contains important factors whose effects are clear and 

cannot be neglected, such as posture, backrest, footrest and input signal. 

Another group contains general factors whose effects are not important but 

still need attention to enable results to be repeatable, such as seat pan shape, 

arm rests, seat belts or harnesses, etc. 

Posture 

Many studies of the effect of subjects' posture on the response of the body 

revealed that the response of the body changed in different test postures, 

except for Coermann's study, which showed a linear characteristic of the 

sitting body in different sitting posture. Fairley and Griffin (1989) and Kitazaki 

(1998) both found that the resonance frequency of the apparent mass 

decreased when the subject posture changed from erect to slouched, but the 

change was different in their studies. For example, Kitazaki showed a 

decrease of the peak value at resonance with a posture change from erect to 

slouch, but Fairley and Griffin (1989) did not find this change. 

Backrest 

It is not clear if the response of the sitting body is consistent with different 

backrest angles or with and without a backrest. Coermann and Okada (1964) 

showed that the mechanical impedance of the body is consistent at different 

backrest angles from zero to fifty degrees. Fairley and Griffin (1989) revealed 

that the resonance frequency of the apparent mass increased and the peak of 

apparent mass value decreased when the sitting condition changed from no 

backrest to a backrest condition. This means that the apparent mass of the 

sitting body is changed when the sitting condition varied between with and 

without backrest conditions. Fairley and Griffin (1990) also showed the 

change with both lateral and fore-and-aft directions of apparent mass with and 

without backrest conditions. 
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Footrest 

Although few researchers think the effect of the footrest is important, the 

investigation of Fairley and Griffin (1989) showed that the effect of the height 

of a moving footrest was small, but the effect of stationary footrest was 

significant (see Section 2.2.3.2). At low frequencies (below 2.5 Hz), the 

apparent mass decreased as the stationary footrest height decreased. The 

study revealed that the response of a sitting body at different stationary 

footrest heights is significantly changed. 

Vibration signals 

For the vertical direction, many researchers have shown that the human body 

is a non-linear system. Vibration magnitudes and vibration spectra have been 

recognized as the major factors causing sitting subjects to exhibit a non-linear 

response, except studies by Coermann (1962), Pradko et al. (1966) and 

Sandover (1978). They concluded that the effect of vibration magnitude was 

small and that the body could be considered as a linear system with regard to 

vehicle vibration. The conclusion from other researchers was that the 

resonance frequency of the apparent mass increased as the vibration 

magnitudes decreased. The change of the resonance frequency of the 

apparent mass with variation of the input vibration magnitude, or the input 

vibration spectrum, may be caused by the response of the skeleton or by the 

response of muscles but this has not been proven. 

With variations of static acceleration magnitude, Vogt a/, (1968), and 

IVIertens (1978) found a non-linearity which differs from the non-linearity 

described above. They found that the resonance frequency of the impedance 

of the body increased as the static acceleration increased from 1 to 3 times 

gravity: the main resonance frequency increased from 5 to 8 Hz and the 

mechanical impedance at resonance increased slightly. 

The vibration spectrum and input waveform, such as random or sinusoidal, 

also affect the apparent mass. However, the research in this field does not 

give conclusive evidence or reasons for the changes. 
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2.3 DYNAMIC PROPERTIES OF SEATS 
Vehicle seats are exposed to vibration which depends on the vehicle type, 

vehicle speed, road surface, etc. A seated occupant in a vehicle is mainly 

exposed to vibration transmitted by the seat, so seating dynamics are an 

important factor when considering vibration exposure. The vibration is also 

transmitted to occupants by their feet and hands, but the main problems focus 

on the seat. 

The seat should have the optimum dynamic properties so as to minimize the 

unwanted vibration response of the occupant in the relevant vibration 

environment. As far as we know, there are three factors combining together to 

determine the seat dynamic efficiency: the vibration environment, the seat 

dynamic response and the response of the human body. In general, the 

optimum dynamic response of a seat depends on both the vibration spectrum 

in the environment and the relevant criterion (maintenance of comfort, 

minimization of the disturbance of activities or preservation of health). The 

seat transmissibility is a useful tool to represent the interaction of the seat 

dynamics with the dynamics of the body 

2.3.1 Seat transmissibility 

The transmissibility of a seat is the frequency response function for vibration 

transmitted from the base of the seat to the person sitting on the seat. The 

transmissibility of a seat is defined as the motion at the seat surface divided 

by the motion at the base of the seat. The motions both at the seat surface 

and at the base can be expressed in times of displacement, velocity or 

acceleration. Using Fourier transform techniques, the frequency content of the 

two digitized time histories can be determined and the transmissibility, or 

transfer function, of the seat calculated by their division. This division may 

involve Fourier transforms, power spectra or cross spectra according to the 

assumptions made and the facilities which are available. 

The transmissibility of the seat, T(f), is defined as the ratio of the power 

spectral density (PSD) measured at the seat surface and to the power 

spectral density measured at the floor: 
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where Goo (f) is the PSD at the seat surface and Go (f) is the PSD at the floor. 

This method assumes that there is only one cause of the measured output 

motion and T(f) is only the modulus of the transmissibility. 

An alternative method to obtain seat transmissibility is to use the cross-

spectral density method. In this method, the seat transmissibility, T(f), may be 

determined from the PSD, Gj, (f), of the input (seat base motion) and the 

cross-spectral density, Gjo (f), of the input (seat base motion) and output (seat 

surface motion). T(f) is a complex quantity which can yield the modulus 

I T(f) I , and the phase, ^(f), of the transfer function. 

T{f} = fRe(r(f)f + [lm(r(f)f 

where Re[T(f)] and lm[T(f)] are the real and imaginary parts of the complex 

transfer function T(f), respectively. 

These calculations are useful for determining the system transfer function. 

However, they cannot give any information about relationship between the 

input and output signals. For example, assuming two irrelevant signals (i.e., 

one is measured acceleration in fore-and-aft axes and another is measured 

acceleration in vertical axes) were obtained from an experiment, what is the 

meaning of the transfer function calculated from these two signals? To assist 

the explanation of the transfer function, the information of coherency between 

the signals is needed. The coherency function can be calculated by: 

G X ' ) ' G - ( I ) 

The value of coherence yio^(f) is always in the range 0-1. For a linear system 

and no noise, the coherence will have its maximum value of unity at all 
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frequencies. If the system has a poor signal-noise (e.g., background noise) 

ratio, that is the noise occupied a large proportion in measured signal, the 

value of coherence yio^(f) will be lower than unity. 

If the seat transmissibility is linear, the motion of the seat surface can be 

predicted from the motion at the base of the seat at any frequency. The seat 

transmissibility gives an insight into the dynamics of the seat and can give an 

indication of possible areas of the seat that could be improved. However, the 

seat transmissibility is not a universal method of determining seat dynamic 

properties. A drawback is that it is often difficult to identify a better seat when 

comparing two or more seat measurements (e.g., although 16 seat 

transmissibilities are shown in Figure 2.18, it is difficult to say which seat gives 

a good isolating function from these calculated transmissibility curves). 

2.3.2 Assessment of seats 

A seat is only required to provide good isolation of the vibration at the 

frequencies to which it will be exposed when in use. There are two methods 

by which this may be measured. The seat may be exposed to the appropriate 

vibration and the motion on the seat assessed either objectively or 

subjectively in terms of comfort, activity disturbance, or health effects. 

Alternatively, the seat transfer function may be determined and used to 

calculate the vibration which will occur on the seat with a given input 

spectrum. Seat transmissibility is a good method to appraise the seat isolation 

function because it includes all three important factors: the vehicle floor 

vibration spectrum, the seat response and the occupant response, at all 

frequencies where there is significant vibration. 

It is often difficult to identify the best seat through comparison between 

measured seat transfer functions. The seat transfer function is a dynamic 

characteristic over a frequency range and not a single value. Therefore, one 

seat may have the lower transmissibility at some frequencies but higher 

transmissibility at other frequencies. A widely used method of comparing the 

responses of different seats is the SEAT value (the seat effective amplitude 

transmissibility). 
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The SEAT value is given by (From Griffin 1990); 

lV2 

SEAT% 
jG. . ( f ) W,'(f) df 

jG , ( f ) df 
X 100 

Where Gss(f) and Gff(f) are the seat and floor acceleration power spectra and 

Wj(f) is the frequency weighting for the human response to vibration which is 

of interest: this is the weighting for vibration occurring on the seat and not the 

weighting for vibration on the floor. 

Using a frequency weighting appropriate to vibration discomfort, a SEAT value 

of 100% indicates that, although the seat may have amplified the low 

frequencies and attenuate the high frequencies, there is no overall 

improvement or degradation in vibration discomfort produced by the seat. 

Therefore a SEAT value of 100% means that sitting on the floor (or on a rigid 

seat) would produce similar vibration discomfort. If the SEAT value is greater 

than 100%, the vibration discomfort has been increased by the seat. If the 

SEAT value is less than 100%, it indicates that the seat provides a useful 

isolation. 

If the seat transfer function, T(f), is known, the seat effective amplitude 

transmissibility (SEAT) may be calculated from the floor vibration spectrum. 

The SEAT is given by: 

1/2 

SE/47-% 
j G , ( f ) | T ( f f W,^(f)df 

ja,(f)wnf)di 
x100 

This is a very useful method to calculate the seat effective amplitude 

transmissibility (SEAT) because it does not depend on the acceleration signal 

measured at seat surface. If the seat transmissibility has been obtained (e.g., 

predicted seat transmissibility), this method can be used to predict the SEAT 

value in a different car which has a different floor vibration or one car driving 

on different roads which also gives different floor vibration. This method is 

important for seat design and seat improvement because the seat designer 
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can obtain the SEAT value by varying seat parameters which result in 

different seat transmissibility and lead to different SEAT values. The transfer 

function of the seat from a vehicle may be determined either on the road or in 

the laboratory. 

90% 9 5 % 90% 

99% 113% 

108% 108% 114% 

100% 

Frequency (Hz) 

Figure 2.18. Veritical seat transmissibilities and SEAT values in 16 vehicles 

(black bands indicate 10% to 90% confidence intervals. From Griffin (1978). 

If the motion on either the floor or the seat have a high crest factor, the SEAT 

value should be obtained using vibration dose value (from Griffin 1990): 
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The crest factor and vibration dose values (VDV) are given by: 

peak acceleration 
Crest factor = 

VDV 

r.m.s acceleration 

V 4 

' Ja 'W dt 

For sinusoidal vibration the crest factor is ^2. Typical vibration in a vehicle on 

a good road may have a crest factor in the approximate range 3 to 6, but this 

will increase if the measurement period includes any shock motion. In the 

VDV equation, the symbol, a(t), is the frequency-weighted acceleration time 

history, the symbol, T, is the period of time over which vibration may occur. 

The VDV on the floor is calculated using the same frequency weighting 

applied to the vibration occurring on the seat. 

The SEAT value and seat transmissibility are different but both are ways of 

expressing the performance of seats. The SEAT value gives an indication of 

the overall benefit of the seat and the transmissibility identifies in which 

frequency ranges the benefits occur. 

Griffin (1978) compared the measured SEAT values and seat 

transmissibilities for 16 different vehicles. Figure 2.18 shows the 

transmissibilities of the seats in 16 vehicles and the vertical SEAT values 

obtained using the ISO 2631 (1974) frequency weighting. 

Other evaluation techniques have been suggested by Varterasian (1982) who 

developed an objective measure of automobile seat ride comfort, or a ride 

number, based on both the vibration spectrum and human sensitivity to 

mechanical vibration. The ride number depended on the natural frequency of 

the seat transfer function, fn, the peak value of transmissibility, A, and the 

amplitude of the transmissibility at 10 Hz, B. A further variable, k (a seat 

comfort constant), was used which varied with seat type (such as split seat, 

bucket seat, bench type seat, etc.). The ride number is defined as: 
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R = — 
L A B 

Varterasian (1981) considered the ride number very useful in seat parameter 

study because it includes the amplitude of the transmissibility at 10 Hz. He 

found that the ride number was sensitive to seat durability because of the fact 

that seat foam (polyurethane) degradation occurred most noticeably in the 10 

Hz range where the ride number was tuned. 

Ebe (1995) used comfort scores to evaluate seat performance. The subjects 

were required to compare static and dynamic comfort between the seats. 

They assessed the relative discomfort of each sitting in terms of category 

numbers or category words as below: 

+3 : 1 st very much more comfort than 2nd 

+2 

+1 

+0 

- 1 

- 2 

-3 

1st definitely more comfort than 2nd 

1st slightly more comfort than 2nd 

1st the same comfort with 2nd 

1st slightly less comfort than 2nd 

1st definitely less comfort than 2nd 

1st very much less comfort than 2̂^̂^ 

The comfort score for different seats was obtained by the calculation of 

category numbers for each subject. The higher comfort scores correspond to 

better sitting comfort. 

2.3.3 Measurements of seat t ransmissibi l i ty 

A vehicle seat occupied by a passenger comprises two coupled dynamic 

systems: the seat and the person. The transmissibility of a seat is the ratio of 

the vibration at the seat surface to the vibration at the base of the seat. The 

transmissibility should be measured at a position that gives a representative 

and repeatable result. An accelerometer placed on the surface of the seat 

may cause discomfort to the subject, thereby inducing a different posture, and 

cause a change of the transmissibility. Therefore, a suitable measurement 
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device is needed in measuring seat transmissibility. l\/1iwa and Yonekawa 

(1971) studied the methods of measuring seat transfer functions. As the 

deflection of the seat cushion may influence seat dynamics, a large rigid 

transducer on the seat surface is not satisfactory for accurate measurements. 

They concluded that a 1.3 kg bakelite box 300mm by 300mm by 30mm 

provide the most useful mount. Although a flat mount of this size could not 

easily be made to fit some car seats, their results also suggest that the 

differences obtained with a 230mm by 180mm by 45mm bakelite box of the 

same weight were not large. 

The Society of Automotive Engineers (SAE 1974) recommended a semi-rigid 

disc containing accelerometers to measure the vibration on a seat surface. It 

is now called the "SAE-pad". According to its statement, the design of the 

SAE-pad was to "provide a suitable mounting for the accelerometers, not 

disturb operator comfort, and not significantly distort the buttock-cushion load 

distribution." The shaped disc is placed midway between the ischial 

tuberosities and taped to the cushion in situations of high vibration exposure. 

Figure 2.19 shows this device. 

12 mm max 
Cavity for accelerometers 

3 mm 

75 mm 

200 mm 

Thin metal disk for 
added rigidity 

Figure 2.19 SAE-pad for measuring seat vibration (From SAE J1013, 1974) 

Whitham and Griffin (1977) tested three accelerometer mounts. They were an 

aluminium bar (290 by 45 by 20mm), a semi-rigid SAE pad and a SIT-BAR. 

The SIT-BAR is shown in Figure 2.20. Its upper end of the bracket is located 
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at a convenient position providing space for the attachment of rotational 

accelerometers. The accelerometers used to measured vertical acceleration 

can be mounted on its upper surface. Whitham and Griffin (1977) found that 

both the SAE-pad and the SIT-BAR gave similar results and were suitable for 

transmissibility measurements in the frequency range of 2 to 32 Hz (Figure 

2.21). 

In vehicles, there are different vibrations at the different floor parts. This can 

be due to the vehicle not being entirely rigid in structure or a pitch mode 

occurring. Measurements made at the fixing point of one seat may not be 

representative of the vibration transmitted to another seat in the same vehicle. 

Messenger ef a/. (1992) suggested that the accelerometer placed on the 

vehicle chassis should be located within a circle of 200 mm diameter centred 

directly beneath the seat accelerometers. In addition, the position for 

mounting of the accelerometer should be a rigid part of the vehicle such that it 

is not affected by structural motion. 

Hole for mounting accelerometers 

90 mm 
\ / 

\ ^ ' 30 mm L 

\ ! \ 

, 120 mm 

4 m m 

% 18 mm 

Figure 2.20 Design of the SIT-BAR (after Whitham and Griffin 1977). 

Bruns and Ronitz (1971) found that measuring the transmissibility of vehicle 

seats in a laboratory was more repeatable than tests in vehicles. The 

measurement of the seat transmissibility in vehicles can be impeded by the 

unsuitability of the vibration input for the determination of a transfer function. 

47 



The input may not contain sufficient energy at all frequencies and may not be 

representative of other typical inputs. The visibility of these problems depends 

on the analysis methods employed and the extent of any repeatability 

measures. There are two methods for measuring the transmissibility (see 

Section 2.3.1): the power-spectral density (PSD) method and the cross-

spectral density (CSD) method. Griffin (1990) showed the difference between 

two methods in measuring seat transfer function (Figure 2.22). Differences 

may arise for several reasons but they most often occur at frequencies where 

there is little vertical vibration in the vehicle. In consequence, the differences 

may have little effect on the overall magnitude of vibration occurring on the 

seat and have little influence on measures of seat isolation efficiency. Figure 

2.22 also showed a poor coherency in a vehicle because of multiple axis input 

vibration. With an ideal linear system and no noise, the coherence should 

have its maximum value of unity at all frequencies. 
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Figure 2.21 Transmissibility of the 100mm foam with the aluminium bar 
(dotted line), the SIT-BAR (broken line and the SAE-pad (continuous line) 
from Whitham and Griffin 1977. 

2.3.4 Factors affect ing seat transmissibi l i ty 

When measuring the seat transmissibility, it should be remembered that the 

seat transmissibility is affected by many 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 
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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 experimental data. 

2.3.4.1 Seat type and properties 

Every vehicle needs a seat for the driver and any passengers. There are 

many types of seat but they can be divided into three categories: full-foam 

cushion seat, spring plus foam seat and suspension seat. The spring plus 

foam seat consists of spring, polyurethane foam and a seat cover. The full-

foam seat is shaped thicker foam with a seat cover. The suspension seat has 

a suspension system which consists of a damper, spring, end-stop rubber and 

a seat cushion. These three types of seat have different dynamic 

characteristics due to their different seat constructions. 

Leatherwood (1975) compared the comfort and seating dynamics of aircraft 

tourist class seats, aircraft first class seats and a bus seat in the frequency 

range of 1 to 30 Hz. He used a mock-up of a passenger cabin of an aircraft 

and 92 subjects. l\/1easurements showed that there were significant 

differences in the transmissibilities of the aircraft seats and the bus seats but 

the vertical transmissibility for the aircraft tourist and first class seats appeared 

to be very similar. He analysed the result and explained that the aircraft seats 

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. 

Corbridge and Griffin (1989) measured the transmissibilities of ten alternative 

railway seat cushions. Each seat cushion was tested using a random motion 

with a magnitude of 0.6 ms'^ rms. Of the ten seat cushions, three were 

constructed from spring cases (A, B, C), four from foam blocks (D, E, F, G), 

one from rubberized hair material (H) and two consisting of layers of mounded 

foam 60 mm and 30 mm thick covering solid wooden bases (Cushion I and J 

respectively). The spring cases had the highest transmissibility at the 

resonance around 4 Hz and the foam-wooden cushions had the lowest 
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transmissibility at tlie resonance but a higher transmissibility above 6 Hz 

(Figure 2.23). Corbridge and Griffin (1991) compared the transmissibilities 

between a spring case seat cushion and two prototype cushions consisting of 

60 mm and 30 mm thickness moulded foam on a rigid base. The experimental 

data showed that the three seat cushions had very different transmissibilities 

to vertical vibration. 
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Figure 2.22 Vertical seat transmissibility determined with CSD and PSD 
methods. From Griffin 1990. 
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If we study vertical vibration spectra on a vehicle floor, it can often be seen 

from the vehicles that there is a peak in the frequency range from 3 to 5 Hz 

where conventional seats always amplify the vibration. However, this can be 

avoided by using a suspension seat. A suspension seat consists of a 

conventional seat mounted on a separate isolation mechanism with a lower 

natural frequency. Usually the suspension mechanism has a resonance at 

around 2 Hz, thereby attenuating the vibration above V2 times the resonance 

frequency. 

Corbridge (1981) studied the transfer function of a suspension seat to vertical 

vibration. The results showed several features of suspension seats. Firstly, 

the natural frequency of the seat reduced from 3.25 Hz without a suspension 

system to 2.0 Hz with the suspension system but varied with the subject's 

weight. Secondly, the transmissibility was attenuated at frequencies over 3 

Hz. 
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Figure 2.23 Transmissibility of ten seat cushions. From Corbridge and Griffin 
(1989). 

The response of a typical suspension seat compared to a foam and metal 

sprung seat and a rigid seat is shown in Figure 2.24 (Griffin 1990). It can be 
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observed that the suspension seat dramatically improved the seat dynamic 

characteristics compared with the foam and metal sprung seat or a rigid seat 

in the frequency range from 4 to 8 Hz in which human are most sensitive to 

vibration. However, according to Wu (1994), there is a problem with 

suspension seats hitting end-stops at the extremes of their travel and 

exposing the occupant to shocks. Sometimes it may cause the occupant more 

discomfort and a greater health risk than the vibration itself. Another problem 

caused by suspension seats is that the subject mass affects the 

transmissibility of the suspension. Stayner (1972) compared the seat 

transmissibilities of four drivers of different weight (62.5, 74, 77 and 100 kg) 

with three suspension seats. As expected, greater subject mass produced a 

lower resonance frequency. This change was probably due to the dynamics of 

the seat suspension system rather than the seat cushion. Wu a/, (1994) 

mentioned that active suspension systems with varying dynamic parameters 

have been developed to solve the above problems but these have not yet 

come into general use due to the prohibitive costs and complexity involved. 
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Figure 2.24 Comparison of the transmissibilities of a foam and metal sprung 

seat, a suspension seat and a rigid seat. From Griffin 1990. 
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It can be concluded that there are significant differences in the 

transmissibilities between the three seat categories. Regarding comfort, the 

suspension seat appears to perform with a good isolation of vibration for many 

vehicles, it not only provides low resonance frequency but also it has low 

transmissibility over a larger important frequency range (ISO 2631/1- 1985). 

However, it is difficult to adopt the suspension seat for all vehicles. In general, 

the suspension seat is costly and needs a large space below the cushion in 

order to install the suspension system. This means that the suspension seat 

cannot be used for compact cars. Therefore, when a suitable type of seat is 

chosen for a vehicle, the cost, the vibration environment and the space used 

for fitting the seat must be taken into account. 

In addition to the seat type affecting the seat dynamic properties, the seat 

cushion components, such as the foam, spring and seat cover, etc., are also 

important for the seat dynamic characteristics. Not many studies of the effect 

of seat cushion components on the seat dynamic characteristics have been 

reported. However, there has been some research intentionally modifying the 

seat components in order to change the static or dynamic characteristics of 

the seat so as to improve seat comfort or reduce the seat cost. IVIessenger 

(1988) investigated the effect of foam hardness on the seat transmissibility. 

She compared the vertical vibration transmission of two similar helicopter 

seats with different foam hardnesses in both the seat pan and the backrest. 

When the foam was changed to be firmer than the original foam, the 

transmissibility at frequencies from 1.25 to 4.75 Hz increased significantly. 

However, in a different frequency range, such as from 5.75 to 30 Hz, the 

transmissibility was lower. The cushion thickness effect can be observed from 

Figure 2.23 where cushion I is a 60 mm foam and cushion J is a 30 mm foam. 

Corbridge and Griffin (1989, 1991) found that the thickness effect is significant 

in the cushion transmissibility. They compared a 30 mm thickness mounded 

foam with a 60 mm thickness mounded foam. The experimental data showed 

that the 60 mm foam had higher peak transmissibility around 5 Hz, but lower 

transmissibility in the frequency range above 6 Hz (Figure 2.23). Corbridge ef 

a/. (1989) studied the effect of a seat cover on seat transmissibility. They 

measured the transmissibility of a railway seat with a seat covering material 
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and without a seat covering material. It was found that the cover had little 

influence on the seat transmissibility. 

Ebe (1993 and 1994) studied the effect of composition of polyurethane foam 

on the vibration transmissibility of automotive seats. The characteristics of the 

four foams are listed in Table 2.4. He used comfort score to evaluate seat 

performance. Figure 2.25 shows comfort scores for the different seats. It is 

clear that there was a significant difference among the four seats and that the 

effect of foam composition on seat dynamic property is significant. 

Table 2.4 characteristics of the foam in the automotive seats (From Ebe 1994) 

Type Hardness (kg) Density (kgm'^) Comment 

A 20.8 45 Low density type 

B 21.1 52 Standard type 

C 21.2 55 Long durability type 

D 21.0 65 Soft feeling type 

Seat dynamic properties are affected by the environment such as temperature 

and relative humidity as well as their change while measuring. Hence, when 

measurements of seat dynamic properties are obtained the temperature and 

relative humidity, as well as their change, must be controlled in a required 

range. 

Ebe (1995) studied the effect of foam pad construction on vibration 

transmission. Four similar seats with different foam pads, which were defined 

as HR, PP, SF and HOT foam, were used to investigate the influence of the 

construction of the polyurethane foams on vibration transmission. The 

experiments were conducted on a bumpy road at a speed of 30 m.p.h and a 

moton/vay at a speed of 70 m.p.h for a period 30 seconds. The comfort scores 

were used to assess the performance of the seats. It was found and that there 

were differences between four seats comfort scores. 
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Figure 2.25 comfort scores for different seats (From Ebe 1994) 

The effect of density of polyurethane foam on vibration transmission was 
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investigated by Ebe (1994). Five foams with different density were used in 

experiments. The experiment was conducted using an electro-hydraulic 

vertical vibrator having a maximum stroke of 1 metre. The input vibration had 

a flat acceleration power spectrum over the frequency range 0.8 to 20 Hz and 

was presented at 1.0 ms'^ rms magnitude for two minutes duration. Eight 

subjects participated in the study. The conclusion was that the density of 

polyurethane foam did not affect either the transmissibility at resonance, the 

resonance frequency or the vibration transmission ratio. 

2.3.4.2 The loading on the seat 

It has been noted by many researchers that a person cannot be replaced by a 

rigid mass when measuring seat transmissibility. Leathen/vood (1975) 

exposed a seat to vertical vibration with sandbags and human subjects. The 

experimental data showed that the peak transmissibility of the seat with the 

sandbags was greater than that with the subjects. The resonance frequency 

was also higher for a mass than that for subjects. Ashley (1976) showed that 

at low frequencies the transmissibility of a suspension seat was similar 

whether it was loaded with a mass or a person, but considerably different at 

high frequencies. Although Lowe (1972) suggested that suspension seats 

should be tested with a mass instead of a person in the interest of 

repeatability and comparability, Fairley and Griffin (1983) pointed out that the 

transmissibility of the seat depended upon the dynamics of the body on the 

seat as well as the dynamics of the seat and demonstrated the effect with a 

comparison of seat transmissibility loaded with mass and a man. Griffin (1990) 

showed typical seat transmissibilities obtained when loaded with a person or 

loaded with a rigid mass of the same weight as the person (Figure 2.26). 

Matthews (1967) developed a one degree-of-freedom mechanical dummy to 

replace a seated person. The dummy consisted of a mass suspended by four 

elastic bands from a rigid frame. The total mass was 55 kg, including the 

frame, and the natural frequency was 5 Hz. The damping was adjusted so that 

the transmissibility of a suspension seat measured with the dummy had the 

best agreement with the transmissibility when a person was on the seat. 

Agreement was fairly good at high vibration magnitudes, but at low vibration 
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magnitudes tlie transmissibility with the dummy was higher than the 

transmissibility with a person. The possibility of there being significant friction 

and other non-linearities in the dummy was not considered. 
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Figure 2.26 comparison of seat transmissibilities loaded with a person and a 

rigid mass. From Griffin 1990. 

Suggs ef a/. (1969) found two resonances at about 5 and 8 Hz in the driving 

point impedance of a sitting subject and then developed a more complicated 

two degree-of-freedom dynamic dummy based on a lumped parameter model 

that was fitted to measurements of the mechanical impedance of the body. 

Suggs ef a/. (1969) built the model, which had a common rigid frame from 

which two uncoupled masses were suspended by springs and dampers 

(Figure 2.27). The lower mass was larger and represented the pelvis and the 

abdomen, while the smaller upper mass represented the head and the chest. 

The rigid frame was analogous to the spinal column. The weight of the 

unsprung components was 6 kg. The dummy had a glass-fibre base that was 

moulded to represent the buttocks of a person. The authors also used the 

dummy to simulate the human loading on a seat to measure the seat 

transmissibility. The comparison between the dummy and the subject in 
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different sinusoidal vibration magnitudes showed that agreement was good in 

some frequency ranges (Figure 2.28). 

OAMPER 

DAMPER 

Figure 2.27 Two degree-of-freedom dummy. From Suggs ef a/. 1969. 

For the routine testing of seats it might be attractive to use a mass or an 

anthropodynamic dummy having representative impedance characteristics in 
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place of a subject. However, there are significant differences between a seat 

response loaded with a mass and a person. The human subject is a complex 

dynamic system. When a person sits on a seat the interaction between the 

human subject and the seat affects the seat dynamic response. Although 

anthropodynamic dummies have been developed, they are not yet in general 

use because there are difficulties in maintaining the response of such systems 

in calibration and it may not be easy to restrain a dummy to the correct 

position in a seat. 
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Figure 2.28 Transmissibility comprison of a seat loaded with a person (solid 
line) and with the dummy (dashed line), From Suggs ef a/. 1969. 

l\/1ansfield (1998) and Lewis (1998) developed a serious of anthropodynamic 

dummies for the simulation of the vertical dynamic response of the seated 

human body. The dummy was based on the model of human impedance as 

suggested by Fairley and Griffin (1989). These dummies will be discussed in 

Section 2.5.5. 

2.3.4.3 Effect of subject variability 

IVIany researchers have investigated the effect of the occupant characteristics 

on seat transmissibility. It has been found that different subjects give different 

seat transmissibilities. Subject weight and size, subject posture, contact with 

the backrest, foot support position and arm support all may influence the 
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measured seat transmissibility. However, previous studies suggest that 

several of these factors are less important than might be expected. 

1) Subject weight and gender 

l\/1atthews (1967), Stayner(1971) and Burdorf and Swuste (1993) showed that 

the subject's weight affected suspension seat transmissibilities. They found 

heavier subjects usually tended to be better isolated by a suspension seat 

than light subjects due to the lowering of the suspension natural frequency 

under increased load. Other researchers, such as Corbridge (1981), Fairley 

(1986) and Corbridge a/. (1989), provided evidence that subject mass 

generally has a small effect. Corbridge (1981) studied the effect of two subject 

variables: weight and sex, on the transmissibility of a suspension seat to 

vertical vibration. The results showed that the suspension system was 

relatively insensitive to the differences in subject weight and sex. Varterasian 

and Thompson (1977), also investigated the effect of subject weight and sex. 

They measured the transmissibilities of an automotive seat with 9 male and 6 

female subjects. The study showed that there was no effect of subject mass 

or sex on the transmissibility of conventional seats as there were only small 

differences in the resonance frequency and transmissibility at resonance, 

even though the subject mass supported by the seat had a range of 31 kg to 

72 kg. The standard deviation of the resonance frequency of the seat and the 

transmissibility at the resonance of the seat were small. 

2) Footrest 

Fairley (1986) measured the transmissibility of a seat with one person with 

different heights of a stationary footrest. Initially, the footrest was in the 

highest position, where there was little contact between the thighs and the 

seat. The footrest was then lowered by a total of 0.32m in 0.04m steps. He 

found that the transmissibility increased slightly at frequencies above 

resonance as the footrest was lowered (Figure 2.29). Fairley thought that the 

reason for this result was likely to be a consequence of the increased contact 

between the person's thighs and the front of the seat cushion. Increasing thigh 

contact means that more vibration is transmitted to the thighs. A change in the 

dynamic response of the body would be expected as a result. However, this 
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was just an investigation of tlie effect of stationary footrest on ttie 

transmissibility. In general, the footrest moves with the seat, so further 

investigation about how moving footrest heights affect seat transmissibility is 

needed. 
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Figure 2.29 Effect of stationary footrest heights on the transmissibility of a seat. 
From Fairley 1986. 

3) Backrest 

Fairley (1986) investigated the effect of a backrest on seat transmissibility. He 

measured a car seat with four people under three different conditions: no 

backrest, lumbar back contact and full back contact. The angle of the backrest 

was fifteen degrees from vertical. Figure 2.30 shows the comparison between 

three test conditions. Increasing backrest contact caused the transmissibility 

of the seat to increase at frequencies above resonance; although, above 10 

Hz the increase for full back contact was not as great as the increase for just 

lumbar contact. The resonance frequency, and the transmissibility at 

resonance, also increased slightly with increasing backrest contact. The effect 

of increasing the angle of the backrest from 0 to 50 degrees from vertical, at 
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10 degree steps, was also investigated with one person (Figure 2.31). When 

the angle of the backrest increased from 0 to 50 degrees, the resonance 

frequency increased slightly and the transmissibility at resonance decreased a 

little, but the transmissibility increased a lot in the frequency range from 5 to 

10 Hz. The reason for the above changes may be that the presence of a 

backrest changed the dynamic response of the body. With a subject against 

the backrest, the force produced by backrest might tend to restrain the motion 

of the subject's upper body. 
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Figure 2.30 Effect of backrest contact on the transmissibility of a seat (mean 
results for four subjects). From Fairley 1986. 

Lewis and Griffin (1996) tested the transmissibility of one seat with a fixed 

backrest and a moving backrest. The seat was mounted on a rigid frame 

attached to the platform of a vertical vibrator. The seat back angle was 

adjusted to 20° from the vertical. The moving backrest allowed the seat 

backrest cushion to move up and down along the backrest frame or a simple 

spring suspension. Figure 2.32 compares transmissibilities for two subjects 

with a fixed and with a moving backrest and with the 'back off condition. The 

resonance frequency appeared similar with both the moving backrest and the 

'back ofT condition and was about 0.5 Hz higher with fixed backrest than the 

above two conditions. The transmissibility at resonance was also higher with 

the seat back fixed. 
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Figure 2.31 Effect of increasing backrest angle on the transmissibility of a seat, 
From Fairley 1986. 
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Figure 2.32 Comparison of vertical transmissibilities with three conditions. 
From Lewis and Griffin 1996. 
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4) Effect of subject posture 

The posture of subjects has been shown to have some effect on the 

transmissibility. Corbridge and Griffin (1986) reported that the upper body 

might have a significant effect on the transmissibility of a seat, particularly 

when there was no contact with the seat backrest. They found that changing 

the contact with the seat by leaning against a backrest or leaning forward or 

by resting the arms on the armrests also changed the transmissibility of the 

seat. They mentioned that the position of the arms had a significant influence 

on the measures of seat transmissibility; when subjects placed their arms on 

the armrests, the peak mean transmissibility was lower than when the hands 

were on their laps. Corbridge ef a/. (1989) continued his study in this field. The 

conclusion was that changes in upper body position gave greater changes in 

measured transfer function than changes in lower body posture. 

2.3.4.4 Effect of vibration characteristics on seat transmissibiiity 

The type of vibration to which a seat is exposed can affect the seat 

transmissibility. However, only a few studies have been performed in this field. 

Fairley (1983) compared the transmissibilities of a seat with two types of 

transient vibration input (a series of single frequency impulses and a rapid 

frequency sweep) and a continuous input of Gaussian random vibration were 

given, It was found that the transmissibilities obtained with these vibration 

inputs were similar. Burdorf and Swuste (1993) measured the 

transmissibilities in the laboratory and in the workplace. They found that there 

were differences between the transmissibilities obtained in both conditions. 

These may be caused by the differences of the input vibration spectrum, 

a) Vibration magnitude 

The effect of vibration magnitude is important for transmissibility, as has been 

recognized by many researchers. Stayner (1972), Leatherwood (1975), 

Ashley (1976), Fairley (1983, 1986), Corbridge (1987) and Fairley (1990) have 

provided evidence that vibration magnitude affects seat transfer functions. 

However the seats they studied were different, Stayner (1972), Ashley (1976) 

and Fairley (1990) analysed the effect of vibration magnitude on suspension 

seats and others analysed conventional seats. Because the studies gave 

similar results, a typical experimental result is demonstrated here for the effect 
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of vibration magnitude on seat transmissibility. Fairley (1986) measured the 

transmissibility of a car seat with eight different people using six different 

magnitudes of vibration: 0.2, 0.5, 1.0, 1.5, 2.0, 2.5 ms"^ rms. The mean results 

(Figure 2.33) showed a consistent effect of vibration magnitude - as did all the 

individual results. The resonance frequency decreased from about 5 to 3 Hz, 

and the transmissibility at resonance decreased from about 1.9 to 1.5 as the 

magnitude of the vibration was increased. A second resonance frequency was 

apparent. It also decreased with increasing vibration magnitude - from about 

10 to 7 Hz. The author thought that the changes of transmissibility may arise 

from changes in the dynamic response of either the seat or the person; 

although, it is unlikely that the dynamic response of a seat could, by itself, be 

responsible for the observed changes - there is no reason to expect that a 

simple seat fabricated from foam with wire springing should have such large 

non-linearities in its stiffness and damping. 
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Figure 2.33 Transmissibility of a seat meaured with six different magnitudes of 
random vibration. From Fairley 1986. 

Fairley (1990) also studied suspension seat non-linearity. He measured a 

typical air suspension seat (Grammer, type LS95H/90Ar) with a subject. The 

results are shown in Figure 2.34. Because a suspension seat is composed of 

a cushion and a suspension system, Fairley measured transmissibilities of a 
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cushion, a suspension and the complete seat with different vibration 

magnitudes which were 0.35, 0.7 and 1.4 m/s^ rms. The non-linearity of a 

cushion was similar to that of a conventional seat shown in Figure 2.33, but 

there was different non-linearity with the suspension system. When vibration 

magnitude increased, the resonance frequency of the suspension system was 

unchanged but the peak value increased. However, the transmissibility 

modulus of the suspension decreased with increased vibration magnitude 

over the frequency range above 2 Hz. The non-linearity of the complete seat 

was composed of both the non-linearity of the cushion and the non-linearity of 

suspension, but it was mainly affected by the latter. 
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Figure 2.34 Transmissibility of a suspension seat measured at different 
vibration magnitudes (From Fairley 1990). 
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Figure 2.34 sliows tlie non-linearity of a suspension seat at normal vibration 

magnitudes. If the vibration magnitude is great enough, a non-linear end-stop 

impact will affect the seat transmissibility. Wu and Griffin (1995) proposed a 

suspension model including a non-linear end-stop system (Figure 2.35). 
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Figure 2.35 Non-linear end-stop suspension seat model (From Wu 1995) 

2.3.5 Effect of multi-axis input 

Laboratory seat testing is often carried out using only vertical vibration. 

However, the existence of any cross-axis coupling in the dynamic response of 

a seat-person system could have important implications for field 

measurements in vehicles where vibration occurs in many axes. Fairley 

(1986) investigated whether the transmission of vertical vibration through a 

seat would be affected by the presence of fore-and-aft vibration. He mounted 

a seat on a slip-table driven simultaneously in the vertical and fore-and-aft 

axes by two electrodynamic vibrators. The magnitude of the random vibration 

in each axis was 1.0 ms'^ rms. The input time history for the vertical vibration 

was the same as the input time history for the fore-and-aft vibration except 

that it was reversed so that the vibration in the vertical axis was uncorrelated 

with the vibration in the fore-and-aft axis. Figure 2.36 shows how the vertical 
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vibration at the seat-person interface was caused by the vertical and fore-and-

aft vibration at the base of the seat. The cross-axis coupling, as implied by the 

transfer function for fore-and-aft vibration at the base of the seat transmitted to 

vertical vibration at the seat-person interface, was small. The multiple 

coherency function was close to unity at all frequencies from 1 to 20 Hz, 

indicating that almost all of the vertical vibration measured at the seat-person 

interface was accounted for by the two inputs measured at the base of the 

seat. Because the vertical vibration on the seat surface was not fully caused 

by vertical vibration on the seat base, the coherency between the two vertical 

vibrations does not equal to unity (see Section 2.3.3). 

2.3.6 Conclusion 

The optimization of seat dynamics involves the minimization of the 

transmission of vibration through seats. In order to provide good isolation of 

the vibration at the frequencies to which a seat will be exposed, suitable seat 

evaluation techniques should be adopted. The seat transmissibility and SEAT 

value are useful tools to represent the seat dynamic characteristics and 

performance of seats. Other evaluation techniques such as absorbed power 

and measurements of seat ride comfort have also been used by some 

researchers, but these have not yet come into general use. 

The transmissibility of a seat loaded with a rigid mass is not representative of 

the transmissibility when a person sits on the seat: the transmissibility of a 

seat depends upon the dynamic characteristics of both the seat and the 

person sitting on the seat. Therefore, when researchers study seat dynamic 

performance, they should not only pay attention to the seat properties but also 

to the human body response in different vibration environments. 

The transmissibility of a seat is affected by many factors, however it can be 

seen that most of the factors are same as the factors affecting human body 

apparent mass, or mechanical impedance. The reason is that the 

transmissibility of a seat depends upon the dynamic characteristics of both the 

seat and the person sitting on the seat. 
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Figure 2.36 Transfer function and coherency function for vertical and fore-and-
aft vibration (black bands indicate 95% confidence intervals), From Fairley 
1986. 

Through the review of literature, it can be concluded that the main factors 

affecting seat transmissibility are: seat type and properties, subject posture, 

backrest, vibration magnitude and multi-axis input. Among these factors, 

subject posture, backrest and vibration magnitude are the three factors which 

have the most important influence on the seated person response, so it can 

be assumed that the effect of these factors on seat transmissibility are caused 

by the seated person who influences these three factors. It cannot be 

assessed that the effect of multi-axis input on the seat transmissibility is 

caused by seated subjects because no researches concerned with the effect 

of multi-axis input on the human body apparent mass. The effects of seat type 

and seat properties on the seat dynamic response are the only factors which 

seat designers feel able to control. The seat designers can optimise the seat 

dynamics properties through changing these factors. 
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other factors such as subject weight, gender, footrest, etc. did not appear to 

have large effects on the transmission of vertical vibration, so we do not need 

to pay more attention to these factors. 

IVIeasuring the performance of a seat requires a person to load the seat other 

than with a rigid mass. Most conventional seats show a peak in the vertical 

transmissibility at 3 to 5 Hz while suspension seats have their primary vertical 

resonance frequency occurs at a frequency of 1 to 3 Hz. An 'SAE pad' is the 

standard device for measuring the acceleration on the surface of seats, 

although other devices have been shown to give reliable and repeatable 

results. 

2.4 Biodynamic modelling of seated persons 

2.4.1 Introduction 

Griffin (1990) explained the importance of biodynamic models for human 

response to vibration and listed their applications (Table 2.5). IVIany 

biodynamic models have been developed due to the variability of model 

applications. Dynamic models for the human body can be categorised into 

three types: lumped parameter models, continuum models and discrete 

models. The lumped parameter models are models where masses of the 

human body structure are concentrated into a few lumped masses 

interconnected by springs and dampers. Although there are many limitations, 

lumped parameter models are useful to interpret measured data with a 

physical and theoretical understanding so that underlying phenomena or 

mechanisms may be found, by focusing only on the phenomena of interest. 

Continuum models and discrete models are distributed parameter models in 

contrast to the lumped parameter models. The continuum models treat the 

body or spine as a homogeneous rod or beam, whereas the discrete models 

treat the body or spine as a layered structure of rigid elements representing 

the vertebral bodies. Internal stress or strain within the spine in response to 

vibration or shock may be predicted, using the models, so as to investigate 

the process of spinal injuries. Both types of model are developed principally 
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based on anatomy, including tlie geometry of tlie human body such as the 

spinal curvature. The development of the finite element method has made it 

possible to create more accurate models in geometry. However, the more 

accurate the models become,' the more the lack of data in the material 

properties is found. There are also some material properties which are not 

easy to be obtained, such as stiffness of live tissue. The discrete model is 

outside the scope of this study, so we will not discuss it. 

Table 2.5 Applications of biodynamic models (from Griffin 1990) 
To predict movement or forces caused by situations too hazardous for an 

experimental determination 

To predict movement or forces caused by situations too numerous and varied for 

an experimental determination 

To understand the nature of body movements 

To provide information necessary for the optimization of isolation systems and 

the dynamics of other systems coupled to the body 

To determine standard impedance conditions for the vibration testing of systems 

used by man 

To provide a convenient method of summarizing average experimental 

biodynamic data 

To predict the influence of variables affecting biodynamic response 

This section will mainly introduce the biodynamic models developed by 

previous studies based on measured sitting body apparent mass. Only the 

models for the human body exposed to vertical vibration will be reviewed. 

2.4.2 Lumped parameters models 

A simple single degree-of-freedom model for the human body was proposed 

by Payne (1965), which consisted of a mass representing the head and the 

upper torso, and a spring and a damper located in parallel representing the 

spinal column. The stiffness and damping of the spinal column were 

determined based on driving point impedance data. Vogt a/. (1968) 
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extended Payne's approach by suggesting a generic model for measurements 

made using one subject. It was shown that up to 8 Hz the mechanical 

impedance of the body could be represented by a single degree-of-freedom 

system with a resonance frequency at 5 Hz and a damping ratio of 0.575. It 

was shown that the resonance frequency increased under sustained 

acceleration but that the damping factor remained unchanged at 

approximately 0.575. 

Fairley and Griffin (1989), who fitted a lumped parameter model to the mean 

normalised apparent mass of 60 subjects, suggested a lower damping ratio. 

The authors measured the apparent mass of 60 subjects (Figure 2.37) and, 

minimizing the sum of squared differences at each frequency, obtained the 

parameters of a moving mass of 45.6 kg, and damping ratio of 0.475. A better 

fit with the measured data was obtained by adding a static frame mass of 6.0 

kg to the model, representing the parts of the body which do not move during 

whole body vertical vibration. In the frequency range of 0 to 20 Hz the 

normalized apparent mass and the phase of the model lay within plus and 

minus one standard deviation of the mean normalised subject apparent mass. 

Although the impedance of single degree-of-freedom models shows a fairly 

close agreement with Fairley's mean subject data, most measurements of 

impedance or apparent mass show two resonance characteristics. Coermann 

(1962) found evidence of a second resonance frequency at approximately 10 

Hz for sitting subjects. In International Standard ISO 5982 (1981) the 

mechanical impedance also shows evidence of two resonance frequency 

characteristics for the human body in response to vertical vibration. Suggs 

a/. (1969) found two resonances at about 5 and 8 Hz in the driving point 

impedance of a sitting subject and, therefore, developed a two degree-of-

freedom model. The model had a common rigid frame, from which two 

uncoupled masses were suspended by springs and dampers (Figure 2.38). 

The lower mass was larger and represented the pelvis and the abdomen, 

while the smaller upper mass represented the head and the chest. The frame 

was analogous to the spinal column. The resonances of the lower and the 

upper masses corresponded to the 5 Hz and 8 Hz resonances respectively 
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and the model parameters were determined so that the driving point 

impedance at the base of the rigid frame coincided with the measured 

impedance of the human body. 

International Standard 5982 (1981) includes a similar two degree-of-freedom 

model for calculating the driving point impedance of the human body in sitting 

and standing positions. However, some restrictions apply to this standard for 

seated human body. First, the whole-body z-axis input mechanical impedance 

of the seated human body was based on a limited number of subjects. 

Although the experimental values related to 39 subjects with a range of whole-

body weights from 53 to 93.8 kg, the values related to an upright posture were 

based on only 10 subjects, other values were derived from poorly defined 

subject postures. Second, it has been said in the standard "the mechanical 

impedance curves come from sinusoidal vibration of the body. Due to the 

possibility of non-linearities occurring, the curves from sinusoidal vibration 

should not be taken to apply to other forms of motion". Third, the model mass 

(mi+m2) of 75 kg in this standard seems heavier than the model mass 51.6 kg 

from Fairley and Griffin (1989). The reason for this can be seen in the 

standard: "One would expect the impedance magnitude to be greater in those 

cases where the feet were not supported". 

Payne and Band (1971) developed a four degree-of-freedom model. The 

model consisted of the pelvic mass, visceral mass, upper torso mass and the 

head mass with springs and dampers interconnecting between the masses 

(Figure 2.39). The mass distribution of the model was said to be based on 

anthropometry. Initial values for stiffnesses were based on data reported in 

the literature rather than experimental data. The stiffnesses and the damping 

ratios were adjusted by comparing the model predictions with experimental 

data. He concluded that the driving point impedance data reflected only the 

motion of the lower part of the body such as the pelvis and the buttocks, and 

more data on the response of each body segment would be required to 

develop a more validated whole body model. 
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Figure 2.37 Normalised apparent masses of 60 seated subjects in the vertical 
axis (From Fairley and Griffin 1989). 
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Figure 2.38 A two degree-of-freedom model for sitting person. From Suqqs ef 
a/. 1969. 
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Figure 2.39 A four degree-of freedom model developed by Payne and Band. 
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Figure 2.40 A five degree-of-freedom model developed by IVIertens and Vogt 
(1979). 

IVIertens and Vogt (1979) proposed a five degree-of-freedom model (Figure 

2.40). The model consisted of masses for the head, chest, abdomen, buttocks 

and some part of the legs. The mass distribution was based on 

anthropometry. The stiffnesses for the spinal springs were chosen from the 

static and dynamic measurements of the spinal responses, and the stiffness 

for the abdominal spring was chosen from the abdominal pressure response 

data reported in the literature. The stiffnesses for the remaining parts and all 

the damping coefficients were estimated, comparing the driving point 

impedance and the seat-to-head transmissibility of the model with 

experimental data. 

2.4.3 Continuous models 

Liu and l\/1urray (1966) proposed a continuous model, which included a head 

mass at the upper end of a uniform homogeneous elastic rod (Figure 2.41). 

The rod represented the human torso from the lumbar spine to the neck. The 

study concentrated on a theoretical formulation of the model response and the 

model parameters seemed to have been chosen arbitrarily. They investigated 

the longitudinal wave propagation and calculated the stress distribution in 

response to an axial step acceleration input. The effect of damping was 

studied. However, inclusion of the damping term did not greatly affect the 
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response, except that it increased the stress in the lumbar region slightly. It 

was concluded that the stress and the acceleration in the spine were different 

and a maximum acceleration criterion for spinal injuries should be replaced by 

the maximum stress criterion. A similar continuous model was developed by Ji 

(1995) for a standing person. 

Head mass 

T o r s o r o d 
from lumbar 
to neck 

Input 

Figure 2.41 A continuous model developed by Liu and IVIurray (1966). 

Li ef a/. (1971) developed a simplified continuum dynamic model 

representation of the curved spine with the torso mass uniformly distributed 

along its length. The model consisted of a sinusoidally curved beam, 

representing the spine from the upper lumbar region to the cervical region, 

with the upper end fixed to a head mass. The spinal beam possessed a 

constant cross section which was determined, considering the additional 

contribution of the supporting vertebral structure. The material properties and 

the geometrical data were chosen from the literature on compressive wave 

propagation in the spine, measurement of the natural frequency of the spine, 

and compression and bending tests of inter-vertebral discs. The calculated 

undamped compressive wave velocity and the axial natural frequency were 

36.6 m/s and 13.5 Hz respectively. 

2.4.4 Non-linear models 

It has been confirmed that the response of the sitting body to vertical vibration 

is non-linear. Therefore, developing a non-linear system model representing 

the human body in vibration environments has attracted several researchers. 
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Hopkins (1971) considered the non-linear behaviour of the abdominal viscera 

in his three degree-of-freedom non-linear model (Figure 2.42). The model 

consisted of the upper torso mass, lower torso mass, visceral mass, and 

springs and dampers interconnecting the masses. The other parts included in 

the model were a piston in a cylinder with an orifice interconnecting the upper 

torso mass and a visceral mass which represented the lungs. The model 

possessed tension cut-off non-linear connections between the visceral mass 

and the abdominal wall spring and between the visceral mass and the lung 

piston, assuming that vertical visceral motion would neither pull down the 

diaphragm nor pull up the pelvis. The equation of state of air inside the lung 

cylinder was incorporated into the equations of motion of the model. The 

model parameters were determined from comparisons of the dynamic 

responses of the model with corresponding experimental data reported in the 

literature, such as the driving point impedance, seat-to-head transmissibility, 

and the abdominal strain and pressure responses. The model produced a 

non-linear excitation magnitude dependent, driving point impedance, in which 

a higher magnitude decreased the modulus of the impedance at most 

frequencies. 

Upper torso mass 

Lungs 

I Spinal column 

Visceral mass ' 

Abdominal wall 

Lower torso mass 

Figure 2.42 A three degree-of-freedom non-linear model developed by 
Hopkins (1971). 
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Figure 2.43 A seven degree-of-freedom non-linear model developed by 
IVIuksian and Nash 1974. 

IVIuksian and Nash (1974, 1976) developed a seven degree-of-freedom non-

linear model which included masses for the head, torso, thorax, diaphragm, 

abdomen, back and the pelvis (Figure 2.43). The mass distribution was 

determined from the literature as 5.44kg for the head, 47.17kg for the body 

and 27.22 kg for the pelvis (which included the legs) based on a total mass of 

79.83kg. The stiffnesses and damping ratios were estimated through 

comparing the driving point impedance and the seat-to-head transmissibility of 

the model with experimental data. The authors showed that the model gave a 

close agreement with experimental data up to 6 Hz using linear dampers and 

above 6 Hz using non-linear dampers. They concluded that an appropriate 

model of the body could be found by having frequency-dependant non-linear 

parameters in the model. 

2.4.5 Transmissibility models 

Transmissibility of the whole body has been investigated by many researchers 

through studying the relation between vertical vibration of a seat and the 

resulting vertical vibration at the head. Paddan and Griffin (1988, 1996) 

studied the transmission of vibration from the seat to the head. The resonance 

frequency of the measured body transmissibility was around 5 Hz. A six-axis 

'bite-bar' was used to measure the acceleration at the head. The 'bite-bar' 
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was same as that previously used by Griffin (1975) to measure rotational 

motion. 

A single degree-of-freedom model was firstly developed by Latham (1957) to 

represent the transmissibility of the body. It was a lumped parameter model 

composed of two masses connected by a spring. Griffin a/. (1979) 

developed another single degree-of-freedom model which had a natural 

frequency of 14 Hz and a damping ratio of 0.6 and gave a result which lay 

between the 5th and 95th percentile of subject data (18 subjects) in the 

frequency range 1 to 100 Hz. 

International standard 7962 (1987) proposed a four degree-of-freedom model 

to represent the transmissibility of the body. The model in the standard is 

suitable for vibration in the frequency range 0.5 to 31.5 Hz and magnitude 

range of 2 to 4 m/s^ rms. It applies to sitting or standing subjects in the vertical 

direction. The model was based on the measurement of 50 subjects. The 

model response is showed in Figure 2.44. The model parameters can be 

obtained from Table 2.6. 

Table 2.6 Parameters for model of seat-to-head transmissibility (from ISO 7962 
1987) 

Ml 8.24 kg 

Mass IVI2 
MS 

8.05 kg 
44.85 kg 

IVI4 13.86 kg 

K1 22x10^ Nm'^ 

Stiffness for seated body K2 
K3 

20.13x10^^ Nm'^ 

88.56x10^ Nm'^ 
K4 36.47x10^ Nm'^ 

K1 36.0x10^ Nm'^ 

Stiffness for standing body 
K2 
K3 

65.0x10^ Nm'^ 

52.34x10'^ Nm'^ 
K4 69.3x10^ Nm'^ 

CI 748.1 Nsm'^ 

Damping 
C2 
C3 

578.0 Nsm'^ 
2964.0 Nsm'^ 

C4 901.8 Nsm'^ 
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2.4.6 Conclusion 

Biodynamic models for human response to vibration are useful due for 

specific applications (Griffin, 1990). Many different models have been 

developed to represent the body in different vibration environments. The 

models range from linear single degree-of-freedom lumped parameter model 

to non-linear and finite element models. The degree of complexity of the 

model should be dictated by the application for which the model is designed. 

For example, if the model is only designed to simulate the driving point 

impedance of the body then there is no need to have an accurate 

representation of transmissibility to other parts of the body. It must be decided 

whether the model should represent the response of a single individual or a 

population as a whole, due to differences in response between subjects. 

g 1.0 

10 15 20 25 

Frequency (Hz) 

30 35 40 

Figure 2.44 Transmissibility of four degree-of-freedom human body model 
(from ISO 7962 1987) 

Accurate models of human biodynamics are not usually general purpose. 

IVIost models are specifically designed for an application, such as representing 

apparent mass, mechanical impedance or the seat-to-head transmissibility. In 

general, models representing the driving point mechanical impedance have 

one or two degree-of-freedom. Transmissibility models are more complex. 

Non-linear representations of the body have been made, but most were not 

designed to represent the non-linearity in the apparent mass of subjects. The 

complexity of many models is unwarranted for simple applications, as there 

may be sub-systems that only have influence outside the specified frequency 
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range. Alternatively, an almost identical response may be achieved using 

fewer degree-of-freedom. It is clear that the more complex the model is, the 

more parameters there are to be determined and the more difficulties 

involved, such as Nigam and IVIalik's 15 DOF mass-spring model (Nigam and 

IVIalik 1987), where most of model parameters must be estimated through the 

literature. 

Although many continuous models and non-linear models have been 

developed, they are still in the study stage and require further verification. 

2.5 SEAT TEST PROCEDURES 

2.5.1 Introduction 

The measurement of the transmission of vibration through seats currently 

requires that a human subject sits on a seat and is exposed to vibration. This 

is unsatisfactory since results may differ between subjects and may be 

affected by posture and other factors. Laboratory tests require the availability 

of vibration simulators that are safe for human exposure. 

Ethical and safety considerations make it desirable that a test is developed in 

which seat transmissibility can be determined without exposing the human 

body to vibration. Therefore, seat testing has been carried out with alternative 

forms of loading in place of human subjects. Tests have been made with rigid 

masses, anthropomorphic dummies and force measuring indenters. The 

following discussion summarises the three methods. 

2.5.2 Measurement quantities 

The seat dynamic stiffness is often used to represent the seat dynamic 

characteristics. The dynamic stiffness (see Section 2.2.1) has the advantage 

that it can be obtained most directly from the signals provided by 

displacement transducers (or indirectly from accelerometers) and force 

transducers. For measuring vertical seat dynamic properties, measuring the 

vibration at the interface between the person and the seat as well as the body 

and the backrest is necessary. This requires the insertion of a device between 
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the seat and the body. It is important that a seat-person interface device does 

not change the way the seat transmits vibration to the person - either because 

of its extra mass or because it changes the contact of the body with the seat. 

Since the seat-person interface is not necessarily rigid, a variety of points, or 

an average, measurement is possible. Whatever vibration is measured, it 

must be a suitable measure of the vibration actually received by the person. 

2.5.3 Static properties 

A common method of reporting seat static characteristics is the load-deflection 

curve. IVIany studies of the load-deflection curve have been carried out. 

Hilyard (1983) studied strain-stress characteristics of foam based on the 

geometry and compression process of the foam cell. Fairley and Griffin (1986) 

measured load-deflection curves for both a conventional seat and a 

suspension seat (Figure 2.45). The force-deflection curve provides useful 

information regarding the 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 

a seat. A standard method for measuring the load-deflection curve for a 

cellular foam is defined in International Standard (ISO 3386/1:1986). Although 

this standard is not specifically for measuring seat load-deflection curves, it 

can be applied to a seat. 

The force-deflection curve has attracted many researchers interest because it 

reveals seat static properties and can be changed by varying seat 

characteristics, such as foam density, hardness and thickness, etc. It is a 

useful tool for seat designers. 

Although the force-deflection curve contains useful information, it is obtained 

by compressing the seat or foam with a shaped plate. This is different from 

the real condition in which a person sits on a seat. The pressure distribution 

on a seat is used to represent real sitting conditions and is widely adopted for 

predicting the seat static comfort, but it is outside the scope of this study. 
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Figure 2.45 Load-deflection curve for a conventional seat and a suspension 
seat. From Fairleyand Griffin 1986. 

2.5.4 Testing with rigid masses 

Static properties of a seat are important because they have a relationship to 

seat static comfort. However, for vehicle seats, dynamic properties are also 

important. While being driven, passengers are exposed to vibration which 

comes through the seat, floor and steering wheel. Among these vibrations, the 

vibration coming through the seat is often the largest and most concerned with 

the passenger comfort. Therefore, a vehicle seat should provide a good 

isolation. The seat dynamic properties are important for seat designers hoping 

to optimize seat dynamic performance and provide good isolation of the 

vibration at the frequencies to which the seat will be exposed. 

Rigid masses have been used for testing the dynamics of conventional seats 

and suspension seats. However, the results of these tests have proved to be 

inaccurate when compared to tests made using human occupants. Griffin 

(1990) showed a typical seat transmissibility obtained when loaded with a 

person or loaded with a rigid mass of the same weight as the person (Figure 

2.26). The results were very different. In this case the transmissibility at 

resonance was higher when using the mass. However, the resonance 
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frequency appeared to be little affected by the use of a mass on conventional 

seats. 

Wu and Griffin (1996) showed that a sandbag gave the same resonance 

frequency of a suspension seat as a person, but the magnitude of the 

transmissibility at resonance was different. The vibration dose value (VDV) 

measured using the sand bag was higher than the VDV measured using a 

human subject at all frequencies for tests using sinusoidal motion from 1.0 to 

3.15 Hz at all magnitudes. 

\ . . . indentc 4 Ti 
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Figure 2.46 Stage four anthropodynamic dummy mounted in a car seat (from 
IVIansfield 1998) 

2.5.5 Testing with dummies 

A dummy simulates the human body dynamic characteristics in vibration 

environments. Several researchers have designed a dummy according to 

mathematical model parameters derived from the human body impedance, or 

apparent mass. The dummy is used in place of a human subject when testing 

the seat in vibration conditions. IVIatthews (1967) developed a single degree-of 
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Figure 2.47 Stage five anthropodynamic dummy mounted in a car seat (from 
Mansfield 1998) 

freedom dummy based on the work of Coermann (1959). The mass of the 

dummy was not reported. The transmissibility using the dummy gave 

agreement only up to 3 Hz for a seat with low suspension friction. Above this 

frequency the transmissibility measurements diverged. 

Mansfield (1998) built a series anthropodynamic dummies for the simulation of 

the vertical dynamic responses of the seated human body in the laboratory of 

the Human Factors Research Unit (HFRU), the Institute of Sound and 

Vibration Research (ISVR), the University of Southampton. All the dummies 

were based on the model of human impedance as suggested by Fairley and 

Griffin (1989). Two of these anthropodynamic dummies are shown in Figure 

2.46 and 2.47. They were stage 4 and stage 5 dummies. The apparent 
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masses of the two anthropodynamic dummies and the apparent masses of 12 

subjects measured at 1.0 m/s^ are shown in Figure 2.48. 

120 

100 . 
stage 4 dummy 

Stage 6 dummy 

10 

Frnquency (Hz) 

Figure 2.48 Apparent masses of two anthropodynamic dummies and 12 
subjects measured at 1.0 m/s^ rms. (from IVIansfield 1998) 

The measured transmissibiiities of seats for six cars and six different subjects 

over a normal road are compared with measured transmissibiiities obtained 

with the anthropodynamic dummy in Figure 2.49. These data showed that the 

variability in the results using the dummy was smaller than the inter-subject 

variability. It can also be concluded that the transmissibility of a car seat 

measured using an anthropodynamic dummy was closer to that obtained 

using a subject than that achieved using a rigid mass. 

Although anthropodynamic dummies, based on a mass-spring-damper 

system, have been proposed for testing seats, some performance limitations 

due to non-linear phenomena such as friction impede their use in seat 

transmissibility measurement. Lewis (1998) investigated the factors that are 

likely to limit dynamic performance in tests of the vertical vibration isolation of 

vehicle seats. Figure 2.50 showed that the magnitude of the apparent mass 

was affected markedly by the vibration magnitude at most frequencies 
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between 1 Hz and 20 Hz. At lower magnitudes of vibration the response was 

increasingly influenced by friction. It can be seen that there is a lower 

apparent mass in the region of the resonance frequency and higher apparent 

mass at frequencies above 6 Hz with lower vibration magnitudes. It is clear 

that most of the friction in the mechanism could be attributed to the damper, 

even though the damper used had been specially designed to minimise 

friction. 

Transmissibility 
I — I I t 

Dummy Subjects 

Car 2 

Car 4 

C a r s 

Car 6 

Frequency (Hz) 

Figure 2.49 Transmissibilities of six car seats measured using a dummy and 
six people (from Mansfield 1998). 
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Figure 2.50 Apparent mass of prototype dummy witti conventional oil-filled 
damper measured at five vibration magnitudes (from Lewis 1998). 
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Figure 2.51 IVIechanical impedance of the dummy and mean of 11 people, 
from Suggs ef a/. 1969. 

A more complicated two degree-of-freedom dummy was developed by Suggs 

ef a/. (1969) consisting of coil springs and adjustable rotational dampers as 

shown in Figure 2.27. The two sub-systems had resonance frequencies of 4.5 

and 5.5 Hz. IVIeasured impedance showed a close agreement to the 

measurements made with 11 human subjects in the frequency range of 1.5 to 

10 Hz (Figure 2.51). The measurements were made on a typical tractor seat. 

It was shown that there were slight differences of the seat transmissibility at 

resonance around about 4 Hz and significant differences at frequencies over 6 

Hz between the subjects and the simulator. 

88 



2.5.6 Prediction method 

Fairley and Griffin (1986) showed that it was possible to make predictions of 

the transmissibility of a vehicle seat. They measured the impedance of a seat 

using an indentor (Figure 2.52). The indenter, had the shape of a SIT-BAR 

(Whitham and Griffin 1977) which could be screwed up and down until the 

required force on the seat was reached and then locked in position. This was 

to simulate the static force experienced by the seat when loaded with a 

human subject. An Entran piezoresistive accelerometer was mounted on the 

vibration platform beneath the seat. The force on the indenter and the 

acceleration at the base of the seat were measured during random vibration 

produced by the electrodynamic vibrator. The surface of the seat did not move 

due to the rigid indentor. 

///// 

force transducer ^ 

indenter 
Seat 

vibrator accelerometer 

indenter 

x ( t ) 

Figure 2.52 Using indenter to test a seat 

Using the indenter to load the seat, the response of seat and foam system is 

given by: 

F , ( f ) = c x + / fx 

where x is the displacement is the velocity and Fi(t) is the force measured 

by the indenter. From this equation the complex ratio of force to displacement 

is given by: 

F(6V) 

X(6Y) 
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The ratio of the force to the displacement, is called the dynamic 

stiffness, a complex quantity. Dynamic stiffness was used in preference to the 

mechanical impedance, the ratio of the force to the velocity, because by using 

the dynamic stiffness the equivalent stiffness /(, and the equivalent damping c, 

are more easily seen. 

Fairley and Griffin (1986) measured the transmissibilities of one seat with 

eight subjects and eight seats with one subject. The input vibration had a flat 

spectrum and an acceleration magnitude of 1.0 ms'^ rms. The seat backrests 

were used and the subjects were in lumbar back contact with the seat. They 

measured the apparent masses of eight subjects in the same vibration 

environment. The dynamic stiffness of each seat was also measured with the 

rigid indenter. A pre-load of 600N was used and it was assumed to be 

equivalent to the static weight of the person on each seat. The dynamic 

stiffness of each seat and the apparent mass of the person measured on the 

hard seat were used to predict the seat transmissibilities. The measured and 

predicted seat transmissibilities are compared in Figures 2.53 and 2.54. The 

predicted transmissibilities had a good agreement with measurements for 

some of the subjects and some of the seats but not for all people and all 

seats. It was concluded that the prediction method is useful but needed further 

study to verify the method. 

2.5.7 Conclusion 

In general, human subjects are used in seat test procedures to determine the 

transmission of vibration through seats. However, there is a drawback using 

this method that is that the test results may vary between subjects because of 

the effect of subject variability. 

IVIany researchers attempted to use a rigid mass to replace real subjects, but 

they could not obtain a good agreement between the seat test results by 

using the human body and a rigid mass. 
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Figure 2.53 Comparison of measured (solid lines) and predicted (dashed 
lines) transmissibilities of a seat for eight different people, From Fairley 1986. 

The use of an anthropodynamic dummies was proposed by Matthews (1967) 

and Suggs (1969), and was continued by IVIansfield (1998), but dummies are 

not in general use, even though they may sometimes give transmissibility 

measurements similar to those obtained using human subjects over a limited 

frequency range. There could be difficulties in maintaining the response of 

such systems in calibration and it may not be easy to restrain a dummy to the 

correct position in a seat. 

Prediction methods show a good agreement between measured and 

predicted seat transmissibilities for some subjects and some seats. A further 

study is needed before this method can be recognised. 

2.6 CONCLUSION 

The driving-point mechanical impedance and the apparent mass are useful 

tools to reveal the human body dynamic characteristics. It has been shown 
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that the response of the seated body in the vertical direction has a main 

resonance frequency in the frequency range from 4 to 6 Hz. Some 

researchers have found a second resonance of the body in the frequency 

range from 7 to 12 Hz. 
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Figure 2.54 Comparison of measured (solid lines) and predicted (dashed 
lines) transmissibilities for eight different seats and one subject, From Fairley 
1986. 

International Standard ISO 5982 (1981), defines a two degree-of-freedom 

lumped-parameter model, but a one degree-of-freedom model would appear 

to suffice. The standard is based on limited data and appears to be mostly 

applicable to the people whose legs are hanging free (see Section 2.4.2). 

Data show that the apparent mass of the body can change within a person 

due to subject variability, such as changes in posture, backrest, footrest. 
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subject weight and gender. Subject posture and seat backrest are two factors 

which affect the response of the body significantly. External restraints, for 

example the seat pan, armrest and seat belts or harness also affect the 

experimental results. Although the effects of external restraints are small, 

attention to these factors are still needed in experiments to make the results 

repeatable. A change of vibration magnitude causes a non-linear response of 

the human body. 

Various seat-person interface devices have been used to measure seat 

transmissibilities. Some of them have been shown to make an appropriate 

measure of the vibration input to the body and to not affect the way the seat 

transmits vibration. Transmissibility resonance frequencies of conventional 

seats are in the frequency range from 3 to 6 Hz and the resonance 

frequencies for suspension seats are usually 1 to 3 Hz. 

There are many factors affecting the seat transmissibility, but the important 

factors are the same factors that have significant effects on human body 

apparent mass and mechanical impedance. 

Biodynamic models of human response to vibration are useful and have 

several applications. IVIost models are specifically designed for one application 

and so many models have been developed. IVIodels representing the driving 

point mechanical impedance or apparent mass generally have one or two 

degree-of-freedom, because this is sufficient to give a good agreement with 

the measured response of the body. Non-linear models should be developed 

to represent the non-linear properties of the sitting person. 

The seated human body cannot be replaced by a rigid mass while measuring 

seat transmissibility. An alternative method using a dummy to replace people 

has been investigated. Non-linearities in the responses of the dummies and 

their failure to reproduce the non-linearities in the response of the human 

body currently make them a doubtful means for directly determining seat 

transmissibility. 
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IVIethods of predicting seat transmissibility are needed because they avoid 

using human subjects in seat tests. However, further investigation and study 

is needed before a prediction method can be defined for general use. 
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CHAPTER 3 

EXPERIIVIENTAL APPARATUS AND DATA ANALYSIS 

3.1 Introduction 

There are many experiments that have been conducted in this research. The 

laboratory studies were carried out in the laboratories of the Human Factors 

Research Unit (HFRU), the Institute of Sound and Vibration Research (ISVR), 

the University of Southampton. The experiments were carried out using 

similar apparatus. This chapter describes the equipment used in the 

experiments, such as the vibrators and transducers. Data analysis methods 

for testing data, including statistical and signal processing techniques, are 

also described in this chapter. 

3.2 Apparatus 

3.2.1 Transducers 

A variety of accelerometers, force transducers and displacement transducers 

were utilised in this research. They will be described separately. 

3.2.1.1 Accelerometers 

The motions of seat base and seat surface were measured in the laboratory 

and field using a variety of transducers such as Entran EGCSY-240D-10, 

Entran EGCS-D0*-I0 and Endevco 2265-20. The Entran EGCSY-240D-10 

had a sensitivity of approximately 13 mv/g with an operating range of ±10 g. 

The Entran EGCS-D0*-I0 had a sensitivity of approximately 10 mv/g with an 

operating range of ±10g. The sensitivity of the Endevco 2265-20 was around 

32 mV/g and its operating range was about ±20 g. 

Measurements of acceleration at seat surfaces were made using SAE pads 

containing three mutually perpendicular Entran EGCS-DO*-10V 
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accelerometers. The SAE pads met the specification set out in ISO 10326-1 

(1992y 

Accelerometers were calibrated before each experiment and checked during 

and after experiments. Calibration was carried out according to ISO 5347 

(1993) for the transducers which all had a response at zero frequency. 

3.2.1.2 Force transducer 

A Kistler 9821B force platform made from four matched quartz piezo-electric 

force cells mounted at the corners of a rectangular welded steel frame was 

used to measure the driving force whilst testing subjects. An aluminium alloy 

plate, 0.6m long, 0.4m wide and 0.02m thick was bolted on the pre-loaded 

force transducers. The weight of the plate was approximately 16kg. The force 

corresponding to this mass was subtracted when calculating the measured 

apparent mass or calibrating with a standard mass. The signals from each 

vertical force cell were summed to provide a single signal and were amplified 

using a Kistler KIAG5001 charge amplifier. The lowest resonance frequency 

of the force platform was 320 Hz in the vertical direction. 

The force platform was calibrated statically and checked dynamically. Static 

calibration was carried out by placing and removing a rigid mass from the 

surface of the platform. 

In order to calibrate the dynamic load, the measuring system was checked by 

measuring the apparent mass of the platform using random vibration in three 

conditions: no load, load 1 and load 2. As the system should be rigid, the 

modulus of the apparent mass of the platform should not be frequency 

dependent. If any frequency dependency was observed it would indicate that 

the system was not mounted rigidly. The apparent mass for the no load 

condition indicated the mass of the top plate on the force transducer. It should 

be 16 kg. The apparent masses measured using load 1 and load 2 were equal 

to the mass of each load plus the mass of the top plate of the force 

transducer. 
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A Kistler 9321 force cell was used to measure the driving force whilst testing 

the seat using the indenter. The sensitivity of the force cell was approximately 

±4.0 pc/N with a temperature range - 40° to 120°. The measuring range was 

±10,000N. The signal from the force transducer was amplified using a Kistler 

KIAG 5000 charge amplifier. There was also a static and dynamic calibration 

for this force cell. The method of its calibration was similar to the calibration of 

the Kistler 9821B force platform. 

3.2.1.3 Displacement transducers 

Motion of the vibrator platforms can also be measured using a variety of LVDT 

displacement transducers such as DC-LVDV D2/200A and DC-LVDV 

D2/3000. The DC-LVDV D2/200A had a sensitivity of approximately 0.16 

v/mm with an operating range of +10 mm and DC-LVDV D2/3000 had a 

sensitivity of approximately 0.4 v/mm with an operating range of ±50 mm. 

The seat force-deflection loop were also measured using DC-LVDV D2/3000, 

however DC-LVDV D2/3000 is not suitable to measure the motion over 20 Hz. 

For dynamic experiments, the DC-LVDV D2/200A was used. 

3.2.2 Vibrators 

Two kinds of shaker were used during experimental work. They were all 

situated in the laboratories of the Human Factors Research Unit, Institute of 

Sound and Vibration Research, University of Southampton. 

3.2.2.1 Electro-magnetic vibrator 

A Derritron VP85 was used to measure seat dynamic properties and seat 

transmissibilities. The VP85 electro-magnetic shaker was powered by a 1 kW 

Derritron amplifier. The vibrator had a 25.4 mm (1 inch) peak to peak 

displacement and could be used in a frequency range from 1.5 to 3700 Hz. 

The maximum force produced by the shaker was 3.3 kN and the maximum 

acceleration was 45g. The vibrator was mounted in a rigid frame (called 

trunion) which allowed it to be fixed at any angle between vertical and 

horizontal. The trunion-mounted vibrator could also be fixed to an 

experimental rig for indenter tests. It was used vertically in this research. 
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Mechanical and electrical stops were fitted to the vibrator. Emergency stop 

buttons were also accessible to the experimenter adjacent to the vibrator. 

3.2.2.2 Electro-hydraulic vibrator 

An electro-hydraulic vibrator was used in many experiments. The vibrator 

consisted of an actuator which was capable of producing a vertical 

displacement of up to 1 metre, a vibration table, electronic control panel and 

hydraulic power supply. The vibrator could be operated in the frequency range 

between 0.05 to 50 Hz with the acceleration waveform distortion specified as 

below 5%. A flat aluminium plate with dimensions of 1.50 by 0.90 metres was 

fixed to the vibration table, which can provide enough space to arrange 

experimental equipment. The vibrator had a capability of producing a dynamic 

force of up to 10 kN and a static force of up to 8.8 kN. 

The vibrator's performance was in accordance with BS 7085 (1989) (Guide to 

safety aspects of experiments in which people are exposed to mechanical 

vibration and shock). Specific safety measures were incorporated into the 

hydraulic, mechanical and electrical parts of the system. Emergency stop 

buttons were situated within reach of the experimenter and subject at all 

times. 

3.2.3 Data acquisition system 

The HVLab data acquisition system and signal generation system, was 

developed at HFRU, ISVR, the University of Southampton. The HVLab 

system can acquire up to 16 channels of time-varying analogue signals 

generated from accelerometers, force transducers and displacement 

transducers whilst simultaneously outputting up to 2 channels of analogue 

signals to vibrators, Data acquisition uses a 12-bit Advantech PCLabs PCL-

818 card. The number of output and input channels, sampling rate and 

duration can all be controlled by the HVLab software. An Onsite Instruments 

Techfilter TF-16 anti-aliasing card was used in the systems as a low pass filter 

giving -70 dB/octave attenuation at the software controlled cut-off frequency. 

The HVLab system was used both in the laboratory and field studies. 
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The HVLab system including software and hardware which contains the data 

acquisition and anti-aliasing cards running on a personal computer. The 

external signal amplification and conditioning box are used to connect the 

transducers and the PC which has HVLab system. Figure 3.1.shows the 

whole arrangement for HVLab measure system. 

up to 16 
channels of 
transducers 

o o o o 
o o o o 
o o o o 
u o o o 

16 channels 
signal 

conditioning 

PC including 
the HVLab 

system 

Figure 3.1 The HVLab system 

Either a.c. or d.c. transducer calibration is allowed in the HVLab system. For 

example, with a piezoresistive accelerometer, the d.c. calibration procedure is 

appropriate, using the acceleration due to gravity to give signals 

corresponding to ±1g (±9.81 m/s^) when the transducer is turned over. With a 

piezoelectric accelerometer, however, which will not respond at very low 

frequencies, it is necessary to perform a.c. calibration using a sinusoidal 

vibration excitation of known r.m.s. acceleration magnitude. The F2 key may 

be used to switch the system between the a.c. and d.c. calibration modes. 

The maximum sample rate of the HVLab system for one channel was 

approximately 62,000 samples/second. If the channels increased up to 16, the 

rate reduced to 3,750 samples/second for signal acquisition. The maximum 

samples per channel of the HVLab system depend on the sample rate, 

computer basic memory and sampling duration. 

3.3 Experimental data analysis 

Experimental data analysis can be executed using HVLab software. The time 

history of experimental data is easily exported to ASCII format which can be 

used by other software. Some methods of data analysis such as: PSD (power 

spectral density), CSD (cross-spectral density), transfer function, coherency 

and frequency weighting filter etc. are possible in the HVLab system. The 
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frequency resolution, the frequency intervals in the spectrum, is easily 

selected. MATLAB software has similar functions, however the graph 

functions of the HVLab system are more powerful, for example, using HVLab 

system can merge many figures in one figure. 

3.3.1 Frequency response functions 

Frequency response is that the output signal from a system expressed as a 

function of the frequency of the input signal. Frequency response functions 

are useful to analyse the dynamic system over a frequency range. 

3.3.1.1 Seat transmissibility 

The transmissibility of a seat is the frequency response function for vibration 

transmitted from the base of the seat to the person sitting on the seat. 

The transmissibility of the seat, T(f), is defined as the ratio of the cross-

spectral density, Gb (f), (CSD) between the acceleration at the input and 

output point to the power spectral density, Gn (f), measured at the floor (the 

input): 

nO = | ^ = Re[nO] + l m r a 

where T(f) is the seat transmissibility, Gio,(f) is the cross spectrum between 

the input and the output, Gn (f) is the power spectrum at the floor, Re[T(f)] and 

lm[T(f)] are the real and imaginary parts of the complex transfer function. 

Because T(f) is a complex quantity, the modulus |H(f)|, and the phase, 9(f), of 

the transfer function can be generated by: 

12 1/2 T{f] = lRe(T{f)f + [lm(r(f)f 

Re[r(f)] 

1 0 0 



These calculations are useful for determining the system transfer function. 

However, they are not sufficient to give a relationship between the input and 

output signals. For example, assuming two irrelevant signals obtained from 

experiment, what is the meaning the transfer function calculating from these 

signals? To assist the explanation of the transfer function, the coherency 

between the signals is needed. The coherency function can be calculated by: 

Where Goo(f) is the power spectral density at the seat surface. 

The value of coherence yio^(f) is always in the range 0-1. For a linear system 

and no noise, the coherence will have its maximum value of unity at all 

frequencies. If the system has not a good signal-noise ratio, that is the noise 

occupied a large proportion of the measured signal, the value of coherence 

7io^(f) will be lower than unity. If the measured data at the output is not linearly 

related to the input, then the coherence will be less than unity. It is possible for 

the output data not to be linearly related to the input if the system is non-linear 

or if there is a low signal-to-noise ratio in one or both of the signals at any 

frequency. A coherence of zero would indicate that the output signal was not 

correlated to the input signal. 

3.3.1.2 Apparent mass 

The apparent mass is a driving point frequency response function. The 

apparent mass of the subject, M(f), is defined as the ratio of the cross-spectral 

density, Gaf (f), between the acceleration as the input and force as the output 

signal to the acceleration power spectral density, Gaa (f), measured at the 

input. 

The apparent mass of the subject differs from that of a rigid mass because the 

subject is a multi-degree-of-freedom system that has a retroaction on the base 
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motion. If an apparent mass is measured for a rigid mass, the result equals 

the mass of the rigid mass. Therefore, when the apparent mass of a subject is 

measured using the force platform, the weight of the force platform should be 

subtracted from the calculated result. 

The measured apparent mass of a subject is a curve over a frequency range. 

However it must equal to the subject weight at zero frequency. The apparent 

mass at the lowest frequency can represent approximately weight of the 

subject. 

The apparent masses of subjects vary a lot because of variations between the 

weights of the subjects. Hence, the normalised apparent masses are often 

used in analysis of the apparent masses. The normalised apparent mass is 

defined as the ratio between the measured apparent mass and the apparent 

mass at the lowest frequency. The normalised apparent masses assists the 

comparison of apparent masses across subjects. 

3.3.1.3 Seat dynamic properties 

Seat dynamic properties may be determined using a rigid mass. The 

advantage of using rigid mass to measure seat dynamic property is that it can 

provide repeatable experimental results. A variety of rigid masses can be 

used in determining seat dynamic responses such as a sand bag, shaped 

rigid mass (bottom shape) and square rigid mass. 

A seat with a rigid mass system is shown in Figure 3.2. The seat 

transmissibility is defined as: 

T{f) = 
A,{f) 

where Aii(f) is the power spectral density of the acceleration at the seat base 

and Aio(f) is the cross power spectral density between the acceleration at the 

input and output point at the seat surface. 
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Figure 3.2 A seat and rigid mass dynamic system 

If the mass of the seat moving relative to the base is neglected, the seat to 

rigid mass system equation of motion is: 

m x , + c ( x , - x , ) + k (x , -X j ) = 0 

Where is the acceleration measured at seat surface and x, is the 

acceleration measured at seat base. 

Invoking the Laplace transform, the seat to rigid mass system transmissibility 

in the frequency domain becomes; 

7(f) 

The seat stiffness, k, and damping, c, can be determined by curve fitting from 

the seat and rigid mass transmissibility. 

Another method to obtain seat stiffness and damping is to use an indentertest 

procedure. Figure 3.3 shows how to use an indenter to measure seat dynamic 

properties. 
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Figure 3.3 Using an indenter to load the seat. 

When using an indenter to load a seat, the response of the seat and foam 

system is given by; 

Fi(t) = cx + kx 

where x is the displacement (it can be obtained from acceleration by double 

integration or from measurements by a displacement transducer), i is the 

velocity and i^(?) is the force measured by the indenter. From this equation 

the complex ratio of force to displacement is given by: 

S(6)) = + cd* 

The ratio of the force to the displacement, S{(Z>), is called the dynamic 

stiffness, a complex quantity. Dynamic stiffness was used in preference to the 

mechanical impedance, the ratio of the force to the velocity, because by using 

the dynamic stiffness the equivalent stiffness k, and the equivalent damping c, 

are more easily seen. They are just the real part and the imaginary part of the 

seat dynamic stiffness. 

3.3.2 Statistical functions 

Statistics helps us draw inferences about populations based on observations 

obtained from random samples, or samples in which the characteristics and 

relationship of interest are independent of the probabilities of being included in 

the samples. Non-parametric statistical tests are used in this study, as it was 

not assumed that data sets had a normal distribution. An advantage of non-
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parametric statistical methods over parametric methods is also that they are 

generally very easy to understand. A knowledge of only the most elementary 

mathematics is all that is necessary to gain a relatively full understanding of 

most non-parametric statistical techniques. Non-parametric statistical tests 

make relatively few assumptions about the nature of the population 

distribution, and so they are widely applicable. SPSS statistical analysis 

software (version 6.1) was used to calculate statistical functions. 

3.3.2.1 Friedman two-way analysis of variance 

Friedman two-way analysis of variance is a non-parametric statistical method. 

When the data from k matched samples are in at least an ordinal scale, the 

Friedman two-way analysis of variance by ranks is useful for testing the null 

hypothesis that k samples have been drawn from the same population. 

Since the k samples are matched, the number of cases is the same in each of 

the samples. The matching may be achieved by studying the same group of 

subjects under each of k conditions. For example, whether or not the seat 

stiffness differs at several vibration magnitudes can be tested by the Friedman 

two-way analysis of variance. 

Seat 
Vibration magnitudes (m/s^) 

Seat 
0.5 1.0 1.5 2.0 

1 75105 71754 68267 65370 

2 64299 61263 58970 56703 

3 53905 53315 52218 50065 

4 50530 51315 50657 48739 

For the Friedman test, the data are cast in a two-way table having N rows and 

k columns. The rows represent the various subjects or matched sets of 

subjects, and the columns represent the various conditions. 
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Table 3.1 lists the stiffnesses of four seats measured at four vibration 

magnitudes. Here k=4 and N=4. To perform the Friedman test on these data, 

the first process is to rank the scores in each row. We may give the lowest 

score in each row the rank of 1, the next lowest score in each row the rank of 

2, etc. The scores in each row are then ranked separately in a range from 1 to 

4. The ranks of the stiffness for each subject are shown in Table 3.2. It can be 

observed that the ranks in each row of Table 3.2 range from 1 to k=4. 

If the stiffnesses of the seats were independent of the vibration magnitudes, 

the set of ranks in each column would represent a random sample from the 

discontinued rectangular distribution of 1,2, 3 and 4, and the rank totals for 

the various columns would be about equal. If the stiffnesses of the seats were 

dependent on the vibration magnitudes (i.e., if the null hypothesis that all the 

samples - columns - came from the same population, Ho, were false), then 

the rank totals would vary from one column to another. 

The Friedman test determines whether the sum of the ranks (Rj) differ 

significantly. This is done by calculating a statistic, Fr using (Siegel and 

Castellan, 1988): 

12 

where: N is the number of rows 

k is the number of columns 

Rj is the sum of the ranks in jth condition 

k 
Z sum s of ranks over all k conditions 
j=i 
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Table 3.2 Ranks of the seat stiffness under 4 vibration magnitures 

Seat 
Vibration magnitudes (m/s^) 

Seat 
0.5 1. 0 1.5 2.0 

1 4 3 2 1 

2 4 3 2 1 

3 4 3 2 1 

4 2 4 3 1 

Rj 14 13 9 4 

For the example, the value of Fr is 9.3. Probabilities associated with various 

values of Fr, have previously been calculated and tabulated for various 

samples and various numbers of variables (Siege! and Castellan 1988). The 

probability associated with Fr =9.3 when N=4, k=4 is p=0,012 (i.e., p<0.05). 

With these data, therefore, the null hypothesis that the stiffnesses of the seats 

were dependent on the vibration magnitudes (i.e., the four samples - columns 

- were drawn from the same population) could be rejected at the 0.012 level of 

significance. 

3.3.2.2 Wilcoxon matched-pairs signed ranks test 

The Wilcoxon matched-pairs signed ranks test was useful to make the 

judgement of "greater than" between any pair of two performances and make 

the judgement between any two difference scores arising from any two pairs. 

This is also a non-parametric test which tests the null hypothesis that the 

distributions of the two variables are the same. For example, we can use the 

Wilcoxon matched-pairs signed ranks test to determine if there are differences 

between the measured and predicted modulus of the seat transmissibility at 

one frequency for different subjects. The experimental data and predicted 

data at one frequency are shown in Table 3.3. 
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Table 3.3 IVIoduli of measured and predicted transmissibility at one frequency 

Subject Measured seat 
transmissibility 

Predicted seat 
transmissibility 

Difference Rank of 
difference 

1 87.2 84^ 2.9 7 

2 65.8 63^ 1.9 5 

3 72.5 71^ 1.2 2 

4 83.2 8 i a 1.4 3 

5 921 90^ 1.7 4 

6 100L6 964 4.2 8 

7 64^ 64M 0.7 1 

8 85/7 82^ 2.8 6 

Using the Wilcoxon matched-pairs signed ranks test to compare the seat 

transmissibility in two conditions for N=8 subjects, the null hypothesis is that 

the change between the methods to obtain seat transmissibility has no effect 

on the moduli of the seat transmissibility. If this is true, it would be expected 

that the sum of those ranks having positive values is approximately equal to 

the sum of those ranks having negative values. For each of the subjects, the 

difference between the measured and predicted seat transmissibility at one 

frequency is obtained and listed in Table 3.3. The sum of those ranks having 

plus values (signs) is T+=36, while the sum of those ranks having negative 

values (signs) is T.=0. 

For small samples (i.e., N<25), T= the smaller sum of like-signed ranks. That 

is, T is either the sum of the positive ranks or the sum of the negative ranks, 

whichever sum is smaller. Probabilities associated with various values of T 

have previously been calculated and tabulated for various samples and two 

variables (Siegel and Castellan 1956). 

The probability associated with T=T.=0 and N=8 is p=0.01 (i.e., p<0.05). With 

these data, therefore, the null hypothesis could be rejected. 
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3.3.2.3 Spearman rank-order correlation 

The Spearman rank correlation coefficient statistic is a measure of association 

which requires that both variables be measured in at least an ordinal scale so 

that the objects or individuals under study may be ranked in two ordered 

series. This statistic is commonly used as a non-parametric measure of 

correlation between two ordinal variables. For all of the cases, the values of 

each of the variables are ranked from smallest to largest, and the Spearman 

rank - order correlation coefficient is computed. 

For example, the stiffnesses of one seat measured at one pre-load, one 

vibration magnitude and five different indenter areas are showed in Table 3.4. 

The null hypothesis for this example was that the stiffness measured at one 

static force and one vibration magnitude and five different indenter areas is 

independent of indenter contact area (i.e., there is not a correlation between 

the indenter head area and the foam stiffness). 

The Spearman rank-order correlation coefficient, rg, can be calculated using 

(Siegel and Castellan, 1988): 

N 

Glldz 
r, = 1 - 7 7 ^ . d, = X i - y 

N" - N 

Where X, is the value of the ranks of the measured seat stiffnesses and Yj is 

the value of the ranks of the indenter areas. They are shown in Table 3.5. To 

test whether the ranks are different, the differences, di, for each pair of ranks 

are calculated. 

Table 3.4 Example the Spearman rank-order correlation test 

Indenter head Measured seat stiffness Indenter areas cm^ 

Disk 15 68267 176 

Disk 20 52684 314 

Disk 25 85063 490 

S IT-BAR 48454 280 

Buttocks 65280 540 
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Table 3.5 Ranks of stiffnesses and indenter areas 

Indenter head Measured seat Indenter areas Stiffness Indenter 
stiffness cm^ rank area rank 

[]bk15 68267 176 4 1 

[%sk20 52684 314 2 3 

Disk 25 85063 490 5 4 

S IT-BAR 48454 280 1 2 

Buttocks 65280 540 3 5 

A problem occurs where the difference, d,, is equal to zero. If the proportion 

of the ties compared to the non-tied data is small, then the effect is negligible. 

Calculating the Spearman rank coefficient for the example data gives a value 

of Ts of 0.2. Probabilities associated with various values of rg have previously 

been calculated and tabulated for various samples and two variables (Siege! 

and Castellan 1956). Therefore, the probabilities associated with the value of 

Ts =0.2 for 5 indenter areas is 0.74>0.05, the decision is in favour of the null 

hypothesis (i.e., there is not a correlation between the indenter head area and 

the foam stiffness). 

3.3.2.4 Mann-Whitney U test 

The Mann-Whitney U test may be used to test whether two independent 

groups have been drawn from the same population. It is the most popular of 

the two-independent-samples tests. It is equivalent to the Wilcoxon matched -

pairs signed ranks test and the Kruskal-Wallis test for two groups. The Mann-

Whitney statistic tests whether two sampled populations are equivalent. The 

observations from both groups are combined and ranked, with the average 

rank assigned in the case of ties. The number of ties should be small relative 

to the total number of observations. If the populations are identical in location, 

the ranks should be randomly mixed between the two samples. The number 

of times a score from group 1 precedes a score from group 2 and the number 

of times a score from group 2 precedes a score from group 1 are calculated. 

The Mann-Whitney U statistic is the smaller of these two numbers. 
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For example, we have different aged subjects from two groups to join 

experiments. They are male group A and female group B. The null hypothesis 

is that the subject ages of the group A and B have the same distribution or 

there are no differences in the subject age between the two groups. Table 3.6 

shows the age of all subjects from two groups and the ranks of the age for 

each subject. 

Table 3.6 Example for the Mann-Whitney U test 

Subjects to attend 
experiments 

Age of men rank Age of women rank 

1 26.00 20 24.00 15.5 
2 16L00 1.5 56.00 45.5 
3 39.00 3 3 ^ 22.00 9.5 
4 38.00 30 45.00 39 
5 34.00 27 55.00 44 
6 33.00 26 52.00 43 
7 29.00 23 25.00 18 
8 25.00 18 23.00 12.5 
9 45.00 39 40.00 36 
10 51.00 42 23.00 12.5 
11 16.00 1.5 17.00 4.5 
12 27.00 21.5 35.00 28 
13 56.00 45.5 25.00 18 
14 17.00 4.5 39.00 3 3 ^ 
15 69.00 48 21.00 7.5 
16 27.00 2L5 38.00 30 
17 39.00 33.5 24.00 15.5 
18 39.00 33.5 31.00 2 4 ^ 
19 50.00 41 59.00 47 
20 45.00 39 21.00 7.5 
21 17.00 4.5 41.00 37 
22 23.00 12.5 38.00 30 
23 23.00 12.5 22.00 9.5 
24 17.00 4.5 31.00 24.5 

Ri=583.5 R2=592.5 

This is a large samples test because the numbers of ni=n2=24>20. The value 

of U, the statistics in the Mann-Whitney U test, and the value of z, the 

deviation of the observed value of U, can be calculated using; 
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Where, pu is the population mean and Gu is the standard deviation of the 

population. They are decided by; 

HiH, niHzfni+nz + 1) 
Mu - -TT-' Ou - . J 

For this example, U=283.5 and z—0.093. Probabilities associated with values 

as extreme as observed values of z in the normal distribution have been 

calculated and tabulated. Therefore, a two-tailed probability associated with 

the value of z = -0.093 under null hypothesis is p= 0.926, the decision is in 

favour of the null hypothesis. 
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CHAPTER 4 PRELIIVIINARY STUDY 

4.1 Introduction 

In a vehicle, a seat is a suspension system that can be designed to reduce the 

effects of the vehicle vibration on the occupant. The transmissibility of a seat is 

often used to evaluate seat performance or seat isolation efficiency. Therefore, 

an important thing for seat designers is to obtain reliable seat transmissibility. 

There are three main methods to obtain seat transmissibilities. They are 

measuring seat transmissibility using a subject, using a mechanical dummy or a 

rigid mass and predicting seat transmissibility through a mathematical model. 

As discussed in literature review, most researchers have used subjects to 

measure seat transmissibility in the laboratory and field, but it is time 

consuming work. Suggs et at. (1969), Matthews (1967) and Mansfield 1998 

used a mechanical dummy to replace human subjects to obtain seat 

transmissibilities. As the results showed, there were some problems, such as 

dummy fixing and the influence of the backrest. Because there was no ideal 

method to obtain seat transmissibility, Fairley and Griffin (1986) put forward a 

new method to predict seat transmissibility. It was a seat transmissibility 

prediction method in which the seat transmissibility could be obtained directly 

using the measured seat impedance and the measured human body apparent 

mass. The problem for this method is that the subject response to vibration still 

needs to be measured. The aim of the study here is to further develop this 

method so that it can become a standard seat test method. 

Previous studies have revealed that the transmissibility of a seat not only 

depends on the impedance of the seat but also depends on the impedance of 

the body supported on the seat. In the literature review, it has been discussed 

that there are many factors that affect seat transmissibility, such as the vehicle 

floor vibration spectrum, the seat response and the occupant response. 

Researchers have found that it was difficult to obtain repeatable seat 

experimental results because of the effect of the seat occupant. Even if the 
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same subject is adopted in an experiment, subject posture and subject physical 

conditions also affect experimental results. 

Figure 4.1 shows seat transmissibilities measured in a car driven over eight 

different roads. The seat was mounted in a Ford IVlondeo car and driven at 

different speeds. Although the subject kept the same posture on the seat, the 

differences of seat transmissibilities in different vibration environments are 

large. 

w 
(0 

E 
(fl 
c 

Road 1 One subject 
Road 2 

R3ad3 
Road 4 

Road 5 

Road 6 

Road 7 

Road 8 

20 25 30 

Frequency (Hz) 

Figure 4.1 Ford IVlondeo seat transmissibilities measured over eight different 
roads with the same person. 

Figure 4.2 shows seat transmissibilities with the same passenger seat 

measured with six passengers on the same road. The seat was also mounted 

in a Ford IVlondeo car and driven at the same speed. The experimental data 

show that there are big differences in seat transmissibilities when using 

different subjects. 

As mentioned above, the seat transfer function may be determined using a 

rigid mass. Although many researchers have proved that the rigid mass 

cannot represent the real person, it is still a useful method to measure the 

seat response. The advantage of using a rigid mass is that it can provide 
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repeatable experimental results. A variety of rigid masses can be used to 

determine seat dynamic response such as a sand bag, a shaped rigid mass 

(bottom shape) and a square rigid mass. 

The transmissibility of a seat supporting a rigid mass is sometimes measured in 

the laboratory and used to predict the ride in a vehicle. However, the seat-

person system is complex: the vibration that is transmitted to a seated person 

depends upon the dynamic response of the person as well as the dynamic 

characteristics of the seat. Consequently, seat design cannot be optimised 

using solely the dynamic response of a seat loaded with a rigid mass. 

Seat transmissibility variations are mainly caused by changes of dynamic 

characteristics of human subjects from person to person. Using either a rigid 

mass or a mechanical dummy as the load will avoid this problem, but fixing 

the mass or the dummy in the seat and to the backrest may cause problems. 

Furthermore, while such measurements may indicate the response of the 

seat-person system, they reveal little about the underlying dynamic response 

of the seat which is the subject of the design. 

Road 6 

— subject 1 

subject 2 

- subject 3 

-sub jec t 4 

• subject 5 

— subject 6 

Mean 

20 25 30 

Frequency (Hz) 

Figure 4.2 Ford Mondeo seat transmissibilities measured with six persons over 
the same road. 
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A seat transmissibility prediction method (Fairley and Griffin 1986) could give 

good predicted seat transmissibility. It is a procedure in which separate 

measurements of the impedance of a seat and the impedance of the human 

body are combined to predict the transmissibility of the seat supporting the 

human body. The method is based on the following theory. A preliminary 

study will be reported in this chapter to investigate this method. 

4.2 Method 

This method includes two parts. One is the measurement of the seat dynamic 

stiffness, the other is the measurement of human body apparent mass. Then, 

the seat transmissibility can be obtained through the combination of the two 

measurements. 

4.2.1 Measurement of foam impedance with an indenter 

Consider a seat with a displacement x{t) under the influence of a force, F{t). 

An indenter attached to a rigid steel frame was screwed up and down on to 

the top surface of a block of foam (500 mm by 420 mm by 120 mm) so as to 

vary the applied static force between indenter and foam. The indenter had 

loading corresponds to subjects of various weights. The indenter was 

mounted on a bearing, so that it would not rotate relative to the seat as the 

indenter was screwed up and down. For different static loading, the dynamic 

force on the indenter was measured with a piezo-electric force link while the 

surface supporting the foam was vibrated. 

%(r) 

x(t): Acceleration measured at base of seat 

F(t):Force provided by vibrator 

F^(t) Force measured from indenter 

Figure 4.3 The arrangement of the apparatus, where K and C represent the 
damping and stiffness of the foam. 

1 
^ ( 0 

indenter 

^ r ^ 
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The force on the indenter and acceleration beneath the foam were measured 

during 100 seconds of random vibration (0.5 ms"^ r.m.s. over the frequency 

range 1.0 to 30 Hz) produced by an electrodynamic vibrator. The constant 

bandwidth acceleration spectrum was flat to within plus and minus ten per 

cent of the nominal acceleration spectral density. 

4.2.2 Theory 

If the force measured on the indenter is F^(t), the response of the system is 

given by; 

F^{t) = cx + kx (4.1) 

Where x is the displacement and i is the velocity of the surface supporting the 

foam. Since mechanical impedance is a function of frequency, it is helpful to 

transform this equation by means of the Laplace transform to the frequency 

domain. Taking the Laplace transform of Eq. (4.1), and setting the initial 

conditions equal to zero since the steady state is the case of interest, gives: 

F, (s) = (cs + k)x(s) (4.2) 

The real frequency response is obtained by setting ^ where i = 4^ and 

CO is the frequency in radians; 

d, = (4.3)) 

From this equation the complex ratio of force to displacement is: 

F,(6V) = (/c + ca/)x(af) (4.4) 

Mechanical impedance, Z(m), is the complex ratio of force to velocity; dynamic 

stiffness, S(cd), is the complex ratio offeree to displacement: 

<5(4,) = = k (4,,)) 

This expression for dynamic stiffness is a complex equation with real and 

imaginary components, or with magnitude and phase angle. These 

components are more than mathematical constructs in that they have 

important physical significance. The real part, |5jcos6', is due to those 

components that do not dissipate power but simply store energy either in 
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kinetic or potential form. The imaginary part, |5'|sin6', or the damping 

coefficient, c, in Eq. (4.5), is proportional to the power dissipated by the foam, 

mainly as heat (Suggs et a/1971). 

The modulus of the dynamic stiffness of the measured foam is shown in 

Figure 4.4 for preload forces from 300 to 800 newtons. According to Eq. (4.5): 

|6)l = (jlJG) 

<9 = arctan (47) 
k 

Equations (4.6) and (4.7) can be used to determine the response of a given 

system to an exciting force. In addition, by computer techniques the system 

parameters for a desired response can be determined by making successive 

approximations. That is fitting a non-linear function to a set of experimental 

data (Figure 4.4). We can programme software (Appendix A) that implements 

the Nelder - Mead simplex algorithm and use it to minimise a non-linear 

function of variables, in this case the frequency and dynamic stiffness. 

4.2.3 The apparent mass of the seated human body 

The apparent mass of the body determined by Fairley and Griffin (1989) was 

used in this study. The apparent mass frequency response function is defined 

as: 

apparent mass M(a) = (4.8) 

Fairley and Griffin (1989) studied subjects sitting on a rigid flat seat secured 

directly to the platform of a vertical vibrator. The mean normalised apparent 

mass of the sixty subjects obtained by Fairley and Griffin is shown in Figure 

4.5. Although the dynamic response of the seated human body is extremely 

complex, due to the mass, damping and resiliency being distributed rather 

than lumped, a single degree-of-freedom system was able to account for most 

of the response observed in the low frequency range. The single degree-of-

freedom system is applicable because, for low frequency vibration, the 

resonance in the apparent mass is due to parameters which act as if they 

were lumped rather than distributed. 

118 



2 .5 

2 

IE 1 5 

z 
(/) 
CO 
0) 0.5 

# 

(/) 

o 

03 
c 

O 

2 

1.5 

1 

0.5 

0 

(x100000) 

preload=300N preload=400N preload=500N 

( X 1 0 0 0 0 0 ) 

- preload=600N -preload=700N -preload=800N -

0 5 ^ 15 M 2 5 0 5 10 ^ 2 0 % 0 5 10 15 2 0 ^ %) 

Frequency (Hz) 

Figure 4.4 Dynamic stiffness of foam block and fitted model for preload forces 
from SOON to SOON. ( measured values; fitted values). 
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Figure 4.5 The mean normalised apparent mass of the sixty subjects from 
Fairley and Griffin (1989) and values from fitted model ( measured values; 

fitted values). 
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Because the measured human body mechanical impedance showed simple 

mechanical system property, Matthews (1967) and Suggs et al. (1968, 1969) 

developed a mathematical model and constructed a dynamic simulator to 

replace the seated subject (see Chapter 2). 

Based on the same reason, a single-degree-of freedom model was 

considered here as a simulator of the human body, the results of Fairley and 

Griffin (1989) can be represented by Figure 4.6. 

The response of the system is given by 

The only force which can be transmitted to the simulator is the sum of the 

inertial forces, F(t). 

Invoking the Laplace transform we get for the steady state case. 

= + (4.10) 

The acceleration and the velocity of the simulator, when transformed, will be: 

= (4.11) 

In order to arrive at a term that corresponds to the mechanical impedance we 

seek to solve for x,(^)in terms of %(̂ ) by Newton's second law of motion. 

m2Xi=/ fX^-^ i ) + Ci(x-Xi) (4.12) 

Taking the Laplace transforms and substituting coi for s, the model in the 

frequency domain is: 

—/T?2̂ y -t C-^(VI 
_ 2 _ . 4 ^ ' ) (4 13) 

Substituting for %,(&%')above gives 

k^ + C^CDI 
F(s) +1712 x(s) (4.14) 
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C1 

m2 

m1 

F(0 

Figure 4.6 Simulator of human body 

The term in the bracket, being the ratio of F(s) to x(^), is called apparent 

mass. This is identical to the equation of Fairley and Griffin. 

S(m) 

%i (m) 

%(m) 

Figure 4.7. Seat loaded with a person 

Using the Nelder—Mead routine in MATLAB, we can fit equation (4.14) with 

four parameters {m^, m^, K^, CJ to the normalised apparent-mass for 60 

subjects as shown in Figure 4.5. The optimisation was conducted separately 

for each subject in the present experiment such that sitting weight {m^+m^_) 

corresponded to 75% of the subject's weight. This was necessary as the 

apparent mass (F(j') / %(j)) is not simply related to the sitting weight 

(m, + ^2), (see equation 4.14). 

4.2.4 Measurement of seat transmissibility with human subjects 

With eight male subjects (Table 4.1), acceleration was measured at the foam-

person interface and on the platform of the vibrator beneath the foam (Figure 

4.7). Vibration was generated in the vertical direction by an electrodynamic 

vibrator with the same characteristics as used to measure the dynamic 
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stiffness of ttie foam (0.5 ms'^ r.m.s. from 1 to 30 Hz). Vibration was 

measured at the interface between the foam and the body with a SIT-BAR 

(Whitham and Griffin, 1977). 

Table 4.1 Subject Characteristics 

subject age (years) stature (m) total weight (kg) 

1 

2 

3 

4 

5 

6 

7 

8 

37 

35 

33 

23 

23 

32 

38 

30 

t 6 6 

1.66 

1.65 

1.84 

1.85 

1.70 

1.68 

1.70 

58 

53 

52 

63 

65 

70 

63 

75 

The following frequency response function can be defined: 

Seat transmissibility, T{cd): 

Massless dynamic stiffness of seat S(#): 

o/ \ / • F((Z)) * co^ 
Sico) = k + Ceo / = 

x X ( y ) - x ( ^ ) 

So the force transmitted to the seated person is; 

From equation (4.8) we get: 

Substituting for F(m) above gives: 

So, for the seat transmissibility, we get: 

Jfifdp) 6)(d9) 
r (w) 

(4.15) 

(4.16) 

(4 17) 

04J8) 

(4.19) 

x(d?) S{a})- d)" 
04.20) 
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The seat transmissibility modulus is given by: 

x / s ) 

a:(s) 

Where; 

[(/c - (m^ + mg + 8(5^ ]̂  + c - vA <2?̂  

A = + m^c + 

8 = mi/772<2;̂  - W g - cci 

The phase angle can then be expressed as: 

<9=arctan 
(/rq +/c,c-/7^c(2f)<y 

/c/(, - ( / 7 ^ + cq)6;^ 
-arctan 

/CC| + k-^c — Aco jd) 

(/(- (m, + j/c, + 

t *21) 

(4.22) 

(4.23) 

(4.24) 

4.2.5 Prediction of the foam transmissibility 

The measured foam impedance and the apparent mass reported by Fairley 

and Griffin (1989), were used to determine the relevant parameters of the 

foam and the human body. Equations (4.21) and (4.24) were then employed 

to predict the foam transmissibility. That is, using all parameters (mi, ma, ki, 

ci, k, c) obtained from the experimental data fitting (Figures 4.4 and 4.5) in 

equations (4.21) and (4.24). The predicted transmissibility was then compared 

with the real transmissibility measured with human subjects seated on the 

foam (Figure 4.8). 

4.3 Results 

For each of the eight subjects, Figure 4.8 compares the measured foam 

transmissibility with the transmissibility predicted from the measured dynamic 

stiffness of the foam and the single degree-of-freedom model of each 

subject's apparent mass calculated from the data of Fairley and Griffin. The 

measurements differ among the eight subjects, probably because of 

differences in subject apparent mass. The predictions differ because the 

parameters representing the dynamic characteristics of subjects and the foam 

are different according to the different of subjects' masses (from Figures 4.4 

and 4.5). 
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It may be seen that the resonance frequency and the transmissibility at 

resonance are generally well predicted by the model. In some subjects, the 

prediction differs from the measurements at frequencies around 8 Hz, 

probably as a result of the absence of a second degree-of-freedom in the 

model of subject apparent mass (see Section 2.4). 

Figure 4.9 compares the median measured and median predicted foam 

transmissibility. Statistical analysis showed that in different frequency regions 

the effects of using the mathematical model for predicting the foam 

transmissibility is different (Table 4.2). In the frequency region 1.4 to 2.8 Hz, 

the predicted values are significantly lower than the experimental values (p 

<0.025), but the difference is small in size. In the resonance region from 3.2 to 

5.2 Hz, and also from 9.8 to 10.8 Hz there was no significant difference 

between the measured and predicted transmissibilities. From 5.6 to 9.3 Hz the 

predicted values were significantly lower, and at frequencies above 11.2 Hz 

the predicted values were significantly higher than the measured values (p < 

0.05, Wilcoxon matched-pairs signed ranks test) 

4.4 Discussion 
Two methods have been mentioned for the prediction of seat or foam 

transmissibility. The first is using equation 4.20 to obtain seat transmissibility. 

This method does not need any understanding of the seat or body dynamic 

response. The prediction can be achieved directly using the measured seat 

dynamic stiffness and the measured human body apparent mass. Fairley and 

Griffin (1986) proposed this method and obtained good prediction results. 

However, there are disadvantages in this method. First, it needs two 

measurements, seat dynamic stiffness and human body apparent mass. 

Second, this method cannot give out any useful information for seat 

designers, such as seat stiffness or seat damping on how to affect seat 

transmissibility and how to achieve ideal seat transmissibility by changing 

them. 
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Figure 4.8 Comparison of measured and predicted foam transmissibility for 
eight different male subjects ( measured transmissibility: predicted 
transmissibility). 
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Table 4.2 Comparison of measured and predicted transmissibilities (Wilcoxon 

matched-pairs signed ranks test). 

frequency significance frequency significance frequency significance 

(Hz) level p (Hz) level p (Hz) level p 

1.41 0.0173 10.78 0.4838 2&16 0.0117 

1.88 0.0117 11.25 0.0929 20.63 0.0117 

2.34 0.0117 11.72 0.0929 21.10 0.0117 

2.81 0.0251 1219 0.0687 21.57 0.0117 

3.28 0.5754 12.66 0.0251 2 2 0 4 0.0117 

3.75 0.8886 1&13 0.0251 22.51 0.0117 

4.22 0.2626 13.60 0.0251 22.97 0.0117 

4.69 0.4008 14.07 0.0357 23.44 0.0117 

&16 0.2076 14^4 0.0357 23.91 0.0117 

5.63 0.0173 15.00 0.0500 24.38 0.0117 

&10 0.0117 15.47 0.0357 24.85 0.0117 

6.56 0.0117 15.94 0.0357 25.32 0.0117 

7.03 0.0117 16.41 0.0357 25.79 0.0117 

7.50 0.0117 16.88 0.0357 26.26 0.0173 

7 ^ 7 0.0117 17.35 0.0251 26.75 0.0173 

8.44 0.0117 17\81 0.0251 2 7 J 9 0.0173 

8.91 0.0173 18.29 0.0251 27.66 0.0173 

9.38 0.0251 18.75 0.0173 

9.85 0.1614 19.22 0.0117 

10.32 0.6744 19.69 0.0117 
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Figure 4.9 Comparison of median measured and median predicted seat 
transmissibility ( measured transmissibility; predicted 
transmissibility). 

The second method proposed by Wei and Griffin (1995) is expressed by 

equation 4.21 and 4.24. It was a lumped parameter model which was used to 

predict seat transmissibility. The model was set up based on an 

understanding of seat dynamic properties and a sketchy understanding of 

human body dynamic performance. A one degree-of-freedom model was used 

to represent the human body dynamic response to vertical vibration, but it was 

not intended to represent the locations or mechanisms of body movement. 

The model was only intending to reproduce the measured apparent mass. A 

simple seat model was also proposed in this method, which included only 

stiffness and damping and the moving mass of the seat was neglected. There 

were many advantages for this method. First, it was based on a human body 

lumped parameter model, so the measuring of the human body can be 

avoided. It is beneficial not to measure with human subjects since this 

eliminates the inherent risks of shaking subjects and, therefore, the need for 

vibration facilities deemed safe for human experimentation. Second, it was a 

parameter model to predict seat transmissibility, and so the function of any 

parameters can be observed. Third, the effect of seat composition on seat 

transmissibility, such as seat stiffness and damping, can be easily obtained. 
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so it is a good method for the seat designer to optimize seat parameters. 

Additionally, the measurement of the seat material impedance will be helpful 

when it becomes possible to predict seat dynamic properties from the physical 

and chemical properties of seat materials. Ultimately, it should be possible to 

select the seat components from a knowledge of the desired seat impedance. 

Finally, the variation of seat transmissibility in different measuring 

environments is mainly caused by subjects, so this method can give 

repeatable results due to avoiding of the inter-subject variability. 

The dynamic responses of both the human body and some seats are non-

linear. The non-linearity results in different seat transmissibilities with different 

vibration spectra. It will be necessary to quantify the non-linearity of both the 

human body and the seat material if predictions of seat transmissibility are to 

be accurate. 

Using an indenter to obtain the seat dynamic properties and predict seat 

transmissibility is only one of several methods of determining seat 

transmissibility. It is desirable to compare this method with the results 

obtained by other procedures. 

Although the results obtained by this method are promising, further study with 

a wider range of seats and subjects is required to show that the procedure 

has general applicability. 

The contact area between the body and the seat, and between the indenter 

and the seat is likely to be important. Further study may be required to 

investigate the influence of indenter size and shape on the measured seat 

impedance. 

4.5 Conclusion 

The experimental results show that it is possible to obtain reasonably accurate 

predictions of the transmissibility of foam from separate measures of the 

impedance of the foam and the reported impedance of the human body. This 

suggests that a single degree-of-freedom simulation of the human body may 
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reflect the impedance of the human sufficiently at low frequencies to predict 

seat transmissibility. An improved model may be required at high frequencies. 

Measures of foam impedance showed that the stiffness of the foam increased 

with increasing static load. 

Using an indenter to obtain measures of seat dynamic response may be a 

useful means of predicting seat transmissibility. It may also encourage the 

development of methods of predicting the influence of the properties of foam 

(and other material) on vehicle ride. 

4.6 Future research 

Although useful predictions of the foam transmissibility have been achieved, 

they were obtained in special conditions. For example, the foam 

transmissibility was measured in strict conditions, such as the subjects 

keeping upright posture, no backrest, equal energy spectrum input vibration 

with one vibration magnitude, limited exposure duration, etc. The seat 

dynamic properties were also measured in strict conditions, such as the same 

input vibration which was used for apparent mass measurement, a shaped 

indenter head (SIT-BAR), no inclination of foam surface, etc. 

Further studies of the indenter test will focus on investigating the effect of the 

indenter area, pre-loads, vibration magnitudes, input vibration spectrum and 

inclination of the seat on seat dynamic stiffness. A standard indenter test 

procedure will be developed after this series of studies. 

Further study of human body models will focus on model development and 

investigating the effect of vibration magnitudes, input vibration spectra, 

backrest and backrest angles as well as hard and soft seats on body apparent 

mass. A suitable body model will be developed for seat transmissibility 

prediction. 

The final aim of this study is a generally applicable prediction method. So a 

field experiment will be performed to test the method. 
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CHAPTER 5 

SEAT IVIECHANICAL PROPERTY IVIEASUREIVIENT 

5.1 Introduction 

There are many methods to measure seat mechanical properties, such as 

measuring the seat transmlssibility with a rigid mass, with an indenter and with 

subjects. However, as discussed in the literature review, no standard method 

has been developed to measured seat dynamic properties. The prediction 

method, as a new method proposed by Fairley and Griffin (1986), was 

selected here to obtain the seat transmissibility. Assessment and 

development of this method have been made in Chapter 4. Although good 

results have been achieved, there were still some limitations, such as 

limitations in measuring seat impedance and limitations in obtaining seated 

body apparent mass. The good measurement of the seat impedance and 

good measurement of the seated body apparent mass are key to obtaining 

corresponding seat and body models which can be used to obtain good 

predictions of seat transmissibility. 

The aim of this chapter is to define a good method to obtain seat mechanical 

properties which can be used in seat transmissibility prediction and to develop 

a seat mathematical model based on authentic seat measurements. The 

indenter method was the preferred method used in this chapter to measure 

seat mechanical properties. 

The indenter method is described in Appendix A and in Section 4.2. Although, 

in theory, using an indenter test rig can provide good seat properties, the 

method has not been verified, and so it is not yet in general use. Some 

studies of factors affecting test results must be conducted so that the method 

ban be fully understood. Another aim of this chapter is to investigate the effect 

of various factors on seat mechanical properties measured by an indenter. 
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The study here will contribute knowledge to this method and enable it to be a 

general used seat test method. 

5.2 Seat mechanical property measurement 
Seat mechanical properties consist of two parts: static properties and dynamic 

properties. The static property of a seat is generally measured using an 

indenter, but the dynamic property (i.e., mechanical impedance) of a seat can 

be measured by a rigid mass or an indenter. 

5.2.1 Seat static property 

An indenter static test procedure for foam was defined in ISO-3386 (1986). 

The rectangular shaped foam was compressed with a 200 mm diameter 

circular plate at a speed of 100mm/minute up to 75% of the foam thickness or 

up to a load of 110 kgf. However, the test procedure is only suitable for a 

simple rectangular shaped foam. A standard method for complex shaped 

foam and seats has not been established. Complex shaped foam and seat 

surfaces are not horizontal or flat and their thickness varies in different parts 

so that their stiffness cannot reliably be measured using a 200 mm diameter 

circular plate is changed. 

In order to investigate seat static properties, five different seats were 

measured using an indenter. The indenter head differed from ISO-3386 

(1986), because a 200 mm diameter circular plate indenter can only give good 

results for a simple square foam (a simple square foam has equal stiffness at 

any parts) and it seems unsuitable for a shaped seat or foam (the flat circular 

plate differs from the subject bottom). For a complex shaped foam or a seat, a 

SIT-BAR (Figure 2.20) or a buttocks shape (Figure 5.1) as the indenter head 

may be more reasonable. Ebe (1998) did an experiment to investigate the 

effect of foam thickness on foam static properties. Four different thickness 

foams (50, 70, 100 and 120 mm) were used in the experiment, and had the 

same foam composition and density. Results are shown in Figure 5.2. As 

expected, thicker foams had larger deflections and less gradient on the load-

deflection curves for a given load compared to thinner foams. This means that 

thicker foams behaved as if they were softer than thinner foams. A seat, or a 
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shaped foam, has significant differences in thickness on different parts along 

the fore-and-aft axis and slightly different along the left-and-right axis, so 

using a SIT-BAR or a buttocks as the indenter head is more suitable to obtain 

reliable results. In this study, a buttocks indenter was used as the indenter 

head to measure seat load-deflection curves. 

Load Gel 

Indentor Assembly 

Vertical Shaker Table 

Figure 5.1 Testing rig for seat deflection-load curve 

A Kistler 9321 force cell which had a sensitivity of approximately ±4.0 pc/N 

and a displacement transducer DC-LVDV D2/3000 which had a sensitivity of 

approximately 0.4 v/mm with an operating range of ±50 mm were used to 

measure the driving force and deflection whilst testing the seat using indenter. 

Three compression repeated cycles were performed for each test condition at 

a speed lower than 100mm/min. The tests were performed at controlled 

climatic conditions, which were 23 °C (±2 °C) temperature and 40% (±5 %) 

relative humidity. Two-channel signals, which had 5 samples per second 

sampling rate and 350-second duration, were acquired using HVLab software. 

132 



E 
-O TO O 

160 

1 4 0 

120 

100 -

8 0 -

• 50 mm (17.4%) 

•70 mm (1 7,7%) 

100 mm (15.0%) 

120 mm (14.6%) 

120 mm 
Not very stiff 

70 m m 1 0 0 mm 

5 0 mm 
Stiff 

60 

4 0 

2 0 -

O 2 0 4 0 6 0 

D e f l e c t i o n ( m m ) 

80 100 

Figure 5.2 Load-deflection curves for different thickness foams (From Ebe 
1998y 

Test arrangements for five seats and the buttock shaped indenter are shown 

in Figure 5.1. Seat types are listed in Table 5.1. The nneasurement for one 

seat static properties are shown in Figure 5.3. 

Figure 5.3 Measure seat static property using an indenter 
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Table 5.1 Seat type and fixing parameters 

SEAT SEAT TYPE 
A 
B 
C 
D 
E 

Car 
Car 

Truck 
Van 
Van 

One measured seat load-deflection curve is shown in Figure 5.4. The looped 

area in the load-deflection curve shown in Figure 5.4 is called a hysteresis 

loop. It is caused by energy dissipation due to the viscoelastic characteristics 

of the polyurethane foam (Ebe 1998). The hysteresis loss is a ratio of loss of 

energy and energy applied to the foam per cycle of load and unload during 

the compression procedure. 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. 

8 0 0 - -

o 400 

10 20 30 40 

Deflection (mm) 

50 60 

Figure 5.4 Measured seat B load-deflection curve 

5.2.2 Seat dynamic properties 

A vehicle seat should provide not only good static comfort but also good 

vibration isolation. Seat dynamic properties are important for seat designers 

hoping to optimize seat dynamic performance and provide good isolation of 

the vibration at the frequencies to which the seat will be exposed. 

134 



5.2.2.1 Method and analysis 

As discussed in the literature review, there are many methods to obtain seat 

dynamic properties. An experiment was conducted to investigate the 

adaptation of these methods to acquiring seat physical values which represent 

dynamic seat characteristics. 

The experiments were conducted separately with a car seat and with a 

rectangular sample of foam. The car seat was the driving seat from a modern 

small family car. It was constructed from a steel frame with moulded foam 

supported from beneath by a contoured steel seat pan. The TDI foam in the 

seat had a density of 50 kg.m"^. The rectangular sample of foam was 500mm 

wide by 420mm deep and 120mm thick. It is described as a 'soft feeling type' 

polyurethane foam used for car seating. It had a density of approximately 40 

kg.m"^ and a hardness of about 7.0 kPa. An electrodynamic vibrator, Derritron 

VP85, was used and three types of measurements were undertaken. 

5.2.2.1.1 Measurement of seat mechanical impedance with an indenter 

A seat is supported on a vibrator with its upper surface deflected by an 

indenter attached to a Kistler 9321A force transducer (Figure 2.52). The 

indenter, having the shape of a SIT-BAR (Whitham and Griffin, 1977) was 

screwed down until the required force on the seat was reached and then 

locked in position. An Entran piezoresistive accelerometer (type EGCSY-240*-

10) was mounted on the vibrator platform beneath the seat. The force on the 

indenter and the acceleration at the base of the seat were measured during a 

100 s period of random vibration (0.5 ms'^ r.m.s.) produced by the 

electrodynamic vibrator. The vibration had a flat acceleration power spectral 

density over the range 1.0 to 30 Hz (± 10%). 

The measurements were obtained with each of 6 pre-loads (SOON to SOON) 

applied to the surface of the seat and the foam sample. Signals from the force 

transducer and the accelerometer were signal conditioned and acquired at 

100 samples per second into an HVLab system. 
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The whole system of the seat (or foam) was considered a simple system, 

which comprised only stiffness and damping. Therefore, when using the 

indenter to load the seat, the response of the seat and foam system is given 

by: 

F^{t) = cx + kx (5.1) 

Where x is the displacement (in this experiment the displacement was less 

than + 4mm), i is the velocity and F^{t) is the force measured by the indenter. 

From this equation the complex ratio of force to displacement is given by: 

== A: k caf (5.;)) 

The ratio of the force to the displacement amplitudes, S{co), is called the 

dynamic stiffness, a complex quantity. Dynamic stiffness was used in 

preference to the mechanical impedance, the ratio of the force to the velocity, 

because by using the dynamic stiffness the equivalent stiffness, k, and the 

equivalent damping, c, are more easily seen. 

A curve fitting method was used to obtain seat parameters k and c (i.e. the 

effective stiffness and damping) from the real and imaginary components of 

S(&') (see Section 4.2.2). The least square error method with an optimisation 

algorithm were utilised (Dierckx 1995). The parameters in the above equation 

were refined to minimise the function 

-| W 2 
= (5.3) 

Where S/(i) is the corresponding dynamic stiffness from the curve fit at the / th 

frequency point and S(/) is the dynamic stiffness in the measured data. Using 

values for the parameters chosen at random as starting values, the 

parameters were varied systematically using the optimisation algorithm. The 

measured and calculated values of the modulus of the dynamic stiffnesses 

{•sjk^ + {ctz/Y ) of the foam and the seat over the range of pre-load conditions 
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are presented in Figures 5.5 and 5.6. Ttie calculated values of stiffness and 

damping are tabulated in Table 5.2. 

The stiffness and the damping of both the seat and the foam changed with 

variations in the pre-load (see Figures 5.7 and 5.8). The measurements with 

the indenter show that when the pre-load increased, the stiffness and the 

damping of both the seat and the foam increased. 
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Figure 5.5 Dynamic stiffness of seat and fitted model for pre-load forces from 
SOON to SOON. ( measured values; fitted values). 

5.2.2.1.2 Measurement of seat transmissibility with a sand-bag 

Seat or foam transmissibility can also be used to obtain the seat or the foam 

physical values, but the transmissibilities of the seat and the foam must be 

measured while they support a mass, such as sand-bag or a rigid mass 

(Figure 5.9), not a person. Five different masses of sand-bag (30 to 70 kg) 

were used while the base of the seat was excited by a 100 second period of 

random vibration at 0.5 ms'^ r.m.s. Two Entran piezoresistive accelerometers 

were mounted on the vibration platform beneath the seat and seat surface. 
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Figure 5.6 Dynamic stiffness of foam block and fitted model for pre-load forces 
from SOON to SOON. ( measured values; fitted values). 
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Figure 5.7 The stiffness of the foam and seat with different pre-load 

( - -E3- - foam using indenter as load, - - - D - - • foam using sand-bag as load, 

— X - - seat using indenter as load, - - - - X • seat using sand-bag as load). 

The transmissibility was calculated from the acceleration measured beneath 
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the seat (or foam) and the acceleration measured between the sand-bag and 

the surface of the seat (or foam). 
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Figure 5.8 The damping coefficient of the foam and seat with different pre-
load ( - -a- - foam using indenter as load, • • -D - - • foam using sand-bag as 
load, — X - - seat using indenter as load, - - - -x - - • seat using sand-bag as 
load). 

Rigid 
mass Sand-bag 
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Figure 5.9 Sand-bag and rigid mass as the load on the seat 

With the sand-bag used as a load on the seat, the response of seat and foam 

system is given by: 

rniKi =:F:(t) (S./l) 

+ c(xi - x) + - x) = 0 (5.5) 

139 



The seat transmissibility is then: 

r (w) 
x(<2;) + C6* 

(5.6) 

0 5 10 15 20 25 0 5 10 15 ;%) 25 30 

Frequency (Hz) 

Figure 5.10 The seat transmissibility using sand-bag as the load from SOON to 
700N and values from fitted model. ( measured values; fitted values). 

Again, the seat and foam parameters k and c were obtained using curve 

fitting. Figure 5.10 compares the measured transmissibilities and those 

predicted from the fitted values of k and c. Table 5.2 lists the values of k and c 

obtained with the five different masses of sand-bag. Figure 5.10 shows that 

using the sand-bag instead of the human-body gave a transmissibility curve 

unlike the result with a subject, especially the transmissibility at resonance is 

much greater (see Section 2.3.4.2). For the measurements shown here, the 

resonance frequency was appreciably higher with the sand-bag than with 

human subjects, as shown in Section 8.3.1.1.2. 

It can be seen again that the stiffness and damping of the seat and foam 

changed with variations in the pre-load (see Figures 5.7 and 5.8), The 
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stiffness values were similar to those obtained with the indenter, but the 

indenter seemed to provide the more consistent values. The damping 

coefficients were very different for the two methods, especially at low pre-load 

forces where a much higher damping was indicated from measurements 

obtained with the sand-bag. The difference may possibly have arisen because 

the sandbag had a larger contact area than the indenter. The inconsistent 

effects of increased load may have arisen because increases in mass of the 

sandbag resulted in increased size of the sand-bag. Figure 5.10 shows only 

the transmissibilities for the seat-sandbag system; the transmissibilities for the 

foam-sandbag system were similar, but the resonance frequency was lower 

and the transmissibility at resonance was higher. When the load on the seat 

(or the foam) increased, the resonance frequency decreased and the 

transmissibility at resonance increased. 

5.2.2.1.3 Measurements of seat transmissibility with a rigid mass 

The transmissibilities of the seat and the foam were also measured while they 

supported each of two rigid masses 22 mm wide by 14 mm deep by 15 mm 

(or 30 mm) thick (as for the sand-bag in Figure 5.9). The weights of the rigid 

masses were approximately 30 kg and approximately 50 kg. The seat was 

again excited by a 100 second period of random vibration at 0.5 ms'^ r.m.s. 

Two accelerometers were used for these measurements, mounted in the 

same places on the seat (or foam) as described above. 

The procedure used with the sand-bag was also followed using the data 

obtained with the two rigid masses. This provided the stiffness and damping of 

the seat for loads of 300 N and 500 N (see Table 5.2). The transmissibilities 

obtained with rigid masses were the same as those with the sand-bag, except 

that the transmissibilities at resonance were higher. Comparing both seat and 

foam experiments, the foam had a slightly lower resonance frequency and a 

slightly lower transmissibility at resonance. 

5.2.2.1.4 Discussions 

Using the indenter and various masses the impedance of the seat and the 

seat response can be measured and provide seat parameters, such as seat 
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stiffness and damping. These parameters, or their corresponding dynamic 

stiffness, S(£o), (equation 5.2) will be used to predict seat transmissibility. 

Table 5.2 The stiffness and damping coefficient of the seat and foam with 

Seat 

indenter sand-bag mass 

k 0 k c k c 

SOON 42300 260 38471 1323 35786 204 

400N 44121 270 57426 1345 

SOON 50210 276 54327 1364 47481 301 

GOON S9300 280 67838 1475 

7TWN 68000 285 64782 1357 

800N 73000 293 

Foam 

indenter sand-bag mass 

k c k c k c 

300N 21167 354 30381 870 18576 235 

400N 23904 457 37643 868 

SOON 25082 515 35787 777 23187 492 

600N 34903 570 41062 681 

700N 42340 740 39186 570 

800N 54363 831 

In order to obtain good seat transmissibility predictions, it is necessary to 

select a good method of determining seat parameters, or seat dynamic 

stiffness. A comparison in this study between using an indenter and various 

masses shows that the indenter is a good method to obtain seat dynamic 

stiffness. 

The rigid mass gave similar seat dynamic stiffness to that obtained with the 

indenter. However, the indenter is preferable as it provides a more controlled 

condition: a mass tends to rotate and move when placed on a seat during 

exposure to vibration. 
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A sand-bag of the correct mass had an excessively large contact area with the 

seat (including the edges of the seat) and this can influence the measured 

dynamic properties. 

5.2.2.2 Measurement of seat dynamic properties 

The dynamic properties of five seat were measured to investigate the 

correlation between seat dynamic properties and static properties (see 

Section 5.2.1). the same indenter test rig and electrodynamic vibrator were 

used. Two types of measurement were undertaken, with random and 

sinusoidal excitations. The random vibration had constant acceleration power 

spectra between 0.5 and 30 Hz and a magnitude of 0.5 ms'^ rms generated 

for 300 seconds by a computer and fed into the vertical axis of the vibrator. 

Five constant displacements of sinusoidal vibration ranging from 0.2 to 5.0 

mm were also used. They were 0.2, 0.5, 1.0, 2.0 and 5.0 mm step sinusoidal 

vibration with frequency ranges from 1 to 30, 1 to 26, 1 to 19, 1 to 14 and 1 to 

8 Hz, respectively. Every frequency duration was 5 seconds. 

The dynamic stiffnesses of five seats exposed to random vibration are shown 

in Figure 5.11. The seat mount and indenter test rig were similar to the seat 

static test (Figure 5.1 and 5.3). A 500 N pre-load was applied to the seat 

surface to represent the weight of seated person. Signals were acquired by a 

computer with a sampling rate of 180 samples per second through low pass 

filters at 50 Hz. 

Figure 5.12 shows the measured force-deflection curve for one seat (Seat A) 

at different frequencies (2Hz, 5Hz and 14 Hz) with a 500 N pre-load. It is clear 

that the seat stiffness and damping changed at different frequencies. Similar 

results could also be seen from measured seat dynamic properties during 

random vibration (Figure 5.11). 
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Figure 5.11 Measured dynamic stiffnesses of five seats 
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Figure 5.12 Force-deflection curve for seat A at different frequencies with a 
500 N pre-load. 

Figure 5.13 shows the measured dynamic stiffness for one seat (seat E) at 

different amplitudes with a 350 N pre-load. It can be observed that the seat 

stiffness consistently decreased with increasing sinusoidal vibration 

amplitudes. The seat damping values were also changed at different vibration 

amplitudes, but there were no consistent variations. 
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Figure 5.13 Dynamic stiffnesses for seat E measured at different sinusoidal 
amplitudes with a 350 N pre-load. 

Figure 5.14 shows measured static stiffness versus dynamic stiffness for five 

seats. The static stiffness of seat is calculated from measured seat static 

property in a cycle of load and unload from 400 to 600 N. It is a ratio between 

mean varied force and varied displacement. The dynamic stiffness is obtained 

from measured dynamic stiffness at 500N pre-load (Figure 5.11). It is an 
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Figures.14 Measured dynamic stiffness versus static stiffness for five seats 

average value in a frequency range from 3 to 30 Hz. As expected, seats with 

greater static stiffness also have greater dynamic stiffness. 

There were many problems when using the buttock as an indenter head to 

measure seat stiffness in the vertical direction. The first problem was 

horizontal movement caused by the seat and the indenter inclination. The 

second problem was twist force caused by large contact area in the fore-and-

aft direction. The effect of these factors would result to a low coherency 

between measured input displacement and the output force. 

The resonance of the seat backrest was around 10 Hz. When the seat was 

measured, if its backrest could not be adjusted to a vertical condition, a peak 

will appear on the measured curve. 

5.3 Factors affecting indenter test results 

5.3.1 introduction 

The indenter method has been selected as a convenient tool to measure the 

stiffness and the damping of seats instead of a rigid mass (see Section 

5.2.2.1). It is clear that this method can achieve good test results by avoiding 

many of the defects of using a rigid mass to measure seat characteristics. 

When using an indenter as the load on a seat, it is necessary to select an 

appropriate indenter shape and size as well as an appropriate pre-load. The 
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purpose of this study was to investigate the effect of the contact area, static 

force, inclination and vibration magnitude on seat response so as to select a 

suitable static force and vibration magnitude for an indenter-foam test, as well 

as to confirm the hypothesis that there is a correlation between the indenter 

head area and the foam stiffness and damping. 

Five foams and five different indenter head shapes were used to obtain the 

foam dynamic stiffness. Five different pre-loads from SOON to 700N, 

representing different weights of the human body, were applied to the 

surfaces of the foams. Six different input magnitudes of vibration and five 

different inclination angles from 0° to 20° were used. A foam mathematical 

model and a curve fitting technique were employed to determine the stiffness 

and the damping of the foam. 

5.3.2 Experimental method 

Five different seating foams were used with the parameters listed in Table 5.3. 

Figure 5.15 shows the shape of the foam. 

300mm 

Foam 

180mm 

SIT-BAR 

Figure 5.15 The shape of the foam and the shape of the SIT-BAR. 

Table 5.3 The characteristics of the five different foams. 

Foam No. Shape Thickness Foam Density Hardness 
(mm) composition (kg/m^) (kPa) 

22 Figure 5.15 109 TDI 40 8.9 
23 Figure 5.15 109 TDI 50 8.9 
24 Figure 5.15 109 TDI 60 8.9 
25 Figure 5.15 109 MDI 75 9.1 
26 Figure 5.15 94 MDI 75 9.2 
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The vertical dynamic stiffnesses of the foams were measured using an 

indenter (Wei and Griffin, 1995) applied to the foam. A force transducer was 

attached to the indenter with five different indenter heads designated as 

buttocks, SIT-BAR (Figure 5.15), disk 15, disk 20 and disk 25 (Table 5.4). The 

buttock's shape was moulded from a HYBRID III Exterior (General Motors 

1978). The indenter heads, in increasing order of area were: disk 15, disk 20, 

SIT-BAR, disk 25 and buttocks. 

Table 5.4. The characteristics of the three different indenter disks 

Diameter (mm) Thichness (mm) 

disk 15 150 mm 15 mm 

disk 20 200 mm 20 mm 

disk 25 250 mm 20 mm 

Five different pre-loads from SOON to 700N were applied to the upper foam 

surface using each of the indenter heads while the foam was exposed to 

vertical vibration from beneath. The force on the indenter and acceleration 

beneath the foam were measured during 60 seconds of random vibration. 

Six magnitudes of vibration (0.25, 0.5, 1.0, 1.5, 2.0 and 2.5 m/s^ r.m.s.) were 

used in the experiment over the frequency range of 0.5 to 30 Hz. 

Five different foam inclinations, which were 0°, 5°, 10°, 15° and 20°, were 

applied to a SIT-BAR indenter test rig. The input vibration, which had 1.5 m/s^ 

r.m.s. magnitude, and 580 N pre-load were applied to investigate the effect of 

foam inclinations on indenter test results. Figure 5.16 shows the measurement 

system to obtain foam dynamic stiffness at different foam inclinations. 

5.3.3 Mathematical model and data fitting 

5.3.3.1 Model of the foam-indenter system 

Figure 5.17 illustrates the arrangement of the apparatus, where c and k 

represent the damping and stiffness of the foam: 

x(f): acceleration measured at the base of the foam 
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F{t): force provided by the vibrator 

Fi(0: force measured on the indenter 

Foam provides a complex non-linear system. Gurram et al. (1995) showed 

that the seat composed by a foam cushion is a highly non-linear system 

whose response is dependent on the input excitation and the weight of the 

occupant. Patten et al. (1998) also revealed that the response of open cell 

polyurethane foam was non-linear. Therefore, using a simple stiffness k and 

damping c to represent a foam or a seat composed of foam may not be 

suitable, because static forces and vibration magnitudes at different 

frequencies both may have a significant effect. However, only a few studies 

have investigated the non-linearity of foam and tried to use a non-linear model 

to represent foam. The non-linear model has not given better prediction of 

foam (Patten et al. 1998) than simple model (see Section 5.2.2.1.2 and Figure 

5.10), so most researchers are still using a simple stiffness k and damping c 

to represent foam or a seat. The study here used an indenter to measure 

foam dynamic response. The effect of input excitation level on measurements 

was small (see Section 5.3.5.3). Therefore, two factors causing a non-linear 

response of a seat or a foam are eliminated (Gurram et al. 1995), because the 

static force is fixed during the indenter test. The simple foam system, as in 

Figure 5.17, still utilized an indenter test as a convenient approximation. 

screw 

force transducer 

indenter 

vibrator 

Foam 

accelerometer 
/ / / / / / / 

Figure 5.16 Indenter test rig for different foam inclinations 
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Figure 5.17 Representation of experimental measurements. 

The model of the foam-indenter system in Figure 5.17 shows the rigid indenter 

connected to the vibrating base by a spring, k, and a damper, c. 

5.3.3.2. Results and Data fitting 

Examples of the modulii of the dynamic stiffnesses of one foam measured 

with one indenter at six vibration magnitudes are shown in Figure 5.18 for pre-

load forces from 300 to 700 Newtons. 
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Figure 5.18. Disk 20 and foam 23 at six different vibration magnitudes and five 
different static forces. 

Examples of the modulii of the dynamic stiffnesses of one foam measured 

with a SIT-BAR at five inclination angles are shown in Figure 5.19 for pre-load 

forces of 580 Newton. 
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Figure 5.19 IVieasured dynamic stiffness of a foam at five different inclinations 
with a 580N pre-load and 1.5 ni/sf r.m.s. input magnitude. 

The mathematical model of the foam-indenter system was used to fit the 

experimental data. The least squares method was used to find the values of 

the parameters in the equation, by minimising the sum of the squared 

deviations of the measured values of the modulus and phase (See Section 

4.2.1). 

All model parameters obtained for the foams with different contact areas, pre-

loads and magnitudes, are listed in Table 5.5. Examples of the fitted curves 

and the experimental curves are compared in Figure 5.20. There are too 

many figures to show the effect for all the different contact areas, magnitudes 

and foams, so only a typical set of data are illustrated here. 

Using the fitted data, the values of equivalent stiffness and damping of the five 

foams can be seen for different vibration magnitudes and the SOON static 

force in Figure 5,21. Figure 5.22 shows the equivalent stiffness and damping 

of the five foams with the 1.5 m/s^ input vibration and static forces from SOON 

to 700N. 
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Figure 5.20. Foam 23, disk 20 and static force SOON experimental data compared 
witli value obtained by curve fitting. 
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Figure 5.21. Effect of vibration magnitude on measured foam stiffness and 
damping with the mean of five different contact areas at a static force of SOON 
(foam 22 , foam 23 , Foam 24 , foam 25 , foam 26 
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The model parameters of foam 23, which were obtained with different 

inclination angles, are listed in Table 5.6. Figure 5.23 shows the equivalent 

stiffness and damping of the foam 23 with the 1.5 m/s^ input vibration, 580 N 

static force and inclination angles from 0° to 20°. There are no consistent 

differences in stiffness between different inclination angles except for foam 22, 

but there is a damping peak at 10 degree of inclination angle. 

Table 5.5. The stiffness and damping of foam with different static forces. 

foam 22 foam 23 foam 24 foam 25 foam 26 

Force Magnitude k c k c k c k c k c 

disk 15 

SOON 0.25 m/s2 70819 745 63982 661 52672 756 47515 682 53556 600 

SOON 0.5 m/s2 7S10S 666 64296 635 53905 665 S0S3C 652 57475 598 

SOON 1.0 m/s2 717S4 733 61263 662 53315 612 51315 586 55258 600 

SOON 1.5 m/s2 68267 732 58970 635 52218 580 50657 561 54393 574 

SOON 2.0 m/s2 6S370 705 S6703 639 50065 589 48739 581 52648 593 

SOON 2.5 m/s2 6308S 702 SS084 636 49272 578 47638 573 52823 560 

300N 1.5 m/s2 66S19 704 60884 658 58447 649 54291 578 54393 574 

400N 1.5 m/s2 63186 690 S9004 616 SSS36 621 51065 570 53309 567 

SOON 1.5 m/s2 68267 732 S8970 635 52218 580 50657 561 54393 574 

600N 1.5 m/s^ 69837 747 62094 671 57628 686 52834 646 56065 630 

700N 1.5 m/sz 6S2S4 704 52924 629 48333 592 45772 563 49913 577 

buttocks 

SOON 0.25 m/s2 74414 386 61126 518 44358 495 36105 292 36691 391 

SOON 0.5 m/s2 66026 729 S4333 639 44052 482 38800 337 35303 448 

SOON 1.0 m/s = 64930 710 SS816 566 44615 501 35852 391 35887 406 

SOON 1.5 m/s = 6S280 676 S3598 592 42703 495 35156 382 35437 399 

SOON 2.0 m/s2 62186 677 52087 582 42368 448 33813 388 34503 382 

SOON 2.5 m/s2 61462 656 50120 593 41563 453 33224 382 34700 370 

300N 1.5 m/s2 37392 381 34669 295 26083 284 22380 224 23557 229 

400N 1.5 m/s2 48026 442 37822 395 33090 368 26573 262 26407 295 

SOON 1.5 m/s2 6S280 676 53S98 592 42703 495 35156 382 35437 399 

600N 1.5 m/s2 93799 1001 ^5454 811 56897 708 17705 583 50093 577 
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Force Magnitude k c k c k c k c k c 

700N 1.5 m/s 2 42010 422 3233( ) 354 2740' 336 2782' 1 316 3082! 5 342 

disk 20 

SOON 0.25 m/s = 49820 825 S163C ) 616 37732 ! 642 3177f ) 490 42343 3 518 

500N 0.5 m/s 2 S7S77 594 53556 531 4477c 594 3869( ) 427 4803: ) 507 

500N 1.0 m/s 2 SS648 608 S0444 592 46S3C 53S 3789^ I 458 46591 554 

SOON 1.5 m/s: S2684 596 S0435 549 46697 530 37093 448 46756 530 

SOON 2.0 m/s: S0791 574 48357 SS4 44682 535 36923 434 4598C 524 

SOON 2.5 m/s: 48476 S7S 46868 572 4372C 535 36306 433 45289 516 

SOON 1.5 m/s 2 4S7S8 442 43607 442 40017 454 33245 387 36693 416 

400N 1.5 m/s: 44261 511 42999 451 40S41 470 32731 388 41500 444 

SOON 1.5 m/s: S2684 596 S0432 549 46697 530 37093 448 46759 530 

600N 1.S m/s 2 6299S 700 61235 629 SS261 675 45924 548 52582 568 

700N 1.5 m/s: 428SS 448 34746 436 32221 380 34958 437 31771 366 

dak 25 

SOON 0.25 m/s: 87452 956 78676 804 72420 803 58555 811 43007 667 

SOON 0.5 m/s: 891S9 904 75813 718 7281S 844 61546 712 49485 565 

SOON 1.0 m/s: 88SS2 909 74113 756 73532 811 61101 710 48592 578 

SOON 1.5 m/s: 8S063 916 71077 809 71711 805 59487 708 48534 554 

SOON 2.0 m/s: 8200S 90S 69294 785 69846 800 59500 686 48025 534 

SOON 2.5 m/s: 799S8 886 68377 772 68644 802 57500 703 45963 565 

SOON 1.5 m/s: 6S849 670 52719 561 53831 599 47531 536 39377 409 

400N 1.5 m/s: 7S2S9 767 636S6 694 64549 706 54093 640 44856 490 

SOON 1.5 m/s: 8S063 916 71077 809 71711 805 59487 708 48534 554 

600N 1.5 m/s: 102080 1127 75991 846 73789 869 S123S 765 49372 594 

700N 1.5 m/s: 52081 566 42436 482 383S1 443 32483 410 33999 414 

S T-BAR 

SOON 0.25 m/s: 50447 562 48273 SS3 40758 591 31613 478 29709 527 

SOON 0.5 m/s: S0497 561 50003 611 42667 517 38208 479 39091 433 

SOON 1.0 m/s: S1168 539 5210S 578 4SS99 512 38842 446 38658 451 

SOON 1.5 m/s: 484S4 558 50856 574 14216 517 38072 459 38442 440 

SOON 2.0 m/s: 47731 531 19215 553 ^ 13243 501 : 37902 444 37204 448 

SOON 2.5 m/s: 47071 521 ' 18341 554 ' 12067 510 : S7229 443 36973 430 

SOON 1.5 m/s: S6SS0 572 ^ 14127 498 / 11132 475 2 15811 440 : 35263 397 
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Force Magnitude k c k c k c k c k c 

400N 1.5 m/s' 63631 685 45028 496 38971 450 34373 397 34271 391 

SOON 1.5 m/s2 48454 558 50856 574 44216 517 38072 459 38442 440 

600N 1.5 m/s2 112610 1205 54985 611 49353 553 39114 502 42284 490 

700N 1.5 m/sz 58689 661 48651 558 39893 486 33033 437 36105 449 
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Figure 5.22. The effect of static force on measured foam stiffness and 
damping with the mean of five different contact areas at an input magnitude of 
1.5 m/s^ (foam 22 , foam 23 , Foam 24 , foam 25 , 
foam 26 - - - - - - - - -

Figure 5.24 shows the mean variation in the stiffness and damping of the 

foams with the different indenter contact areas. It can be observed that the 

stiffness and damping of the foams increased with the pre-load increasing 

from 300 N to 600 N, except for indenter disk 15. 
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5.3.3.3 Statistical correlation between indenter head and foam stiffness, 
indenter head and foam damping 

5.3.3.3.1. Hypothesis 

The null hypothesis was that the stiffness and damping measured at one 

static force, one vibration magnitude and with different indenter areas is 

independent of indenter contact area. In other words, there is not a correlation 

between the indenter head area and the measured foam stiffness and 

damping. 
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Figure 5.23 The effect of inclination angles on measured foam stiffness and 
damping with SIT-BAR indenter at an input magnitude of 1.5 nVs=. 

5.3.3.3.2. Statistics result 

Table 5.7 shows that there was no consistent correlation between the 

indenter head area and the foam stiffness or damping (p>0.188 in Table 5.7, 

Spearman nonparametric correlations two-tailed test). The hypothesis 

proposed above is confirmed. 
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Table 5.6 Foam stiffness and damping at different inclinations 
foam 22 foam 23 foam 24 foam 25 foam 26 

inclinations K 
N/m 

C 
Ns/m 

K C K C K C K C 

0" 48278 619 41190 545 37237 554 33412 510 39274 586 

5" 50111 629 43624 539 37207 559 33874 542 40317 595 

10" 52041 732 43654 584 40205 606 35965 569 39788 652 

15" 47703 643 42554 546 38179 546 35081 560 40512 648 

20" 51030 640 42602 544 39366 550 34475 563 38299 634 

Table 5.7 The Spearman correlation between indenter head area and the 
foam stiffness and damping. 

K -v- contact area C -V- contact area 

Static 
force 

vibration 
magnitude 

Foam Correlation 
coefficient 

range (-1 to 1) 

Significance 
level, p 

Correlation 
coefficient 

range(-1 to 1) 

Significance 
level, p 

SOON 1.5 m/s^ foam 22 0.1 0.873 0.1 0.873 

SOON 1.5 m/sz foam 23 0.2 0.747 0.2 0.747 

SOON 1.5 m/s = foam 24 -0.4 O.SOS -014 O.SOS 

SOON 1.5 m/s^ foam 25 -&3 0.624 -0.3 0.624 

SOON 1.5 m/s: foam 26 -0.7 &188 -0,7 &188 

5.3.4 Predicting foam transmissibility 

The equivalent stiffness and damping of the foams as determined from the 

experimental data showed that with different contact areas and different static 

forces these parameters varied greatly. In order to find a reasonable contact 

area for foam testing, the various parameters were used to predict the foam 

transmissibility. Wei and Griffin (1995) have previously used this method to 

predict the transmissibility of both foams and seats using a SIT-BAR indenter. 

At first, one subject's apparent mass was measured, and the data used to 

obtain a two-degree-of-freedom mathematical model of the subject (Wei and 

Griffin 1998). Secondly, the subject's mathematical model was combined with 

the foam model to predict the foam transmissibility. Finally, the foam 

transmissibility was measured with the subject and compared with the 

prediction. The results are shown in Figures 5.25 to 5.29. 
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Figure 5.24. The effect of static force on measured foam stiffness and 
damping with the mean of five different foams at an input magnitude of 1.5 
m/s^ (disk 15 , disk 20 , disk 25 , buttocks , SIT-
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Figure 5.25. Foam 22 comparison of measured transmissibility using one 
subject with that predicted using five different contact areas. (Disk 15; 
Buttocks , Disk 20 , Disk 25 , SIT-BAR , Real 
subject ***). 
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Figure 5.26. Foam 23 comparison of measured transmissibility using one 
subject with that predicted using five different contact areas. (Disk 15; 
Buttocks , Disk 20 , Disk 25 , SIT-BAR , Real 
subject ***). 
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Figure 5.27 Foam 24 comparison of measured transmissibility using one 
subject with that predicted using five different contact areas. (Disk 15; 
Buttocks , Disk 20 - — Disk 2 5 — — , SIT-BAR , Real 
subject ***). 
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Figure 5.28. Foam 25 comparison of measured transmissibility using one 
subject with that predicted using five different contact areas. (Disk 15; 
Buttocl<s , Disk 20 , Disk 25 , SIT-BAR , Real 
subject ***). 
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Figure 5.29. Foam 26 comparison of measured transmissibility using one 
subject with that predicted using five different contact areas. (Disk 15; 
Buttocks , Disk 20 , Disk 25 , SIT-BAR , Real 
subject ***). 
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Figures, 5.25 to 5.29, show that the data measured from the disk 25 can give 

better foam transmissibility predictions than the data measured from other 

indenter shapes. Although a buttocks has a similar shape to the subject, the 

data measured from it could not give a good foam transmissibility prediction. 

5.3.5 Discussion 

5.3.5.1 Contact areas 

The shape of the HYBRID III exterior had the largest contact area, but using a 

250 mm diameter disk produced a greater foam stiffness and a greater 

damping. However, it is impossible to say which contact area produced the 

greatest or least dynamic parameters for the foam. This suggests that the 

stiffness and damping of the foam were not only affected by the contact area. 

The shape of the HYBRID III buttocks is approximately the same as the 

seated human body, except that it was rigid and the tissue of the body is 

flexible. If we do not consider other factors, it is reasonable to use this for 

foam testing. However, in this experiment the buttocks appears to offer 

different foam dynamic stiffness than that obtained with the subject, so we 

cannot currently recommend it for obtaining a good prediction of foam 

transmissibility. The previous study (5.2.2.2) showed also problems when 

measuring seat dynamic properties using a buttocks. 

5.3.5.2 Static forces 

With the different static forces used in this study, the stiffness and damping 

increased with some increases in force, but this was not consistent. 

5.3.5.3 Vibration magnitudes 

It is well known that different input magnitudes affect seat or foam 

transmissibility when measured with human subjects, but in this study we 

cannot see a large or consistent difference in the parameters with increases in 

vibration magnitude (Table 5.5 and Figure 5.21). This indicates that the non-

linearity in foam transmissibility may be affected mostly by the human body. 
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whose dynamic properties change with different applied vibration magnitudes 

(Fairley 1989; Mansfield and Griffin 1998; Wei and Griffin 1998). 

5.3.5.4 Inclination angles 

With the different inclination angles used in this study, the stiffness and 

damping changed only a little as the inclination increases. 

5.3.5.5 Different foams 

Two kinds of foam were used in this study, TDI and MDI. Among the TDI 

foams, when the density increased, the damping and stiffness decreased 

(Table 5.5). 

This study only investigated foams. It is recommended that selected seats and 

more subjects are used to investigate the effects of contact area, contact force 

and vibration magnitude more completely. 

5.3.5.6 Foam test method 

Using five differently shaped heads for the indenter to obtain the foam or seat 

dynamic properties is only one of several methods of determining foam 

response to vibration. It is desirable to compare the results using this method 

with the results obtained when using a rigid mass or a mechanical dummy 

(see Section 5.2.2.1). 

5.3.6 Conc lus ion 

5.3.6.1 Contact areas 

The contact area between the indenter and the foam or seat is important, 

because with different indenters the foam dynamic response varied (see 

Table 5.5). 

With different contact areas the foam dynamic response changed greatly 

(Figure 5.24). In the present tests, disk 25 appeared to provide the most 

reasonable contact area for a foam test. When using this contact area, the 
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best prediction of foam transmissibility was achieved for one subject (Figures 

5.25 to 5.29). This needs to be confirmed using more subjects. 

5.3.6.2 Vibration magnitudes 

The foam dynamic property varied slightly when the input vibration magnitude 

increased. From the foams tested it appears that similar results would have 

been achieved with any reasonable magnitude (for example 1 to 5 ms'^) of 

vibration. 

The effect of vibration magnitude on results of the indenter test for seats 

(Figure 5.13) is also small. When the sinusoidal vibration amplitude increased 

(i.e. the magnitude of vibration increase greater), the seat stiffness 

consistently decreased. Although the damping values were also changed at 

different vibration amplitude, there were no consistent variations. 

5.3.6.3 Static forces 

The parameters of the foams (Table 5.5, Figure 5.22) showed that the 

stiffness and the damping increased with increasing static load, but when the 

static force reached about 600N the stiffness and damping would fall again. It 

is recommended that an appropriate static force is needed when determining 

the foam or seat dynamic stiffnesses. 

5.3.6.4 Inclination angles 

The foam dynamic property varied only slightly when the input inclination 

angles increased. This confirms that the inclination angle is not an important 

factor in simple foam indenter tests. 

5.3.6.5 Foam test method 

Using an indenter to obtain foam dynamic properties is useful. It can provide 

appropriate parameters for the foam through setting up a foam mathematical 

model using data fitting techniques. 
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5.4 Conclusions 
There are many methods to measure seat or foam dynamic properties, but the 

indenter method gives more reasonable results than some alternatives. 
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Figure 5.29 Measured damping of 5 car seats 

There are correlations between seat static and seat dynamic stiffness. Seats 

with greater static stiffness seem to also have higher dynamic stiffness (see 

Section 5.2.2.2), but this precept is not true for seat damping (see Figure 

5.30). 

Seat stiffness, k, increases with frequency increase (Figure 5.11 to 5.13) but 

seat damping, c, decreases with frequency increase from 2 to 15 Hz. (Figure 

5.30). The measured seat damping, c, is shown in Figure 5.30 which comes 

from Figure 5.11. 

Vibration magnitude is not very important in foam dynamic stiffness 

measurement if the change of vibration magnitudes is not large (Figure 5.21), 

but when vibration amplitude has a large change, such as Figure 5.13 

showed, the change of vibration amplitude will affect foam dynamic stiffness. 

Greater vibration amplitude produces lower foam dynamic stiffness. 
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static force, or pre-load, plays a large role in determining seat dynamic 

stiffness and damping. So the correct pre-load must be selected for any seat 

or foam test. 

The effect of inclination angle is small for foam indenter tests. The stiffness 

and damping of the foam change a little with different inclination angles. 

The type or composition of foam has a significant effect on seat physical 

values, so optimising foam composition may be used to obtain good seat 

static and dynamic comfort. 

The choice of indenter head is also important in determining seat or foam 

physical values. The buttocks had a similar shape to the human subject, but 

the results when using the buttocks are not satisfactory. Using the buttocks 

causes many problems in measuring seat dynamic properties (see Section 

5.2.2.2). In the present tests, disk 25 appeared to provide the most 

reasonable contact area for a foam test, but it will result in same problem with 

buttocks in measuring seat dynamic property (both cause big twist force). The 

SIT-BAR is more reasonable for seat tests. 

The effect of factors on indenter tests have been conducted for only shaped 

foams in this study. So similar investigations are needed for various seats so 

that a standard method can be developed for seat tests. 

166 



CHAPTER 6 

MODELLING IVIECHANICAL RESPONSES OF THE 

SEATED HUlVIAN BODY IN THE VERTICAL DIRECTION 

6.1 Introduction 

The biodynamic responses of the human body influence the manner in which 

vibration causes discomfort and injury and interferes with activities. Purely 

numerical considerations of body dynamics have been reported, but the 

complexity of the human body dictates a vital role for experimentation in the 

development of understanding of human responses to vibration. There are 

currently insufficient data to derive a 'complete' mathematical model of the 

movement of the body during exposure to vibration and also insufficient 

information to fully justify the form of complex models of body responses. The 

development of complex models of the responses of the body requires an 

understanding of the modes of oscillation of the body. 

Biodynamic models may either seek to explain the form of body motion 

caused by vibration or seek to provide a simple mathematical summary of the 

effect of this response. For example, a model which explains the seat-to-head 

transmissibility of the human body will be exceedingly complex (Kitazaki and 

Griffin 1997), but for some purposes a single degree-of-freedom model may 

adequately summarise the transmissibility of a group of people (Griffin et al. 

1979). The aim in this chapter is to present a model for the driving point 

apparent mass of the seated human body without proposing the mechanisms 

and movements of the body responsible for this apparent mass. 

Driving-point frequency response functions, such as mechanical impedance 

and apparent mass, have been determined at the seat-person interface for 

vertical whole-body vibration in various studies, but only a few investigations 

have resulted in a mathematical model or fully investigated the parameters of 

the model. The mechanical impedance of the human body could be 
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represented by a discrete system of masses, springs and dampers (e.g., 

models proposed by Vogt et al. 1968; Suggs et al. 1969; Kaleps et al. 1971; 

International Organization for Standardization 1981) or a distributed 

parameter model (e.g., Liu et al. 1973; Cramer et al. 1976). The number of 

degrees of freedom required in a model depends on the purpose of the 

model: a model explaining the motion of the human body will tend to be more 

complex than the simplest model giving an approximation to the driving point 

impedance. For example, the 15 degree-of-freedom model proposed by 

Nigam and Malik (1987) and the finite element model derived by Kitazaki and 

Griffin (1997) are overly complex for the prediction of the average point 

impedance of a person sitting in a single posture and exposed to a single type 

of motion. Unless the sophistication of complex models is used to predict 

variations in impedance (e.g., with variations in posture or vibration 

magnitude) or to predict the motions of other body parts, they appear to have 

no advantage over simple models. For a simple model of the driving point 

apparent mass, the motions of body parts which do not contribute to the 

driving point apparent mass over the frequency range of interest can be 

ignored. Further, it may also be possible to represent a complex motion by a 

simpler motion that gives a similar apparent mass. Unnecessarily complex 

models are unnecessarily difficult to calculate and tend to present unfounded 

speculation on how the body moves. 

The main purpose of the present study was to obtain an improved model of 

the apparent mass of the seated human body for use in procedures for 

predicting seat transmissibility. In a previous experiment, Fairiey and Griffin 

(1989) measured the apparent masses of 60 seated subjects and derived a 

single degree-of-freedom model to fit the measured data. This model has 

been used successfully to predict seat transmissibility from measures of the 

dynamic stiffness and damping of seats (Fairiey and Griffin, 1986). However, 

seat transmissibilities obtained with human subjects often show evidence of a 

two-degree-of-freedom response in the human body. This study involved a re-

analysis of the earlier data so as to obtain an improved fit to the measured 

apparent masses of subjects. 
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6.2 Previous experimental results 

The vertical (i.e. z-axis) whole-body driving-point apparent masses of sixty 

persons (12 children, 24 men, 24 women) were obtained with the subjects 

seated on a rigid force platform without a backrest (Fairley and Griffin, 1989). 

Subjects were exposed to 1.0 ms'^ r.m.s. random vertical vibration over the 

range 0.25 to 20 Hz. The subjects sat in a normal upright posture with their 

feet supported on a footrest which vibrated in phase with the seat. The force 

platform incorporated quartz piezo-electric force transducers mounted at the 

corners of a rectangular welded steel frame (Kistler 9281B). The top plate of 

this platform, on which the subjects sat, was 0.02m thick, 0.6m wide and 0.4m 

deep; it was 0.46 m above the footrest. The acceleration of the platform was 

measured on the top plate using an accelerometer. 

The apparent mass frequency response function was presented in preference 

to other force response relationships (such as mechanical impedance or 

dynamic stiffness) because at zero-frequency it indicates the static weight of a 

person on the seat. 

Fairley and Griffin calculated a 'normalised apparent mass' for each subject 

by dividing the apparent mass of each subject by the apparent mass at 0.5 

Hz. The normalised apparent masses calculated from their sixty subjects are 

shown in Figure 2.37. The dynamic properties (i.e., mass, stiffness and 

damping) of a structure may be determined from suitable experimental 

frequency response data (Lee and Dobson 1991). However, current 

experimental data are insufficient to define the relevant movements of the 

human body during vibration and, therefore, they are also insufficient to 

determine the relevant masses, stiffness and damping of a structure that 

moves like the body during vibration. The experimental data suggest that just 

one or two degrees of freedom might accurately represent a subject's 

apparent mass over the 0 to 20 Hz frequency range; it is therefore reasonable 

to seek a model which does not move internally in the same way as the 

human body but has the same apparent mass. In this study, the simplest 

possible mathematical models having similar apparent masses to those of 
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human subjects were sought. It appears from Figure 2.37 that some subjects 

have apparent masses showing one degree of f reedom while others show two 

degrees of freedom. For the present study, all reasonable one and two degree 

of freedom of systems were investigated as representations of subject 

apparent mass. 

6.3 Derivation of matliematical impedance models 

6.3.1 Single degree-of-freedom models. 

A simple linear single degree-of-freedom model (model 1a) is shown in Figure 

6.1. The mass, m, represents the weight of the person which is supported by 

tissues represented by the spring, K, and damping, C. 

m 

K 

Xi(t) 

x(t) 

F(t) 

Figure 6.1 Single degree-of-freedom model (model 1a) 

The equations of motion of this model are given by: 

mXi = F(t) 

+ c(xi - x ) + - x ) = 0 

(6.1) 

(6.2) 

The only force which can be transmitted to the model is F{t). Invoking the 

Laplace transform, one obtains for the steady state case: 

F(s) = ms^xXs) (6.3) 

The acceleration and the velocity of the simulator, when transformed, will be: 

x(s) = s^x(s) (6.4) 

x(s) = s x(s) (6.5) 
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In order to arrive at a term that corresponds to the apparent mass one seeks 

to solve for x,(5)in terms of %(^) by Newton's second law of motion: 

= /c(x - x j + c(x - ) (6.6) 

Upon taking the Laplace transforms and substituting co i for s, the model in 

the frequency domain becomes: 

X,(&»•)= (6.7) 
k-nnco + can 

Substituting for %,(&%')above gives 

r + Cd*) 
f:(d*)== , 2""" / . [;((<%/) (6.8) 

V 

The term in parentheses being the ratio of F{(o\) to x{cdi) , is called apparent 

mass. 

nik^imc^ (gg, 
A:-/77d9 

, J (6.10) 

^ = 8 t a n : ^ ^ - a t a n — ( 6 . 1 1 ) 
rn/f Ar-/77d; 

Here M is the apparent mass and 9 is the phase angle between force and 

acceleration . 

It is difficult to make a real model like that shown in Figure 6.1 as there is no 

support for the mass other than the spring and damper and therefore no 

constraint to prevent rotational modes of vibration. An alternative single 

degree-of-freedom model (model l b ) is shown in Figure 6.2. In this model, the 

mass of the person is divided into two parts: a support structure, my, and a 

sprung mass, If a dummy were manufactured according to this model, a 
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constraint mechanism would be required to ensure that the sprung mass /r?2 

moved only in the vertical direction. 

1712 
Xi(t) 

1 
x(t) 

FOO 

Figure 6.2 Single degree-of-freedom model with rigid support (model 1b) 

K2 

x(t) 

F(t) 

Figure 6.3 Two degree-of-freedom model (model 2a) 

The response of this system is given by: 

F(t) = m^x + m2x., (6.12) 

(&13) 

Based on the same analysis as above, the apparent mass is: 

+ C^ClH 

— /Tig® + C^COl J 

| 0 f + E f 

(6.14) 

(6.15) 
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8 = a t a n ^ - a t a n — (6.16) 
D1 A1 

Where 

v41 = 

61 = c^o) 

01 = ((/7?i + mg )A'i -m^m^cD^) 

E l = (m^ + ^ 2 ) <2; Ci 

6.3.2 Two-degree-of-freedom models. 

Measurements of the mechanical impedance of the human body usually show 

evidence of a two-degree-of-freedom response (see e.g., Figure 2.37, 

Mansfield and Griffin, 1998). For this reason, a two-degree-of-freedom system 

is also developed here. 

Figure 6.3 shows a serial two-degree-of-freedom discrete model (model 

2a). The motion equations of this system are: 

+/C2(x2 - x J + C 2 ( x 2 = 0 (6.17) 

- x ) + C i ( x i - x )+ / c2 ( x i -^2)+(^2(^1 - ^ 2 ) = 0 (6.18) 

= = -hm^Xg (6.19) 

The apparent mass is; 

9 = a t a n § - a t a n | | (6,22) 

Here 

AA = - (mi/Cg + +0^02) <0̂  + ki/c. 

8 8 = (Ci/Cg +^2/^1) <2?-(miC2 +m2Ci + ^ 2 0 2 ) 

0 0 = H-rngXi/Cg -(^iCiG2 +m2CiC2 +mim2/r j 

EE=(mi +012) (ci/(2 +^2^1) 
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A two-degree-of-freedom system having a support structure is shown in 

Figure 6.4 (i.e. model 2b). It has two mass-spring systems, m i and m?, 

supported on the support mass, m. It is tempting to assume that the mass mg 

consists of the masses of the head and the upper torso while the mass mi 

represents the main part of the body and the mass m comprises the skeleton 

(Suggs et al. 1968). However, the models derived in this paper are not 

intended to represent the locations or mechanisms of body movement: the 

models show 'equivalent mechanical systems' only in that they have a similar 

mechanical impedance to the human body. 

m 

Figure 6.4 Two degree-of-freedom model with rigid support (model 2b) 

The equations for vertical axial motion of the model in Figure 6.4 are: 

F{t) = mx + 

= : ^ ( i ( x - x J + C i ( x - x J 

/MgXg = / r 2 ( x - X 2 ) + C2(x-X2) 

(6.23) 

(6.24) 

(6.25) 

The solution of the above equations has the following form: 

D + E + (F + G)/ 
M M 

,4 + 8/ 

| ( o + E y + ( F + G y 

n + F + G , B 
0 = a tan atan— 

D + E A 

Here: 

(6.26) 

(6.27) 

(6.28) 
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8 = (/CiC2+/C2cJ <2;-(miC2+m2cJ 6?̂  

0 = (m + /n^ +m2)/ci/c2 -(mm2/Ci +mmi/c2 +mim2/( i +m^m2/r2) 

E = mm^m2A)'^ -(mc^c2 +m^CiC2 +0120^02) 6?̂  

F = (m + m^ +012) (/C1C2 +^(2^1) (z; 

G = -(mmiCg +mm2Ci 4-/711^202 + m i m 2 c j 

6;^ 

6.4. Fitting tlie mathematical models to the experimental data 

6.4.1 Fitting to the mean responses 

The optimum forms of the models shown in Figures 6.1 to 6.4 were 

determined by curve fitting to the experimental data obtained by Fairley and 

Griffin (1989). The least square error method and an optimisation algorithm 

were utilised again (Dierckx 1995). The parameters in the equations of each 

model were refined to minimise the function: 

" TT Z ( 0 - (0) (6.29) 
/V i=i 

Where Mf(x) is the modulus of the apparent mass from the curve fit at the /th 

frequency point and M(i) is the modulus of the apparent mass from the 

measured data. With values of the parameters chosen at random used for 

starting values, the parameters were varied systematically using an 

optimisation algorithm (Dierckx 1995). The curves corresponding to the 

modulus and phase of the normalised apparent mass of each of the models 

are compared with the corresponding mean of the measured normalised 

apparent masses of the 60 subjects in Figure 6.5. 

By using a similar method of fitting based on the phase of the apparent mass, 

somewhat different models were obtained with responses as shown in Figure 

6.6. 
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Figure 6.5 IVIean modulus and phase of normalised apparent masses of 60 

subjects compared with optimised responses of model 1a, l b , 2a and 2b fitted 

by minimising the error in the modulus ( experimental data, fitted 

curves). 
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Figure 6.6 Mean modulus and phase of normalised apparent masses of 60 

subjects compared with optimised responses of model 1a, l b , 2a and 2b fitted 

by minimising the error in the phase ( experimental data, fitted 

curves). 

From Figures 6.5 and 6.6 it was concluded that model l b and model 2b 

obtained with phase fitting provided the best fits to the mean of the measured 
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data. The results in Figure 6.6 suggest that the apparent mass is dominated 

by a single mode. However, this is really two modes combined together: the 

two natural frequencies of the two-degree-of-freedom system are very close. 

Due to the high damping, the two-degree-of-freedom synthesised system 

shows only one peak. Where a single mode dominates, the response of such 

a system can be approximated by a single mode with a constant term added 

to represent the effect of other modes that are above the frequency range of 

interest. The support mass, m, may represent these higher modes and so the 

model may not be applied at frequencies higher than those studied here. 

6.4.2 Fitting to the individual responses 

The form of models 1b and 2b were used to obtain the best fits to the 

measured apparent masses of each of the 60 subjects who participated in the 

experiment. The models were fitted by minimising the difference in phase 

between the measured and predicted responses. The values for each mass, 

stiffness and damping in both models calculated for each of the subjects are 

listed in Tables 6.1 and 6.2. For these tables the subjects are separated into 

the three groups (men, women and children). Within each part of the table, the 

mean values are the mean values of mass, stiffness and damping within the 

group of men, women or children. At the foot of the table, the mean values are 

the mean values of mass, stiffness and damping over the group of 60 

subjects. Also shown are the values of mass, stiffness and damping obtained 

by an optimum fit to the mean curve given by the arithmetic average of the 60 

curves from the 24 men, 24 women and 12 children. The damping ratios for 

model 2b, which can be calculated through parameters in Table 6.2 are very 

high (in the range 0.24-0.4), so the effects of adjacent modes were combined. 

This is why increasing the number of modes in the model improved the curve 

fitting for a system which was dominated by a single mode. 

The individual measured normalised apparent masses are compared with the 

predicted apparent masses in Figure 6.7 for model 1 b and in Figure 6.8 for 

model 2b. 
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Tab le 6.1 degree of f reedom mode l l b fit to the e x p e r i m e n t curves 

Subjects Sex Age ki 
(N/m) 

Ci 
(Ns/m) 

mi 
(Kg) 

m2 
(Kg) 

Total mass 
(Kg) 

1 M 26 34142 1187 1.3 44.6 4&9 

2 M 16 41151 1122 8.8 356 44.4 

3 M 39 71772 1845 21 j 86J 108.0 

4 M 38 62976 1631 4.3 528 57.1 

5 M 34 34653 1312 5.0 47^ 528 

6 M 33 29409 675 1Z9 3tO 4&9 

7 M 29 54623 1658 117 605 722 

8 M 25 35756 1009 13^ 39J 521 

9 M 45 36286 898 1&3 327 4&0 

10 M 51 66748 1705 0.1 6&8 659 

11 M 16 38962 985 5.9 356 41^ 

12 M 27 34822 954 17.2 39.0 5&2 

13 M 56 70926 1447 6.8 59 0 658 

14 M 17 54085 1475 1.4 59.4 6&8 

15 M 69 71813 1173 20.9 34.7 5&6 

16 M 27 46384 1797 2.1 51^ 5&4 

17 M 39 66593 1377 4.7 51^ 5&2 

18 M 39 68803 1833 3.4 80.4 8&8 

19 M 50 42940 1286 12.2 46.7 58 9 

20 M 45 77829 2345 2.1 76.2 783 

21 M 17 48025 1165 13.6 46.5 6&1 

22 M 23 42443 1083 3.1 43.9 4A0 

23 M 23 52609 1204 17.3 40.7 5&0 

24 M 17 63948 1636 0.9 43.3 44.2 

mean 24 men 51987 1366 8.6 50.2 5&8 

25 F 24 26951 957 4.8 38.9 43.7 

26 F 56 48045 1217 11.7 4&1 5&8 

27 F 22 58890 1486 .5 4&3 4&8 

28 F 45 40143 1565 3.1 4&6 517 

29 F 55 58186 1277 1.5 397 41.2 

30 F 52 37755 1792 0.4 5Z8 5&2 

31 F 25 36342 1170 12M 3&9 520 

32 F 23 38886 1925 1.1 5Z2 53 3 

33 F 40 32252 621 1&2 33^ 517 

34 F 23 32174 935 1&8 3&5 503 

35 F 17 45515 1403 2.2 507 529 

36 F 35 38227 1178 1&4 41^ 5&6 

37 F 25 43578 976 167 34.5 51^ 
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Subjects Sex Age ki 
(N/m) 

Ci 
(Ns/m) 

mi 
(Kg) 

mz 
(Kg) 

Total mass 
(Kg) 

38 F 39 35351 1076 8.2 3&5 47.7 

39 F 21 46037 1577 2.6 532 5&8 

40 F 38 39493 823 11^ 288 407 

41 F 24 50712 1172 9.6 3&4 4&0 

42 F 31 30671 880 174 47.1 64.5 

43 F 59 52524 1319 1.6 587 6&3 

44 F 21 52151 1003 12.1 3 i a 4&9 

45 F 41 35154 826 14^ 37.4 523 

46 F 38 38850 1435 0.1 5&2 5&3 

47 F 22 39338 1909 0.8 429 43J 

48 F 31 42586 994 18.8 4&8 5&6 

mean 24 women 41659 1230 8.3 42.9 51 j 

49 F 10 34387 421 125 19.4 31^ 

50 F 11 32487 762 7.0 26.4 334 

51 F 7 24887 511 2.1 213 234 

52 F 9 37977 923 2.2 31^ 333 

53 F 11 36203 992 3.8 30.6 344 

54 F 14 28960 734 5.5 24.7 30.2 

55 M 11 35428 753 3.1 28.2 313 

56 M 13 47668 1564 0.3 50.9 51^ 

57 iVl 12 25937 820 11^ 34.9 46^ 

58 M 13 31973 607 14.2 30.9 45/ 

59 IVl 8 33395 718 3.5 2A5 31^ 

60 IVl 13 31032 1387 0.3 414 417 

mean 12 children 33361 849 5.5 3&6 36 1 

mean 60 subjects 44130 1485 7.8 434 51^ 

fit mean of 60 subjects 44115 1522 4.1 46J 5&8 

Figure 6.9 shows the mean and range of the measured normalised apparent 

masses of the 60 subjects compared with the fitted curves obtained using the 

overall mean values of mass, stiffness and damping of the 60 subjects for 

model 1b and model 2b. The relative values of the var ious masses and 

springs affect the frequency response. When Ki increases and mi decreases, 

the first resonance frequency rises. If m2 decreases the second peak will 

appear in the response. The interactions among the masses and springs are 
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complex, but a useful discussion in the context of human response to vibration 

requires greater knowledge of the body movements occurr ing during vibration. 

Table 6.2 Two-degree-of-freedom model 2b fit to the exper iment curves 

Subjects Sex Age ki c, 
(Ns/m) 

/C2 
(N/m) 

C2 
(Ns/m) 

m 
(Kg) 

mi 
(Kg) 

mg 
(Kg) 

Total mass 
(Kg) 

1 M 26 19480 379 33076 462 6.5 2&9 14.4 4A8 

2 M 16 24769 495 32408 725 6.5 233 14.3 44J 

3 M 39 45996 654 74312 1181 1&2 5&3 3&7 102^2 

4 M 38 46964 832 42583 433 8.4 3&2 9.4 5&0 

5 M 34 28370 773 24781 277 8.2 373 6.6 521 

6 M 33 27466 475 32673 262 6.9 29/ 6.4 425 

7 M 29 43452 950 42592 521 1&6 4&4 11^ 7&5 

8 25 32558 702 43856 370 4.7 36 7 8.4 4&8 

9 M 45 24075 937 19473 341 1&6 184 18^ 4A5 

10 M 51 62452 1539 8579 32 5.4 61^ 2.2 68 6 

11 M 16 33378 617 26446 179 5.5 302 5.1 4&8 

12 IVI 27 27158 444 61480 789 7.3 3&8 15^ 5^2 

13 M 56 58555 866 39418 428 8.6 4&1 9.6 66.4 

14 M 17 33199 584 38179 589 9.7 3&1 16.1 61^ 

15 M 69 69489 1106 10696 1944 1.5 3A3 15^ 54.3 

16 M 27 23999 450 57886 925 7.2 2A6 1&5 54.3 

17 M 39 51950 774 41713 391 6.0 4&6 104 57^ 

18 M 39 46763 723 66688 789 1&2 500 2&6 808 

19 M 50 42940 1286 23580 62 12 2 467 4.4e-8 5&9 

20 M 45 38524 694 63705 1419 10.1 3A3 30J 77^ 

21 M 17 39619 654 56222 639 5.5 39 127 572 

22 M 23 33234 489 48621 465 4.7 33^ 1&8 4&3 

23 M 23 44330 713 76006 949 3.4 36 9 1&9 5&1 

24 M 17 38983 522 63842 463 8.3 26 8 11^ 47.0 

mean 24 men 39071 736 42867 609 7.6 374 13.2 58^ 

25 F 24 14024 212 32783 671 6.2 1&9 1&6 427 

26 F 56 58657 1392 21911 236 9.4 30.7 23M 63 3 

27 F 22 57632 801 2&M1 269 9.3 194 1&6 474 

28 F 45 28143 780 32115 455 6.9 34.6 10M 5 i a 

29 F 55 32519 479 38142 348 8.8 23.0 10.4 42^ 

30 F 52 29715 762 50028 466 5.5 36M 10.8 52 5 

31 F 25 35293 981 27790 127 7.0 39M 3.9 50^ 

32 F 23 24838 592 54586 625 7.8 30.6 14.3 527 

33 F 40 27850 427 45774 706 8.6 29.6 10.7 4&9 

34 F 23 29510 1201 9738 137 7.2 30.0 117 4&8 
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Subjects Sex Age ki 
(N/m) 

Ci 
(Ns/m) 

^2 
(N/m) 

C2 
(Ns/m) 

m 
(Kg) 

mi 
(Kg) 

mz 
(Kg) 

Total mass 
(Kg) 

35 F 17 23768 325 62185 910 9.3 2&2 21^ 59M 

36 F 35 35475 779 52313 402 7.2 37^ 9.0 54.0 

37 F 25 42718 791 44800 273 8.4 3&0 6.1 4&5 

38 F 39 30298 635 34964 258 5.1 337 7.2 4&9 

39 F 21 53928 1276 12718 156 5.6 337 167 5&0 

40 F 38 34767 604 32934 357 7.0 262 5.7 3&9 

41 F 24 50012 1402 9332 76 5.4 33 7 7.5 4&6 

42 F 31 27309 618 38489 526 i a o 420 102 622 

43 F 59 36931 578 37228 560 9.1 3&2 14.1 625 

44 F 21 51014 930 40675 494 4.3 3&0 5.4 427 

45 F 41 23601 350 35771 736 9.6 2&6 14^ 4&5 

46 F 38 33723 886 27262 204 5.3 39J 5.6 5&6 

47 F 22 29733 1291 20719 134 4.6 34a 4.6 44.0 

48 F 31 36403 1720 18585 224 6.6 324 1&5 57^ 

mean 24 women 35328 825 33511 340 7.3 320 11^ 5&8 

49 F 10 37407 537 37561 199 4.1 23M 4.1 31^ 

50 F 11 31410 617 14398 55 5.0 2&6 1.9 325 

51 F 7 24672 500 261 8.8 0.9 212 1.1 23 2 

52 F 9 32118 814 87658 120 2.1 3&8 0.5 33^ 

53 F 11 24752 1002 8911 43 2.4 2&8 3.7 3&9 

54 F 14 26590 568 19975 159 3.5 229 3.2 29^6 

55 M 11 35428 754 74657 1271 3.1 28.2 1.1e-8 31^ 

56 M 13 36735 744 45494 355 7.3 35.0 9.5 5 i a 

57 M 12 25934 820 14442 455 4.1 34.9 7.0 46^ 

58 M 13 29360 446 45128 653 4.3 29.5 9.9 437 

59 M 8 33395 718 95584 9.6 3.6 27.5 1.1 e-7 3 t 1 

60 M 13 23199 682 25296 168 6.9 28.8 5.8 41^ 

mean 12 children 30083 683 39114 291 3.9 2&1 3.9 3&0 

mean 60 subjects 35776 761 38374 458 6.7 33.4 107 50a 

fit mean of 60 subjects 35007 815 33254 484 5.6 36.2 8.9 507 
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Figure 6.7 Comparison of measured modulus and phase of apparent mass 
compared with values fitted using model 1b. (— experimental curve, — fitted 

curves) 
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Figure 6.8 Comparison of measured modulus and phase of apparent mass 
compared with values fitted using model 2b. (— experimental curve, — fitted 
curves) 
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Figure 6.9 Mean and range of the measured normalised apparent masses of 
the 60 subjects compared with the fitted curves obtained using the mean 
values of mass, stiffness and damping derived for each of the 60 subjects 
using model 1b and model 2b. (—the maximum and minimum value curve, 
— mean experimental data curve, model 1b fitted curve, — model 2b 
fitted curve). 

6.4.3 Statistical Comparisons 

Statistical comparisons have been made to identify the causes of variations in 

model parameters between and within the three groups of subject. 
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Between the groups of men, women and children 

The male and female group were not significantly different in age (p>0.1, 

Mann-Whitney U-test) although, of course, significantly older than the 

children. The fitted parameters for the men, women and children have been 

compared using model 2b. The men had a total mass, a mass mi, a stiffness 

k2 and damping Ca marginally significantly greater than the females (p<0.1, 

see Table 6.2). There were no statistically significant differences in the values 

of m2, m, ki or Ci. All measures of mass were significantly less for the group of 

children than for the men and the women. There was no difference in ka, but 

the children had values of ki significantly less than the men. The value of C2 

was also significantly lower for the children than for the men (p<0.01) and 

marginally significantly lower than for the women (p<0.1). 

Within groups of men, women and children 

Within each of the three groups of subjects, the correlations between subject 

age and the masses, stiffnesses and damping of the models fitted to the 

phase data were investigated using Kendall's correlation coefficient. Except 

where stated, the significance level is 0.05. For both the single degree-of-

freedom (model 1b) and the two-degree-of-freedom model (model 2b) there 

was a significant positive correlation between age and total mass among the 

men and among the children, but not among the women. The effect was 

mainly due to a correlation with the mass m2 in model 1b and due to a 

correlation with mi in the men (p<0.01) and with m and m2 in the children 

when using model 2b. 

The only other significant correlations with age were both among the men and 

were also positive: the value of ki in both models l b and model 2b, and the 

value of Ci in model 2b (p<0.001). These correlations suggest greater mass, 

stiffness and damping with increased age among the 24 men. 

With both model 1b and model 2b, there was a highly significant positive 

correlation between ki and ci for the men (p<0.001). This correlation was also 

significant for the women but not for the children. Similarly, in model 2b there 

was a highly significant positive correlation between ka and C2 for the men and 
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the women (p<0.001) but not for the children. In model 2b there was a positive 

correlation between values of ki and kg only among the children. In model 2b 

there was a highly significant negative correlation between Ci and C2 among 

the women only (p<0.001). 

For all three groups of subjects in model 1b, there was a negative correlation 

between mass m-i and damping Ci: this was highly significant for the women 

(p<0.001) and only marginally significant among the children (p<0.1). For the 

corresponding mass, m, in model 2b there was a significant negative 

correlation with ci and a significant positive correlation with C2, but only for the 

women. 

In model 1b there were significant positive correlations between m2 and Ci for 

all three groups and the correlation was highly significant for the men and 

women (p<0.001). In model 2b there were significant positive correlations 

between mi and ci, for the men and children only; for all three groups there 

were significant positive correlations between m2 and Ca which were highly 

significant for the men (p<0.001) and marginally significant for the children 

(p<0.1). 

In model l b there was a highly significant positive correlation between ki and 

m2 (p<0.001), but only for the men. Similarly, in model 2b, there was a highly 

significant positive correlation between ki and mi (p<0.001), and a significant 

positive correlation between k2 and m2, but again only for the men. 

These correlations seem to suggest some differences between the groups of 

subjects, especially between the men and the women. Heavier men seem to 

exhibit increased stiffness whereas this is less obvious for the heavier women. 

However, such conclusions require care since the models are not necessarily 

representative of the mechanical structure and movements of the body, which 

is far more complex than a two-degree-of-freedom system. 
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6.5 DISCUSSION 
The driving point impedance differs between subjects and so different model 

parameters are required to obtain the optimum impedance model for each 

subject. Other studies show that the driving point dynamic response of the 

body is non-linear (e.g. Fairley and Griffin 1989 and Mansfield 1998), so 

different parameters will provide the optimum model at different vibration 

magnitudes. Alternatively, the parameters in the model should be non-linear. 

Comparing the parameters of model 1 b with the previous model developed by 

Fairley and Griffin (1986), reveals no large or systematic differences between 

the two models. It appears that either model could be used to represent the 

apparent masses of people over the frequency range 0 to 20 Hz by a single-

degree-of-freedom system. 

The individual data shown in Figures 6.7 and 6.8, and the mean values shown 

in Figure 6.9, indicate that a two-degree-of-freedom mechanical model 

provides a better fit to the measured data than a single degree-of-freedom 

model. Use of the two-degree-of-freedom model provides a better fit to the 

phase data at frequencies greater than about 8 Hz and an improved fit to the 

modulus at frequencies around 5 Hz. 

It would be possible to develop mathematical models of the driving point 

impedance of the body having more than two-degrees-of-freedom, but the 

results shown here suggest that this is unnecessary when representing the 

average response of a group of subjects to a specific vibration input. A greater 

number of degrees-of-freedom may be required to explain the movements of 

the body responsible for apparent mass or predict the transmission of 

vibration through the body. 

6.6 CONCLUSIONS 
Curve fitting has allowed the development of mathematical models which 

provide a good fit to measured values of the normalised apparent masses of 

subjects. 
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There are large differences in the model parameters for different persons 

(Tables 6.1 and 6.2), but the mean parameters of the two adult groups of 

subjects (men and women) are similar. This may explain why different seat 

transmissibilities are obtained with different seats but there are fairly small 

differences between the mean values given by groups of subjects with the 

same seat. 

Four human body mathematical models have been considered. By comparing 

the responses of the models with the measured responses, model l b (single 

degree-of-freedom with a rigid support) and model 2b (two-degrees-of-

freedom with a rigid support) were selected as the most suitable models for 

representing the effective apparent masses of subjects exposed to vertical 

vibration. 

The single degree-of-freedom model and the two-degree-of-freedom model 

both provided results close to the measured modulus of apparent mass. 

However, the two-degree-of-freedom model provided a better fit to the phase 

and also a better fit near the principal resonance at 5 Hz. For best results a 

two-degree of freedom model is therefore recommended. 

When predicting the transmissibility of seats, it is recommended that the two-

degree-of-freedom model using a support mechanism (i.e. model 2b) is used. 
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CHAPTER 7 

FACTORS AFFECTING SEATED BODY APPARENT 

IVIASS 

7.1 Introduction 

It has been mentioned that the aim of this thesis is to develop a seat and a 

body model so that the prediction of seat transmissibility can be obtained. The 

body models have been put forward in Chapter 6 based on the measured 

body apparent mass. Although, it has been shown that these models can well 

represent the seated body in the vertical axis, there are still some problems to 

be resolved, such as whether the models can represent the seated body in 

any vibration environments. 

Many studies regarding seated body dynamic response have considered the 

effect of factors, such as subject posture, vibration spectra, footrest and 

backrest etc. These studies revealed that the influences of these factors were 

significant on the measured apparent mass. Therefore, a series study was 

conducted to investigate how these factors affect the mathematical model and 

how to develop a model which can be used in different vibration 

environments. It was known that there was an influence of subject sitting 

posture on body apparent mass, but the model was only to represent the 

subject in normal sitting postures hence it was not needed to consider the 

influence of other sitting postures. 

Using mathematical models to represent the dynamic responses of the seated 

body is not a new idea, many studies have been conducted to investigate its 

possibility. Various biodynamic mathematical models have been developed 

(e.g., Vogt 1968, Suggs 1969, International Organization for Standardization 

1981). However, as discussed in Section 2.2.3, although these models were 

developed based on the measured body impedance, the authors had not 

considered the effect of some factors on these models. Therefore, an 
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investigation how to develop a good body mathematical model for different 

vibration conditions is needed. 

The main purpose of this chapter is to obtain an improved mathematical 

model of the apparent mass of the seated person, starting from that 

developed in Chapter 6, which could be used in procedures for predicting seat 

transmissibility. In other words, the body mathematical model could be used 

under any conditions for seat transmissibility prediction, such as with different 

input vibration magnitudes, different input vibration spectra, hard and soft 

seat, different seat inclinations and different seat backrest angles. 

7.2 Effect of vibration magnitude 

Experimental studies have shown that the apparent mass of the seated 

human body is non-linear with respect to vibration magnitude (e.g. Fairley and 

Griffin 1989, Hinz and Seidal 1987, Mansfield 1994 and Smith 1994). These 

studies show that as the magnitude of random vibration increases the mean 

resonance frequency decreases (Figure 2.15). This implies that when the 

vibration conditions change, the dynamic responses of the human body 

change. However, the previously developed model (see Section 6.3.1 and 

6.3.2) cannot reflect the change of body dynamic response that happens at 

different vibration magnitudes. How to develop a body mathematical model to 

reflect these changes that happen to body apparent mass at varied vibration 

magnitudes is the target of the research in this section. 

7.2.1 Previous experimental results 

Mansfield (1994) investigated the influence of vibration magnitudes on the 

seated body apparent masses. The data that he obtained will be used in this 

study to observe how the vibration magnitudes influence the mathematical 

model, which is used to replace the seated body. In his study, the whole-body 

driving-point apparent masses of twelve persons were obtained with subjects 

seated on a flat rigid seat. Subjects sat on the top plate of a Kistler 9821B 

force platform which was 600 mm wide and 400 mm deep and 470 mm above 

a foot support that moved with the seat. Vertical motion of the platform was 
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measured using an Entran EGCSY-240D*-10 accelerometer mounted 

beneath the seat surface. The experiment was conducted using a one-metre 

stroke electro-hydraulic vertical vibrator in the Human Factors Research Unit 

at the Institute of Sound and Vibration Research. Subjects sat on the seat in 

an upright posture without their backs touching a backrest. 

Subjects were exposed to 60 seconds of Gaussian random vibration with a 

flat constant bandwidth acceleration spectrum between 0.2 and 20 Hz. The 

vibration was presented at six magnitudes: 0.25, 0.5, 1.0, 1.5, 2.0 and 2.5 

ms"^ r.m.s. Signals from the accelerometer and the force platform were 

conditioned and acquired at 100 samples per second via 33 Hz anti-aliasing 

filters. Twelve male subjects participated in the experiment. 

7.2.2 Human body mathematical model 

A two-degree-of-freedom model, proposed in Chapter 6, was used to fit the 

experimental data (Figure 6.4). The model has two mass-spring-damper 

systems, m^, k^, Ci and m2, k2, C2, supported on a mass, m. The model is 

merely an equivalent mechanical model, which can give the correct body 

response to vertical vibration in the frequency range from 0.5 to 20 Hz, and 

not a model that represents how the body moves during vibration. 

7.2.3 Model parameters acquired and discussion 

The model in Figure 6.4 was fitted separately to the moduli and the phases of 

the apparent masses measured for each of the twelve subjects. The fitting 

was performed by curve fitting using IVIATLAB 'fmins' version 4.0. The least 

square error method and an optimisation algorithm were utilised (Dierckx 

1995) as before. 

Figure 7.1 compares the mean measured and mean fitted apparent masses 

for the 12 subjects at the six magnitudes of vibration. When the mean 

measured data were fitted the model masses kept fixed (i.e., only model 

stiffness and damping changed). How to fix the model masses is explained in 

Section 7.2.5. Different results were obtained by fitting to the modulus and 
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Figure 7.1.Using a two-degree-of -freedom model to fit the mean phase of 
twelve subjects' apparent mass ( measured, fitted). 

phase of the apparent mass. It was found that by fitting to the phase, the 

differences in phase between the measured and predicted responses were 
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minimised without increasing the differences in the modulus. The phase fitting 

method was therefore selected. Table 7.1 shows the model parameters 

obtained for all twelve subjects at the six magnitudes by fitting to the phase of 

the apparent mass. In the calculation of the mass m, the weight of platform 

(16 kg) was subtracted. Table 7.1 shows also the fitting result from mean 

measured data. It is a result coming from all model masses fixed condition. 

Table 7.1 Twelve subjects' six magnitudes moc el parameters by fitting phase. 

Subject Magnitude 
(rn/s:) 

ki 
(N/m) 

C1 
(Ns/m) 

k2 
(N/m) 

C2 
(Ns/m) 

m 
(kg) 

mi 

(kg) 

m2 
(kg) 

s i 0.25 60089 703 30641 538 8.7 1&3 33J 
0.5 40161 433 29138 611 7.0 8.5 34^ 
1.0 31992 344 24925 523 7.3 8.2 3&5 
1.5 29965 357 22182 445 7.4 9.0 324 
2.0 29589 431 20159 363 7,3 11^ 3&0 
2.5 24554 371 17971 371 7.2 10U3 31^ 

s2 &25 32243 75 89178 1482 7.2 1.6 5&5 
0.5 26859 57 77110 1494 7.3 1.3 51.1 

1.0 20583 43 65509 1422 7.0 1.0 51^ 
1.5 25850 61 59696 1301 7.2 1.2 512 
2.0 19588 48 54731 1249 7.3 0.9 513 
2.5 25421 76 53842 1199 7.2 1.2 51.1 

s3 0.25 80920 126 79097 2142 6.0 1.1 523 
0.5 61723 710 54955 1088 8.0 1&9 41.1 
1.0 53219 668 46473 975 8.3 11.2 4&1 
1.5 37092 375 37315 792 9.9 8.5 413 
2.0 46799 611 32436 658 9.5 1^3 37.2 
2.5 47216 617 33546 598 9.3 1&3 37J 

s4 0.25 55903 463 48936 668 9.6 11^ 37^ 
0.5 64764 777 33934 412 9.4 17.3 30.6 
1.0 57342 797 26442 315 9.6 19.2 28.6 
1.5 46003 608 26509 412 9.1 15.8 32.5 
2.0 44726 763 21300 275 9.3 20.3 27.8 
2.5 42212 729 20773 296 9.1 19.4 28.9 

s5 0.25 45020 155 75401 1531 8.1 2.1 4&5 
0.5 43957 164 65450 1518 7.9 2.1 4&9 
1.0 37296 118 54758 1318 8.5 1.9 4&3 
1.5 43185 175 53459 1259 8.1 2.5 4&0 
2.0 6473 1912 41307 722 3.6 16.1 3&9 
2.5 11379 1551 40975 847 4.9 11.6 421 
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Subject Magnitude 
(m/s:) 

5 ki 
(N/m) 

C1 

(Ns/m) 
k2 

(N/m) 
C2 

(Ns/m) 

m 
(kg) 

mi 

(kg) 

m2 

(kg) 
s6 0.25 33172 380 88525 1916 8.3 28.9 3&3 

0.5 21715 249 84749 1893 8.8 24.3 40J 
1.0 13659 168 60857 1848 8.1 18.5 4A3 
1.5 12417 140 47454 1768 7.2 16M 507 
2.0 11797 133 52572 1663 8.2 17.0 487 

2.5 10999 179 45545 1594 6.5 16M 513 

s7 0.25 67046 853 38186 478 8.7 14J3 3&0 

0.5 68134 1002 32283 367 8.4 18J 3&1 

1.0 57664 891 27259 334 8.7 f A 9 3&0 

1.5 46352 743 25594 357 8.9 1&5 322 

2.0 41875 688 23203 321 9.3 1&8 315 
2.5 39750 789 20971 267 8.7 18J3 2&3 

s8 0.25 113320 1422 42770 349 5.5 22^3 216 

0.5 103021 1048 39671 382 5.1 1&3 2&0 
1.0 88386 1417 34202 356 4.8 22/1 2&2 
1.5 68486 1139 28576 305 6.0 22J 24^ 
2.0 61055 1043 26327 291 6.5 212 24^ 

2.5 52734 898 28244 339 6.2 1&4 2&9 

s9 0.25 84492 1402 51544 559 5.9 20L4 329 
0.5 70811 1452 34085 413 6.8 23.8 27.8 

1.0 67279 961 35113 436 8.7 18L5 311 

1.5 47299 1052 30514 441 8.2 1EL7 31.4 

2.0 48570 715 32779 466 9.0 16x2 33J 

2.5 41613 924 24551 338 8.5 20.1 29.6 

slO 0.25 13420 29 101810 1743 8.7 4.9 52.0 

0.5 8650 25 86373 1548 9.6 3.6 52.3 
1.0 42891 415 38933 1405 8.5 26.1 31.0 

1.5 22998 183 52777 1465 8.4 18.3 38.9 

2.0 24285 200 45429 1276 9.3 20.1 3&1 

2.5 18734 152 45174 1258 9.3 16.9 39.3 

Sl1 0.25 30241 67 53085 1044 9.1 1.2 4&0 

0.5 19782 33 41069 1039 8.7 0.8 4&2 

1.0 9396 17 32535 991 8.2 0.5 4&0 
1.5 13601 28 30863 920 8.3 0.7 4&8 

2.0 12383 24 28442 871 8.5 0.6 4&6 

2.5 15124 34 28749 843 8.0 0.7 4&0 

s12 0.25 24752 139 51452 1279 6.0 4.4 3&0 
0.5 34028 372 29666 781 6.5 10M 327 

1.0 41201 737 14304 318 6.8 21^ 210 
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Subject Magnitude 
(nVs') 

ki 
(N/m) 

C1 

(Ns/m) 
k2 

(N/m) 
C2 

(Ns/m) 

m 
(kg) 

mi 
(kg) 

m2 

(kg) 
1.5 35462 587 16786 385 6.9 17/2 25/1 
2.0 35462 587 16786 385 6.9 17.2 2&4 
2.5 32350 489 20420 448 6.6 14JG 2&2 

mean 0.25 38474 596 47150 954 8.1 128 37^ 
0.5 42650 666 41331 823 8.1 128 37.2 

1.0 35143 642 35413 768 8.1 12L8 37^ 
1.5 31568 607 31720 678 8.1 12̂ 8 37.2 

2.0 29043 571 30078 654 8.1 12L8 37.2 
2.5 27528 548 29005 625 8.1 12.8 37.2 

Although Figure 7.1 showed only the mean subjects' curve fitting results at six 

different magnitudes, individual subject result is similar to this. The results 

confirm that a two degree-of-freedom model can provide a reasonable 

prediction of the apparent mass of human body. 

7.2.4 Dependence of model parameters on vibration magnitude 

Statistical tests were conducted to investigate the correlation between the 

parameters of the mathematical model and the vibration magnitude. The 

Spearman rank correlation was used with a significance criterion of p<0.05. 

Change in model stiffness with vibration magnitude 

Table 7.2 shows that there were significant negative correlations between 

vibration magnitude and stiffness for both /fi and /ca (p<0.05, except for 

subjects 10, 11 and 12 in respect of /fi , and subject 3 in respect of l<2). 

Subject 10 showed a positive correlation between vibration magnitude and k-\. 

A negative correlation indicates that the model stiffness decreased with 

increasing vibration magnitude. 

Change in model damping with vibration magnitude 

The damping represented by ca shows a highly significant negative correlation 

with vibration magnitude for all subjects (p<0.05). Although the damping 

represented by ĉ  also has a negative correlation coefficient for all subjects, 

the correlation is not statistically significant for subjects 6, 8 , 9 , 1 0 and 12. 
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Table 7.2 The statistical correlation between vibration magnitudes and model 

ki & magnitude Ci & magnitude k2 & magnitude 02 & magnitude 

Subject Correlation 

coefficient 

range 

(-1 to 1) 

Significance 

level 

Correlation 

coefficient 

range 

^1b1) 

Significance 

level 

Correlation 

coefficient 

mnge 

^1b1) 

Significance 

level 

Correlation 

coefficient 

range 

p1b1) 

Significance 

level 

1 -1^00 ^00 -1.000 ^00 -1^00 ^00 -1.000 ^00 

2 -.9429 ^05 -7714 ^72 -1^00 ^00 -1.000 ^00 

3 -.8286 .042 -.9429 ^05 ^7714 ^72 -.9429 ^05 

4 -1.000 ^00 -.8407 ^36 -1.000 ^00 -^429 ^05 

5 -1.000 ^00 -7714 ^72 -1.000 ^00 -1.000 .000 

6 -.9429 ^05 -J429 787 ^9429 ^05 -1.000 ^00 

7 -1.000 ^00 -.8286 ^42 -1.000 ^00 -1.000 .000 

8 -1.000 000 -.3143 .544 -1.000 ^00 -^429 ^05 

9 -1.000 ^00 -.3714 ^68 -^429 ^05 -.9429 ^05 

10 ^000 ^08 ^7143 .111 -1.000 ^00 -1.000 ^00 

11 ^3714 .408 -.8286 ^42 -.9429 ^05 -1.000 ^00 

12 -.4638 .354 -.4638 .354 -^817 ^50 -.9856 ^00 

7.2.5 Modification of mathematical model 

The parameters of the model varied with vibration magnitude. This non-

linearity could be represented by a new non-linear model. Alternatively, the 

phenomenon could be represented by a linear model in which the parameters 

are fixed at different values appropriate for specific magnitudes of vibration. 

The second option has been developed here. 

It seems reasonable to vary only the stiffness and damping of the model to 

provide a fit for each of the six magnitudes of vibration. Although an improved 

fit to the measured data could be obtained by also varying the masses, the 

data in Figure 7.1 suggest this may be unnecessary. 
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The masses of the model (m, mi, and mz) were fixed according to the mass 

statistics found in a previous study (Wei and Griffin, 1998): 

/M 

TM) = 22 % M 

= 64 % M 
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Where m is the total mass of the subject supported by the seat (i.e. the 

subject sitting weight). 
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Figure 7.3 Twelve subjects' stiffness kg and damping Cz at different 

magnitudes (mass fixed). 

The same two-degree-of-freedom model in Figure 6.4 was used to fit the 

experimental data provided by each subject. However, the masses were fixed 

(as above) according the sitting weight of each subject. The subject mass was 
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determined from the apparent mass at 0 Hz which means the subject static 

weight on the force plate. In fact, we can not obtain the apparent mass at 0 

Hz, The apparent mass at the lowest frequency can represent approximately 

weight of the subject. 

The damping and stiffness values determined by fitting are shown in Figure 

7.2 and 7.3. It can be observed that the model stiffness and damping have 

distinctive changes with the different vibration magnitudes. The cause of this 

change can be observed from Figure 7.4. The resonance frequency of the 

mean measured apparent mass decreased clearly with increase in vibration 

magnitude. 

The mean stiffness and damping values calculated for the twelve subjects at 

each magnitude were used to determine average model parameters. Figure 

7.5 shows the mean stiffness and damping values for the twelve subjects at 

each magnitude. It is clear that the stiffness and damping decrease with 

increasing input vibration magnitude. In order to find equations to represent 

the change of every parameter at different input vibration magnitudes, the 

simplest equations are proposed here. These equations are: 

k, 
-

-6^ 

f<2 = a. - 6 2 

Ci = 83 - b s 

C2 = a . 

(7.1) 

Where: ai to 84, bi to b4 and di to d4 are unknown coefficients, which are 

obtained using a curve fitting technique (Figure 7.5). The acquired parameters 

were found to be following; 

a i=4668 , 61 =-30495, =-0.3167 

32=12442, 62=-22653, dg =-0.3537 

83=1166, 63=416, dg =0.2972 

3^=696, 6^=59, =1.0288 
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Figure 7.4 Mean measured apparent masses at different vibration magnitude 

Substituting for ai to 84, bi to b4 and di to d4 above gives into equations 7.1, 

the modification of the stiffness and damping will be expressed as follov\/ing: 

= 4 6 6 8 + 3 0 4 9 5 x x - 0 . 3 1 6 7 

kg = 1 2 4 4 2 + 2 2 6 5 3 X X -0.3537 
( 7 . 2 ) 

= 1 1 6 6 - 4 1 6 X X : 0 . 2 9 7 2 

1.0288 Cg = 6 9 6 - 5 9 X X 

Where x (m/s^ rms) is the acceleration magnitude of the random vibration 

used in the experiment. 

Substituting equations (7.2) into equations (6.27) and (6.28) gives the 

equations representing a two-degree-of-freedom model which can be used at 

different vibration magnitudes. 

Figure 7.5 compares the mean fitted values of stiffness and damping with 

those predicted from the above regression equations. The final data are listed 

in Table 7.3. The predicted values of stiffness and damping are similar to the 

mean fitted data, so it seems reasonable to use the above expressions for 

stiffness and damping in a new model of the apparent mass of the human 

body. 
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Figure 7.6 compares the mean measured apparent mass at each magnitude 

with that predicted using the modified model equations. The final data are 

listed in Table 7.3. The predicted values of stiffness and damping are similar 

to the mean fitted data, so it seems reasonable to use the above expressions 

for stiffness and damping in a new model of the apparent mass of the human 

body. 
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Table 7.3 Modified model stiffness and damping (from equation 7.2). 

ki ci k2 cz 

Magnitude modified value modified value modified value modified value 

0.5 42649 677 41590 827 
1.0 35163 637 35095 750 
1.5 31488 606 31989 697 
2.0 29153 576 30047 655 
2.5 27482 545 28675 620 

7.2.6 Discussion and conclusion 

The apparent mass differed between subjects, so different model parameters 

were obtained while fitting apparent mass for different subjects (Table 7.1). 

Because large differences exist in model parameters for different subjects, the 

responses of a large number of subjects should be measured to obtain a 

universal model to represent the response of subjects to vertical vibration. 

The data shown in Figure 7.1 indicate that the two-degree-of-freedom 

mathematical model can provide a good fit to measured data. A decrease in 

both stiffness and damping appeared in the model when the vibration 

magnitude increased. 

There are clear and consistent differences in the dynamic response of the 

body as the magnitude of vibration changes. Although the causes of the non-

linearity are not clear, it is obvious that the specification of the mechanical 

impedance or apparent mass of the body should be specific to a limited range 

of vibration conditions. In this study, the effect is shown as a function of 

vibration magnitude, but the application of the findings should recognise that 

the bandwidth of the vibration spectrum may also have an influence. Hence, 

the response at a given magnitude shown by this study may be somewhat 

different from the response at the same magnitude when a different vibration 

waveform is used. 

The two-degree-of-freedom model parameters developed here are different to 

the model parameters to that in Chapter 6, because they were based on 
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different measured apparent masses. In Chapter 6, the model stiffness and 

damping for the mean measured data were fixed. They are ki=35007 N/m, 

k2=33254 N/m, Ci=815 Ns/m and C2=484 Ns/m. However, in this study, they 

are expressed in equation 7.2. The stiffness and damping vary with different 

input vibration magnitudes. When the input vibration magnitude is 1.0 ms"^ 

rms, which is same as in the study in Chapter 6, the corresponding 

parameters of stiffness and damping of the model derived here are 35095 

N/m, 35163 N/m, 750 Ns/m and 637 Ns/m. Little differences exist in 

parameters of both models. The differences between both models are -88 

N/m (ki), -1909 N/m (kg), 65 Ns/m (ci) and -153 Ns/m (ca). Therefore, the 

parameters of the model (Chapter 6) at different vibration magnitudes should 

be the values calculated from equation 7.2 plus the differences shown above. 

7.3 Effect of seat cushion inclination 

In order to define a standard procedure for predicting seat transmissibility, it is 

necessary to understand those factors that significantly affect the measured 

subject apparent mass. These factors include the shape of the indenter head, 

the seat inclination, the vibration magnitude, the vibration spectrum, the seat 

backrest, and the subject posture. Therefore, a knowledge of the influence of 

seat inclination is needed when predicting seat transmissibility from 

mathematical models of the seat and the human body. 

7.3.1 Hypotheses 

It was expected that subject apparent mass would vary with different seat 

inclinations because of postural changes (Fairley and Griffin, 1989; Griffin 

1990), even if a subject remained upright in the seat. 

7.3.2 Materials and methods 

7.3.2.1. Subjects 

Ten male subjects participated in the study. They were staff and students of 

the University of Southampton. Their mean age was 31.9 years, mean height 

1.72 m, mean weight 69.6 kg (Table 7.4). 
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7.3.2.2. Equipment and data collection 

The experiment was conducted using an electro-hydraulic vertical vibrator 

having a maximum stroke of 1 metre. A flat rigid wooden seat with a surface 

inclination variable between 0° and 23° was used. 

Subjects sat on the seat in an upright posture with their backs not touching a 

backrest and with their hands resting on their knees. The feet of the subjects 

were supported on a platform that moved with the seat. The footrest height 

was adjusted by adding height beneath the feet so that all subjects had similar 

thigh and seat contact areas. 

Table 7.4 Subject Characteristics 
subject age(yean^ stature (m) total weight (kg) 

1 33 1.82 83 
2 24 170 65 
3 25 1.85 75 
4 22 1.68 73 
5 35 170 62 
6 39 1.68 65 
7 35 1.68 72 
8 40 1.68 70 
9 32 1^8 63 
10 34 1J4 68 

The apparent masses of all ten subjects were measured with the subjects 

sitting on the seat keeping an upright posture. Motions of the seat were 

measured using Entran EGCSY-240D*-10 accelerometers mounted both 

beneath the seat and on the seat surface. The dynamic force was measured 

at the same point as the accelerometer using a Kistler 9821B force platform. 

Figure 7.7 shows orientation of the force plate and accelerometer related to 

the seat surface. 

Sixty seconds of Gaussian random vibration with a flat constant bandwidth 

acceleration power spectrum over the frequency range 0.2 to 25 Hz was 

presented at 1.5 ms'^ r.m.s. The signal was generated, and the acceleration 

and force signals were collected and analysed, using an HVLab system. 
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The measurements of subject apparent mass were obtained with five 

inclinations on the supporting surface of the wooden seat: 0°, 5°, 10°, 15° and 

20°. The seat was either horizontal or inclined to the rear (i.e., lower at the 

rear than the front). 

Accelerometer a, 

Accelerometer a 

Force plate 

Figure 7.7 Force plate and accelerometers arrangement on the seat surface 

7.3.3 Results 

Figure 7.8 shows the mean of the ten subjects' apparent masses calculated 

between the force indicated by the force transducer and the acceleration 

indicated by the accelerometer on the horizontal base beneath the seat. One 

reason for a subject's apparent mass changing as the seat inclination 

increased is that the measured force is less than the true vertical force (see 

Figure 7.7). 

Statistical tests were conducted to determine the significance of the changes 

in apparent mass with changing seat inclination. The Friedman test was 

conducted at each 0.25 Hz increment up to 15 Hz using a significance 

criterion of p<0.01. 

The apparent masses were significantly influenced by seat inclination 

between 0 and 1 Hz, between 4.75 and 5.5 Hz, and between 6.75 and 7.5 Hz 
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(Table 7.5, Friedman test p<0.01). At other frequencies the Friedman test 

indicated that there were no statistically significant changes with seat 

inclination (i.e. p>0.01). Wilcoxon matched-pairs signed ranks tests between 

the apparent masses measured at pairs of inclinations showed that the 

differences occurred mainly between the horizontal seat (0 degree inclination) 

and the other conditions, with the apparent mass decreasing at frequencies 

below 5.5 Hz and with no significant change at higher frequencies (Table 7.6). 

100 

i 
E 
c 
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6 9 

Frequency (Hz) 

Frequency Hz 

Figure 7.8 Mean apparent mass modulus and phase for 10 subjects at 

different seat inclinations. 

210 



Tab^ 7.5. 
inclinations 

Comparison of measured apparent masses between five 

Frequency 
(Hz) 

Significance 
level p 

Frequency 
(Hz) 

Significance 
level p 

Frequency 
(Hz) 

Significance 
level p 

0.00 0 .0013 5.00 0.0006 10.00 0.5853 

0.25 0.0009 5.25 0.0023 10.25 0.4834 

0.50 0 .0013 5.50 0.0079 10.50 0.3540 

0.75 0 .0127 5.75 0.0248 10.75 0.0263 

1.00 0 .0005 6.00 0 .0553 11.00 0.0149 

1.25 0.0210 6.25 0 .2042 1 1 2 5 0.0860 
1.50 0.0174 6.50 0.0588 11.50 0.0639 

1 7 5 &1618 6.75 0.0065 1 1 7 5 0.0264 

2.00 0 .0463 7.00 0.0174 12.00 0.1093 
2.25 0.2799 7.25 0.0094 12/25 0.0097 
2.50 0.2471 7.50 0.0081 12.50 0.1771 

2.75 0.0109 7 7 5 0.0109 12.75 0.5690 

3.00 0.0614 8.00 &1172 13.00 0.5842 

3.25 0.0298 8.25 0.3386 13.25 0.4834 

3.50 &1018 8.50 0.8879 13.50 0.5541 
3.75 0.2311 8 75 0.8372 13.75 0.5394 

4.00 0.0496 &00 0.3600 14.00 0.5842 

4 2 5 0.1353 9.25 0.2250 14.25 0.4306 

4.50 0.0131 9.50 0 .0852 14.50 0.3653 
4.75 0.0007 9.75 0.0632 14.75 0.4873 

7.3.4 D i s c u s s i o n 

Subject postural changes can result in significant changes in apparent mass 

(e.g. Kitazaki and Griffin, 1998). When subject posture changes from erect to 

normal and to slouched, the principal resonance frequency of the normalised 

apparent mass decreases, and the magnitude of the principal resonance 

frequency decreased. The effect of subject posture was sufficient to require 

that subjects keep the same posture in the present experiment as the seat 

inclination varied. 

7.3.5 Conclus ion 

As expected, the apparent mass changed with change in seat inclination. 

However the change of the apparent mass was not significant when the 

subject kept an upright posture at different seat inclinations (Figure 7.8). 
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Table 7.6 Comparison of measured apparent masses between inclinations 
0° and 5°, 0° and 10°, 0° and 15°, 0° and 20° over the significant change 

Frequency 
(Hz) 

Significance 
level p (0°-5°) 

Significance 
level p (0°-10°) 

Significance 
level p(0°-15°) 

Significance 
level p (0°-20'') 

0.00 0.3722 0.0111 0 .0269 0.0203 
0.25 0.0373 0.0076 0 .0260 0.0203 

0.50 0.3118 0.0076 0.0147 0.0074 

0.75 0.3722 0.0502 0 .3979 0.0074 

1.00 0 .2583 0.0076 0 .1079 0.0074 

4.50 0.0658 0.0076 0 .0076 0.0378 

4 .75 0.0072 0.0072 0 .0072 0.0102 

5.00 0.0076 0.0076 0.0076 0.0207 

5.25 0.0076 0.0107 0.0076 0.0378 

5.50 0.0076 0.0281 0.0076 0.1369 

6.75 0.3131 0.9526 0.1091 0.1226 

7.00 0.1082 0.5933 0.1712 0.3131 

7.25 0.2127 0.5933 0 .2596 0.2596 

7.50 0.3734 0.2596 0 .1723 0.4405 

Therefore, it is unnecessary to pay attention to seat inclination when subject 

apparent mass is measured. 

7.4 Effect of seat backrest 

Experimental studies have shown that a seat backrest and the backrest angle 

can influence the measured seat transmissibility (Fairley and Griffin, 1989; 

Lewis & Griffin, 1996). A systematic investigation of the effect of backrests on 

subject apparent mass is needed to decide how to modify the seat-person 

model so as to make it suitable. In a seat-person system, the seat backrest 

may influence the mechanical subsystem representing the human body but 

will not alter the subsystem representing the seat cushion supporting the 

body. 

The main purpose of this study was to contribute to an improved mathematical 

model of the apparent mass of the seated person that could be used to predict 

seat transmissibility. The geometric form of a two-degree-of-freedom model 
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previously developed by Wei and Griffin (1998a) was used to fit the 

experimental data. 

7.4.1 Experimental method 

The whole-body driving-point apparent masses of 10 men were obtained with 

the subjects seated on a flat rigid seat. Subjects sat on the top plate of a 

Kistler 982IB force platform that was 600 mm wide, 400 mm deep and 470 

mm above the foot support. The foot support moved with the seat but was not 

supported on the force platform. Vertical motion of the platform was measured 

using an Entran EGCSY-240D*-10 accelerometer mounted beneath the seat 

surface. The experiment was conducted using a one-metre stroke electro-

hydraulic vertical vibrator in the Human Factors Research Unit at the Institute 

of Sound and Vibration Research. The input vibration was a random vibration 

with a flat constant bandwidth acceleration spectrum between 0.5 and 30 Hz 

at an unweighted acceleration magnitude of 0.5 ms'^ r.m.s. 

Subjects sat on the seat in six different conditions: (a) no backrest, (b) rigid 

vertical backrest (i.e. 0°), (c) soft backrest at 0°, (d) rigid backrest at 10°, (e) 

rigid backrest at 15°, and (f) rigid backrest at 20°. The soft backrest consisted 

of the rigid backrest with an additional square block of foam (60mm thick, 

400mm wide, 500mm high). The subjects were supported by the force 

platform (and the backrest); the backrest was not supported on the force 

platform. 

Subjects were exposed to 60 seconds vibration with a frequency range from 

0.5 to 30 Hz. Signals from the accelerometer and the force platform were 

conditioned and acquired at 400 samples per second via 60 Hz anti-aliasing 

filters. 

Nine male and one female subject participated in the study. They were staff 

and students of the University of Southampton. Their mean age was 36.7 

years, mean height 1.74 m, and mean weight 71.0 kg (Table 7.7). 
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Table 7.7 Subject characteristics 
subject age (years) stature (m) total weight (kg) 
1 (male) 36 1.68 75 
2 (male) 41 1J0 65 
3 (male) 37 1.77 71 
4 (male) 41 1.68 72 
5 (female) 37 1.65 60 
6 (male) 26 1.80 73 
7 (male) 42 173 68 
8 (male) 35 1.80 74 
9 (male) 33 1.85 86 
10 (male) 39 1.73 66 

Measures of apparent mass are reported here after the subtraction of the 

mass of the platform above the force cells. 

7.4.2 Human body mathematical impedance model 

The two-degree-of-freedom model from Chapter 6 was used to fit the 

experimental data (see Section 6.3.2 and Figure 6.4). 

7.4.3 Results and model parameters 

Figure 7.9 shows the mean measured apparent mass of the 10 subjects for 

the six sitting conditions when using random vibration. Some individual 

examples, including coherence, are given in Appendix B. When subjects sat 

without a backrest, the resonance frequency of the apparent mass was lowest 

and the apparent mass at resonance was a little higher than in the other 

conditions. It can also be observed that at frequencies below the resonance 

frequency the apparent mass was higher than when subjects sat with a 

backrest. This may be because a part of the sitting mass on the force platform 

was transferred to the seat backrest when subjects sat in contact with the 

backrest. 

With the 0° backrest angle, when the backrest changed from soft to hard, the 

resonance frequency increased, although there was no change in the 

apparent mass at resonance. At frequencies above resonance, the apparent 

mass was greater with the rigid backrest than with the soft backrest. 
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As the backrest angle increased with the rigid backrest, the resonance 

frequency of the apparent mass increased but the apparent mass at 

resonance remained unchanged. At frequencies less than the resonance, the 

apparent mass decreased with increasing backrest angle. These changes 

may have been caused by the mass transferring from the seat surface to the 

backrest. 
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Figure 7.9 Mean apparent masses often subjects with different sitting conditions. 

The mean measured apparent masses in the different seating conditions can 

be compared in Figure 7.9. It is clear that there were significant differences in 

the measured apparent mass with different backrest conditions, and hence a 

new model, or a modified model might be developed to represent the new 

data. Because a useful two degree-of-freedom model has been previously 

defined (Wei and Griffin 1998a), and its application gives useful predictions of 

seat transmissibility when there is no backrest, modifications to this model for 

different backrest conditions might be more appropriate than the development 

of a new model. 

The two-degree-of-freedom model in Figure 6.4 was used to fit the measured 

apparent masses and obtain all model parameters. However, it seemed 
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unnecessary to change all model parameters when the sitting condition 

varied. 

Figures 7.10 to 7.16 show the sensitivity of the apparent mass to each of the 

seven parameters in the two degree-of-freedom model shown in Figure 6.4. In 

these figures, the first model parameter (i.e. the first value of each parameters 

expressed in every Figure) comes from the values found by Wei and Griffin 

(1998a) for a group of 60 subjects (24 men, 24 women and 12 children) as 

measured by Fairley and Griffin (1989). It can be observed that changes to 

the masses m, mi and ma have a similar effect on apparent mass at 

frequencies below resonance. However, when mass m increases, the 

apparent mass rises at all frequencies, which is not consistent with the 

measured apparent mass in Figure 7.9, so it was not selected as a useful 

model parameter to vary. When mi decreases, the resonance frequency 

increases and the apparent mass at resonance decreases. However, when 

m2 decreases the resonance frequency is unchanged but the apparent mass 

decreases. It seems that parameter mi is a critical parameter for fitting the 

changes in apparent mass measured here, although it causes an unobserved 

change in the apparent mass at resonance. 

Figures 7.13 and 7.14 show the effect of the subsystem stiffness ki and 

subsystem damping Ci. As the stiffness ki increases, the resonance 

frequency and the apparent mass at resonance both increase. Changes in the 

stiffness ki may therefore offset the undesired changes arising from changes 

in mi. The influence of parameter Ci is the same as that of damping in a 

simple one degree-of-freedom system. 

Figures 7.15 and 7.16 show the function of subsystem stiffness k2 and 

subsystem damping C2. These two parameters have only a small effect on 

model predictions and mainly affect apparent mass at frequencies above 

resonance. Consequently, only the parameters of one subsystem were 

selected for optimisation when fitting the measured data; mi, ki and Ci. 
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Figure 7.10 The sensitivity of model parameter m in the prediction of apparent 
mass 
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Figure 7.11 The sensitivity of model parameter mi in the prediction of apparent 
mass 
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Figure 7.12 The sensitivity of model parameter mg in the prediction of apparent 
mass 

217 



100 

i 
E 

I & 
< 

k1=35007 

k1=45007 

k1=55007 

10 

Frequency (Hz) 

Figure 7.13 The sensitivity of model parameter ki in the prediction of apparent 
mass 
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Figure 7.14 The sensitivity of model parameter Ci in the prediction of apparent 
mass 
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Figure 7.15 The sensitivity of model parameter k2 in the prediction of apparent 
mass 
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Figure 7.16 Ttie sensitivity of model parameter Ca in the prediction of apparent 
mass 

For each of the five sitting conditions without the soft backrest, the model in 

Figure 6.4 was fitted separately to the mean often subjects' apparent masses. 

The fitting was performed using MATLAB (version 4.2). 

Figure 7.17 shows the results using the two degree-of-freedom model to fit the 

mean of the ten subjects' experimental data in the five sitting conditions. 

When subjects sat without a backrest, all of the model parameters (i.e. m, mi, 

m2, ki, ci, ka and ca) were obtained through the MATLAB fitting software using 

as the starting values the parameters previously found by Wei and Griffin 

(1998a). When the sitting conditions changed, the model parameters m, ma, 

ka and ca were unchanged and only three parameters (mi, k̂  and ci) were 

varied. All model parameters optimised for the different sitting conditions are 

listed in Table 7.8. It appears that the mass mi decreased while the stiffness 

ki and the damping Ci increased as the sitting condition changed from without 

backrest to a backrest angle of 20°. 

7.4.4 Modification of mathematical model 

The parameters of the model varied with different backrest conditions. This 

change could be represented by a new model in which parameters vary as a 

function of backrest angle. Alternatively, the phenomenon can be represented 

by a model in which the parameters are fixed at values appropriate for specific 
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backrest conditions. The second option has been developed here (see Table 

7.8 and Figure 7.17). 

CO 
(/) 

c 
2 
ro 
Q . 
Q . 

< 

90 

/ \ No backrest / \ Hard backrest 0° / \ Hard backrest 10°. 

60 • V • \ " 
30 - V - : 

0 0 

Hard backrest 15°" y%\ Hard backrest 20°" 

60 \ : 
30 

10 15 5 10 15 20 

Frequency (Hz) 

Figure 7.17 Comparison of mean measured apparent mass and response of two 
degree-of-freedom model ( measured data, model prediction). 

The transmissibility of a seat predicted with a seat-person model having the 

different parameters is shown in Figure 7.18. The seat model and seat 

parameters come from Chapter 5. It can be seen that when using the different 

parameters of the human body model, the predicted seat transmissibilities 

also varied. With the subject against the backrest and with the backrest angle 

increasing, the predicted resonance frequency and the transmissibility at 

resonance increased, but at frequencies higher than 10 Hz, the changes are 

small. 

The values in Figure 7.18 were predicted using apparent mass data for the 

conditions when there was either no backrest or a rigid backrest; but vehicle 

seats usually have soft backrests. The coupling between the back and a soft 

backrest merits further investigation and it should not be assumed that the 

model in Figure 6.4 or the values in Table 7.8 are optimal. Consequently, the 
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values in Figure 7.18 may not be found in practice. The primary interest in 

Figure 7.18 is the illustration that changes in body apparent mass of the type 

shown in Figure 7.9 affect seat transmissibility. 
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Figure 7.18 Prediction of seat transmissibility using model parameters for different 
backrest angles. 

Table 7.8 Model parameters for each backrest condition. 

random vibration 

condition m m i m2 k i Ci k2 C2 

non-backrest 5.05 34/4 6.4 43605 835 30472 208 

Rigid backrest 0° 5.05 32.6 6.4 54326 932 30472 208 

Rigid backrest 10° 5.05 31.3 6.4 58136 941 30472 208 

Rigid backrest 15° 5.05 31^ 6.4 63119 962 30472 208 

Rigid backrest 20° 5.05 29.8 6.4 64324 988 30472 208 

7.4.5 Discussion and conclusion 

The apparent mass of the body differs between subjects and different model 

parameters can be obtained for each subject. However, fitting to the mean 

subjects data can provide a model that represents the average response of 

subjects (see Chapter 6). Figure 7.17 suggests that the two degree-of-
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freedom mathematical model used here can provide a good fit to measured 

mean data with different backrest conditions. 

This study shows that there are clear and consistent differences in the 

dynamic response of the body as the backrest condition changes. Although 

the causes of the changes are not clear, it is obvious that the specification of 

the apparent mass of the body should depend on the backrest conditions. 

It is concluded that a two-degree-of-freedom mathematical model can provide 

a good fit to the apparent mass of the seated human body in the vertical 

direction. A decrease in the mass mi, and an increase in both the stiffness ki 

and the damping ci might be used to represent changes that occur when 

there is increased contact with a backrest. However, further investigation of 

the interaction between the seated body and backrests is required. 

7.5 Effect of hard seat and soft seat as well as vibration 

spectra 

It has been shown that the sitting posture, footrest, backrest, vibration 

magnitude all cause the changes of body apparent mass and mechanical 

impedance. However, there has been little investigation of the effect of a soft 

seat on body apparent mass. A systematic investigation of the effect of a soft 

seat on subject apparent mass is needed to decide how to modify the seat-

person model so as to make it suitable. In a seat-person system, a hard seat 

may result in a different mechanical response of the human body from a soft 

seat. 

The main purpose of this study is to contribute to an improved mathematical 

model of the apparent mass of the seated person that could be used to predict 

seat transmissibility. The effect of the input vibration spectrum on the apparent 

mass was also investigated because the vibration waveform from the surface 

of a hard seat and a soft seat are different. Again, the geometric form of a 

two-degree-of-freedom model previously developed in Chapter 6 was used to 

fit the experimental data. 
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Comparison of power spectral density on hard seat and soft seat surface 

Hard seat 

Soft seat 

Frequency (Hz) 

Figure 7.19. Power spectrum on a hard seat (1.47 m/s^ rms magnitude) and 
a soft seat (0.86 m/s rms magnitude) 

7.5.1 Hypothesis 

There are differences in human body dynamic response between a hard seat 

and soft seat for the follow reasons: 

® Vibration magnitude on the seat surface is different from the magnitude 

beneath the seat (Figure 7.19) so the body response may be different due 

to non-linearity (see Section 7.2). 

• The vibration spectrum is changed. Gaussian random vibration with equal 

energy at each frequency was used in the hard seat driving point apparent 

mass experiment. The same vibration spectrum used in the soft seat test 

but the vibration energy distribution on the soft seat surface varied (Figure 

7.19). 

7.5.2 Materials and methods 

Due to the difference of the input vibration on the seated subject (Figure 7.19), 

an investigation of the effect of input spectrum is needed to confirm whether 

the change of subject apparent mass is caused by different input spectrum 

rather than the difference of seats. In other words, the soft seat itself may not 

be the cause of any change in body response. 
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Figure 7.20 Three vibration input spectra with 0.5 ms"^ r.m.s. magnitude 

The same hard seat, shaker and instruments (Section 7.4.1) were used to 

conduct experiments. The soft seat was a hard seat modified by adding a 

block of square foam. The foam was TDI foam, which had a density of 50 

kg.m^ and a size 500mm wide by 420mm deep and 110 mm thick. Three 

different input vibration spectra were used: (i) random vibration with a flat 

constant bandwidth acceleration spectrum between 0.5 and 30 Hz at an 

unweighted acceleration magnitude of 0.5 ms"^ r.m.s., (ii) vertical floor 

vibration measured in a car and presented at a magnitude of 0.5 ms'^ r.m.s. 

(unweighted), and (iii) vertical seat surface vibration measured in the same 

car at the same time and presented with the same unweighted vibration 

magnitude of 0.5 ms"^ r.m.s. (see Figure 7.20). The three input signals had the 

same sixty-second duration, the first signal, the random vibration, was used in 

a first experiment to investigate the effect of hard and soft seat on body 

apparent mass. The second experiment used all three input signals to 

investigate the effect of the input spectrum on body apparent mass. 

Again, the two-degree-of-freedom model proposed in Chapter 6 was used to 

fit the first experimental data (Figure 6.4), but the model for the second 

experiment was different. Figure 7.21 shows the model used to fit the data 

from the second experiment. This is a human body and seat model. The 

stiffness k and c represent the seat dynamic characteristics. They have been 

obtained through an indenter test and measured data curve fitting. 
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Figure 7.21 The model for seated subject on soft seat. 

7.5.3 Results 

Ten subjects participated in this study. Figure 7.22 shows the mean of the ten 

subject apparent masses measured on the hard and soft seat. The mean of 

the fitted curves for hard and soft seats are also shown in Figure 7.22. The 

individual measured and fitted curves are similar to the curves shown in 

Figure 7.22, so they are not presented in here. 

All parameters acquired by curve fitting shown in Table 7.9. When using the 

two-degree-of-freedom model fitted the measured data, the model frame 

mass, m, was consistent. Figure 7.23 shows the differences of the two-

degree-of-freedom body model parameters between the two test conditions. 

The stiffness, ki and k2, the damping, Ci and C2, and the mass, ma, decreased 

but the mass, mi, increased using the soft seat to replace the hard seat. 

Taking vibration magnitude into account, it means that the stiffness, the 

damping and the mass, rr\2, decreased but the mass, mi, increased as the 

vibration magnitude decreased. This result is different from previous 

conclusions, in which the stiffness and the damping of the model decreased 

as the vibration magnitude increased. The reason for this phenomenon 
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presumably is; (D the change of the model mass, (D the change of input 

vibration magnitude and (D the change of the input vibration waveform. 

mean measured hard seat 

mean fitted hard seat 

mean measured soft seat 

mean fitted soft seat 

10 15 

Frequency (Hz) 

Figure 7.22 Mean measured apparent mass on soft and hard seat as well as 
the curve fitting results. 
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Figure 7.23 The comparison of model parameters between hard seat and soft 
seat 
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Figure 7.24 Seat transmissibility prediction by using hard seat and soft seat 
acquired model parameters 

Figure 7.24 shows the seat transmissibility predicted by using the two-degree-

of-freedom model. The model parameters come from fitting the measured 

apparent mass from the hard seat and the soft seat data. It is clear that the 

model parameters for apparent mass coming from the hard seat can produce 

a better prediction result, especially at frequency above 6 Hz. It can also be 

observed that the real seat transmissibility is always between the two 

prediction curves for frequency below 6 Hz. 
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Table 7.9 Two-degree-of-freedom-model parameters 

Subjects Seat ki 
(N/m) 

Ci 
(Ns/m, 

ki 
(N/m) 

C2 
(Ns/m] 

m 
(kg) 

/77i 
(kg) 

1712 
(kg) 

Total 
mass 
(kg) 

1 Hare 30192 204 45183 821 19.6 7.6 36^ 64 

Soft 1757 167 26764 478 151.6 13.6 31.9 

2 Hare 40162 340 49490 632 16.7 7.2 31^ 55^2 

Soft 4896 314 23723 252 16.7 14J 19.3 

3 Hare 28715 323 34534 2131 15.8 21.4 40.7 78.7 

Soft 16773 117 1654 1663 15.8 15.3 47.0 

4 Hard 25192 304 46453 735 16.6 8.4 38.8 63U8 

Soft 9342 293 35764 598 16.6 16.2 30L2 

5 Hard 2875 33 47497 1635 16x8 4.0 36.9 57M 

Soft 8716 70 13933 494 15L8 6.8 25u2 

6 Hard 13198 143 24979 1137 9.3 11.9 31^ 52.8 

Soft 3310 308 16805 244 9.3 2 0 ^ 22.2 

7 Hard 2545 357 75827 1783 15.8 2 1 ^ 24.8 63.3 

Soft 12714 215 2274 603 15^ 16L8 22.1 

8 Hard 43783 368 45157 638 19J 10^3 30.5 60.5 

Soft 18517 197 7156 474 19.7 14.0 21J 

9 Hard 17134 208 65195 752 16.5 16^ 19.8 53.5 

Soft 994 65 21208 370 16.5 5.2 23^ 

10 Hard 40162 340 47320 632 16.5 10L2 30^ 57.6 

Soft 5896 294 19723 433 16.5 14.1 25^ 

For the second experiment, the mean measured apparent masses for the 10 

subjects with the three different input spectra (Figure 7.20) for each of the six 

different sitting conditions are shown in Figure 7.25. Statistical tests were 

conducted to determine the significance of the changes in apparent mass with 

changing input spectra. The Friedman test was conducted at each 0.391 Hz 

increment up to 23 Hz using a significance criterion of p<0.01. 
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Figure 7.25 The mean apparent masses often subjects with different backrest 
conditions ( car seat surface spectrum, random spectrum, 

car floor spectrum) 
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Table 7.10 shows the statistical results. With no backrest, the body apparent 

mass was significantly influenced by the input spectra between 1.56 and 4.3 

Hz, between 5.47 and 6.25 Hz, and between 15.2 and 16.4 Hz, as well as 

7.03 Hz, 10.5 Hz, 13.7 Hz, 17.6 Hz, 20.3 and 22.7 Hz (p<0.01). At other 

frequencies there was no significant difference in apparent mass between the 

input spectra. With other conditions having hard and soft backrests, there 

were similar differences in apparent mass between the three input vibration 

spectra. 

Table 7.10. Comparison of measured apparent masses between three input 
spectra (Friedman test). 

Frequency Significance Frequency Significance Frequency Significance 
(Hz) level p (Hz) level p (Hz) level p 

0.0000 0.0247 7.8100 0.0017 15.6000 0.0055 
0.3910 0.6703 8.2000 0.6703 16.0000 0.0033 

0.7810 0.7408 8.5900 0.3012 16.4000 0.0071 

1.1700 0.0136 8.9800 0.0611 16.8000 0.0247 

1.5600 0.0033 9.3800 0.4966 17.2000 0.2319 

1.9500 0.0007 97700 0.0330 17.6000 0.0074 

2.3400 0.0002 10.2000 0.4966 18.0000 0.1538 

2.7300 0.0001 10.5000 0.0022 18.4000 0.3872 

3J300 0.0001 10.9000 0.0208 18.8000 0.4966 

3.5200 0.0002 11.3000 0.0608 19.1000 0.0383 

3.9100 0.0002 11.7000 0.4966 19.5000 0.0330 

4.3000 0.0079 12.1000 0.0383 19.9000 0.0125 

4.6900 0.6703 12.5000 0.5836 20.3000 0.0055 

5.0800 0.1225 12.9000 0.2725 20.7000 0.0045 

5.4700 0.0074 13.3000 0.5004 21.1000 0.0921 

5.8600 0.0007 13.7000 0.0055 21.5000 0.9048 

6.2500 0.0012 14.1000 0.0608 21.9000 0.9048 

6.6400 0.0247 14.5000 0.0247 22.3000 0.2725 

7.0300 0.0055 14.8000 0.0022 22.7000 0.0022 

7.4200 0.4966 15.2000 0.0055 23.0000 0.1096 

7.5.4 Discussion 

There were significant differences of vibration magnitudes between the 

surface of a hard seat and a soft seat and these changes resulted in variation 

of human body dynamic response. 
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It is reasonable to use a two degree-of-freedom model to represent the human 

body dynamic response in the vertical vibration. Using this model, a good 

product of apparent mass on a hard seat can be obtained. In fact, a good 

product of apparent mass on a soft seat can also be obtained. 

The parameters of the human body two degree-of-freedom model coming 

from a hard seat and a soft seat were different. This means that the dynamic 

responses of the seated body might be different between sitting on a hard 

seat and a soft seat. However, the cause of this change was not clear. The 

changes of subject posture, vibration magnitude and vibration spectra all 

could cause this difference. The seat transmissibility predictions showed that 

the model parameters from the hard seat seemed more reasonable than the 

model parameters from the soft seat. 

The differences between the vibration on the hard seat and the soft seat were 

vibration magnitude and vibration spectrum. Further study using the vibration 

spectrum coming from a soft surface to vibrate a subject sitting on a hard seat 

should be considered. This will be helpful for building standard human body 

mathematical models. 

7.5.5 Conclusions 

There were significant differences in vibration on the hard seat and on the soft 

seat and these changes resulted in difference in the human body dynamic 

responses. 

The parameters of the two-degree-of-freedom model derived from the hard 

seat and the soft seat were different. Although these parameters gave good 

predictions for human body apparent masses, the data from the soft seat did 

not give such a good prediction of seat transmissibility. The parameters from 

the soft seat may not be suitable for predicting seat transmissibility. 
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When subjects changed their sitting condition from hard seat to soft seat, the 

model stiffness, and k2, model damping, Ci and C2, and mass, m2, 

decreased, but model mass, mi, increased, except for some subjects. 

Using three very different spectra with the same unweighted r.m.s. 

acceleration, there was a statistically significant effect of the spectra on 

apparent mass, but the magnitude of the effect was small. This is reasonably 

consistent with the study conducted by Sandover (1978) who found no 

difference in apparent mass when using two input vibration spectra of the 

same vibration magnitude, with one spectrum having more energy at high 

frequencies and the other having more energy at low frequencies. The 

differences in apparent mass between the spectra were small compared to 

differences previously seen with a fixed spectrum of vibration at different 

magnitudes. It seems that when different input spectra have the same energy 

(e.g. the same unweighted r.m.s. magnitude) over a range of low frequencies 

but a different energy distribution, the measured apparent masses may be 

similar. 

7.6 Conclusions 

The dynamic response of the body varies when the magnitude of vibration 

changes. The response of the sitting body to vertical vibration is non-linear. 

Although the causes of the non-linearity are not clear, it is obvious that the 

specification of the apparent mass of the body should be specific to a limited 

range of vibration conditions. 

Using a two-degree-of-freedom mathematical model to fit the measured data, 

a decrease in both stiffness and damping appeared in the model when the 

vibration magnitude increased. This implies that a non-linear model should be 

developed to represent the apparent mass at various vibration magnitudes. 

However, the phenomenon could be represented by a linear model in which 

the parameters are fixed at different values appropriate for specific 

magnitudes of vibration. The corresponding model has been proposed here. 
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and found suitable for different vibration magnitudes, but it is still a linear 

model. 

The new model parameters derived here are different from the model 

parameters derived in Chapter 6, because different human subjects have 

been measured. However, the model stiffness and damping are similar to the 

previously developed model (Chapter 6) at the same vibration magnitude. 

The vertical apparent mass varied with variations in seat inclination. However, 

the change of the apparent mass was not significant when subjects kept 

upright postures at different seat inclinations. Therefore, if subject apparent 

mass is measured with an upright posture, it is unnecessary to pay attention 

to seat inclination. 

There are clear and consistent differences in the dynamic response of the 

body as the backrest condition changes. Although the causes of the changes 

are not clear, it is obvious that the specification of the apparent mass of the 

body should depend on the backrest condition. 

Using a two-degree-of-freedom mathematical model to fit the measured data, 

different model parameters appeared when the seat backrest angle changed. 

A decrease in the mass mi, and an increase in both the stiffness ki and the 

damping Ci could be used to represent changes that occur when there is 

increased contact with a backrest. This suggests that a modification of the 

model proposed in Chapter 6 might give satisfactory predictions of body 

apparent mass at different backrest conditions. However, further investigation 

of the interaction between the seated body and backrests is required. 

The apparent mass of the seated human body was influenced by the input 

spectrum even if the spectrum has the same overall r.m.s. magnitude. 

However, the influence of the vibration spectrum is not large. The differences 

in apparent mass between the spectra were small compared to differences 

previously seen with a fixed spectrum of vibration at different magnitudes. 
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The parameters of the two-d eg ree-of-freed om model derived from a hard seat 

and a soft seat were different. The model parameters from the soft seat did 

not give such a good prediction of seat transmissibility. The model parameters 

from the hard seat will be preferred in predicting seat transmissibility. 

When subjects changed their sitting condition from hard seat to soft seat, the 

model stiffness, ki and k2, model damping, Ci and C2, and mass, ma, 

decreased, but model mass, mi, increased, except for some subjects. 

Considering the effect of vibration magnitude, this phenomena is opposite to 

the previous study (see Section 7.2) because the vibration magnitude on the 

soft seat surface was less than that on the hard seat surface. 
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CHAPTER 8 

PREDICTING SEAT TRANSIVIISSIBILITY 

8.1 Introduction 

As discussed in the literature review, there were many methods to obtain seat 

transmissibility, but the prediction method was a new one and it was hoped to 

be developed into a standard method. This chapter deals with the prediction 

of seat dynamic performance without using human subjects. The method is 

based on separate measurements of the impedance of the seat and the 

impedance of the human body. A preliminary study (see Chapter 4) showed 

that the method could give useful predictions in limited conditions. The study 

here will investigate the possibility of using the method in normal conditions, 

such as predicting seat transmissibility as measured in the laboratory and in 

the field and for subjects sitting with and without backrest. 

An advantage of the mathematical method of prediction is that it encourages 

the development of a better understanding of the dynamic performance of 

seat components (e.g. suspensions, foams, covers). Eventually, with a full 

understanding of the role and dynamic performance of each seat component it 

may be possible to predict seat dynamic performance from the physical and 

chemical construction of the various seat parts. By these means a 

mathematical model could be used to identify the desired dynamic properties 

of a seat and the method of achieving this performance could also be 

predicted. For example the required mix of foam ingredients might be 

predicted. 

The prediction of seat transmissibility requires knowledge of the mechanical 

impedance of the seated human body. The study in Chapter 6 has developed 

two optimum models of the impedance of the seated body: a single-degree-of-

freedom model and a two-degree-of-freedom model. The two-degree-of-

freedom model has been further developed in Chapter 7 so that it could be 
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used in different test environments, such as different vibration magnitudes and 

different backrest inclinations. The seat impedance has been studied in 

Chapter 5. A seat model has been put forward based on the measurement of 

seat impedance, which were obtained by a defined seat test method - the 

indenter method. The prediction of seat transmissibility from two seat-person 

models, which were two degree-of-freedom and three degree-of-freedom 

models, will be compared in this study. 

The purpose of the study in this chapter is to assess the accuracy of the 

prediction method through a comparison between measured and predicted 

seat transmissibility. The seat transmissibility will be measured in two 

conditions, in the laboratory and in the field. Factors affecting seat 

transmissibility will also be investigated so that reliable seat transmissibility 

can be obtained. 

8.2 Seat transmissibility measurement 

The transmissibility of a seat is the ratio of the vibration at the seat surface to 

the vibration at the base of the seat. An accelerometer placed on the surface 

of the seat may cause discomfort to the subject, thereby inducing a different 

posture and causing a change of the seat transmissibility. Therefore, a 

suitable measurement device is needed to measure seat transmissibility. The 

Society of Automotive Engineers (SAE 1974) recommended a semi-rigid disc 

containing accelerometers to measure the vibration on a seat surface. It is 

called the "SAE-pad". 

In vehicles, there are different vibrations at the different floor parts. Hence, 

selecting a correct place to measure seat base vibration is important. 

Messenger et al. (1992) suggested that the accelerometer placed on the 

vehicle chassis should be located within a circle of 200 mm diameter centred 

directly beneath the seat. 

The aim of this study is to predict seat transmissibility. The method to assess 

the prediction method is comparing the predicted result with the measured 
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seat transmissibility. Therefore, obtaining good measured seat transmissibility 

is important. This study was designed to investigate the effect of some factors 

on measured seat transmissibility. 

8.2.1 Factors affecting seat transmissibility 

Laboratory measurements of the transmissibilities of seats and cushions have 

often employed horizontal seats. In practice, car seats are usually inclined 

because seat comfort is increased in static conditions when a rearward 

inclination forces the back against the backrest. Therefore, a knowledge of the 

influence of seat inclination is needed when measuring seat transmissibility or 

predicting seat transmissibility from mathematical models of the seat and the 

human body. 

8.2.1.1 Hypothesis 

It was hypothesised that seat transmissibility will decrease with increasing 

seat inclination because the measured 'vertical' acceleration, a2z, is less than 

the true vertical acceleration, as, (Figure 8.1). 

a 

42,(d( 

a (^) 

a A 

Figure 8.1 Transmissibility measures 
for an inclined seat. 

8.2.2 Experimental method 

Ten male subjects participated in the study. A one metre electro-hydraulic 

vertical shaker was used. A wooden seat was used (see Section 7.3.2.2) with 

a square block of foam (109mm thick, 500mm wide, 500mm deep) placed on 

the seat surface as a cushion on which subjects sat (Figure 8.2). The wooden 

seat inclination could be adjusted according to requirement. 
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The cushion transmissibility was measured with each of the ten subjects. 

IVlotions of the seat were measured using Entran EGCSY-240D*-10 

accelerometers mounted beneath the seat and on the seat surface. The 

motion at the interface between the subject and the cushion was measured 

using a SAE pad (Figure 8.2). 

SAE pad 

Cushion 

Accelerometer a,, and a 

Accelerometer a, 

Accelerometer a 

/ / / / / / 

Figure 8.2. Seat and accelerometers arrangement 

Force plate 

Subjects kept an upright posture with their backs not touching the backrest 

during the experiment. The subject was exposed to vertical random vibration 

in the frequency range from 0.2 to 25 Hz with a magnitude of 1.5 ms"^ r.m.s. 

The measurements of seat transmissibility were obtained with five inclinations: 

0°, 5°, 10°, 15° and 20°. 

8.2.3 Data analysis 

The following frequency response functions can be defined: 

Three seat transmissibilities, T{co)\ 

T,(») 
32z((^) 
a(m) 

(8.1) 
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ir,((o) = (8/2) 

w 
a(m) 

Tsfo)) = (8X3) 

Where: a^ = 32Z 
cos(6^ 

as 

~^2z 

a 

<9= arc tan^^ ® 
^2z 

Figure 8.2 illustrates the measurement orientations for the three seat 

transmissibilities with a seat inclination, ff. The acceleration a2z, measured on 

the seat surface within the SAE pad, was not in the true vertical vibration, 83, 

except when the seat inclination was 0 degrees (Figure 8.1). The acceleration, 

a2x, was measured at the same location on the seat surface and might be 

described as the fore-and-aft acceleration, but it was only in a horizontal 

direction when the seat inclination was 0 degrees. Figure 8.2 shows that the 

acceleration a? was measured in the same direction as a^z but was measured 

on the force plate. The vertical acceleration, a, of the vibrator was measured 

at the seat base. 

8.2.4 Results 

8.2.4.1 Effect of seat inclination 

Figure 8.3 shows for one subject the changes in cushion transmissibility, 

measured between the accelerometer azz (in the SAE pad) and the vertical 

accelerometer a (on the horizontal surface beneath the seat) as the seat 

inclination increased from 0° to 20°. Figure 8.4 shows similar data when the 

transmissibility was calculated between the accelerometer a2z (in the SAE 

pad) and the accelerometer ai (on the inclined surface beneath the seat). 

Figure 8.5 shows similar data when the transmissibility was calculated 

between accelerometer a2z (in the SAE pad after correction for the assumed 

inclination of the pad) and accelerometer a (on the horizontal surface beneath 
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the seat). Data from the other subjects were generally similar to those 

illustrated. 

S 1.5 

0.5 

5 10 

Frequency (Hz) 

Figure 8.3 Seat transmissibility, Ti{cl>), for one subject. 

^ as -

5 10 

Frequency (Hz) 

Figure 8.4. Seat transmissibility, T2{(X>), for one subject. 

S 1.5 

5 10 

Frequency (Hz) 

Figure 8.5. Seat transmissibility, Tzia)) for one subject. 
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Figure 8.6 Mean seat transmissibility, 7i, for 10 subjects at different seat 
inclinations. 

Figure 8.6 shows the means of the cushion transmissibilities, T-\, obtained with 

the 10 subjects when sitting with the different inclinations. Although with every 

subject the seat transmissibility varied with changes in seat inclination, the 

mean change was small. 

From Figure 8.6 it is seen that the cushion transmissibility tended to decrease 

at frequencies close to, and below, the resonance frequency as the seat 

inclination increased. This might be partially explained by the angle of 

inclination causing the acceleration a2z to be less that the acceleration 83 

(Figure 8.1). 

Statistical tests were conducted to determine the significance of the changes 

in transmissibility and apparent mass with changing seat inclination. The 

Friedman test was conducted at each 0.25 Hz increment up to 15 Hz using a 

significance criterion of p<0.01. 

Table 8.1 shows that the transmissibilities were significantly influenced by 

seat inclination between 1 and 3.75 Hz, between 8 and 9.75 Hz, and between 

12 and 14.75 (Table 8.1, p<0.01). At other frequencies there was no 

significant change with seat inclination. Wilcoxon matched-pairs signed ranks 
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Table 8.1. Comparison of measured cushion transmissibilities between five 

Frequency Significance Frequency Significance Frequency Significance 
(Hz) level p (Hz) level p (Hz) level p 

0.00 0.3183 5.00 0.7358 10.00 0.0114 
0.25 0M126 5.25 0.1765 10.25 0.0261 
0.50 0.0174 5.50 0.2270 10.50 0.0301 
0.75 0.0191 5.75 0.2270 10.75 0.0186 
1.00 0.0030 6.00 0.1933 11.00 0.0125 
1.25 0.0007 6.25 0.1933 11.25 0.0168 
1.50 0.0015 6.50 0.1661 11.50 0.0093 
1.75 0.0018 6.75 0.1351 11.75 0.0159 
2.00 0.0012 AOO 0.2523 12.00 0.0031 
2.25 0.0033 7.25 &1712 12.25 0.0019 
2.50 0.0007 7.50 0.0708 12.50 0.0031 
2.75 0.0016 7.75 0.0432 12.75 0.0011 
3.00 0.0002 8.00 0.0070 13.00 0.0008 
3.25 0.0000 &25 0.0068 13.25 0.0028 
3.50 0.0000 8.50 0.0033 13.50 0.0034 
3.75 0.0019 875 0.0026 13.75 0.0016 
4.00 0.0316 9.00 0.0021 14.00 0.0007 
4^5 0.5859 9.25 0.0040 14.25 0.0031 
4.50 0.8043 9.50 0.0042 14.50 0.0090 
475 0.3848 975 0.0030 14.75 0.0063 

tests between transmissibilities measured at pairs of inclinations showed that 

the differences occurred mainly between the horizontal seat (0 degree 

inclination) and the other conditions (Table 8.2). As the seat inclination 

increased, the transmissibility decreased between 1 and 3.75 Hz and 

increased at frequencies between 8 and 9.75 Hz and between 12 and 14.75 

Hz. 

The frequency regions over which the seat inclination had a significant 

influence on cushion transmissibility are different from those where there was 

a significant change in apparent mass (see Section 7.3). However, it is known 

that cushion transmissibility is partially determined by subject apparent mass. 

At some frequencies both the apparent mass and the transmissibility 

changed, and the two changes may be associated. However, in general, even 

when both the subject apparent mass and the cushion transmissibility both 

changed, the change in apparent mass seems insufficient to explain the 

change in cushion transmissibility. This could be observed from the 

243 



Table 8.2. Comparison of measured cushion transmissibilities between 
inclinations 0° and 5°, 0° and 10°, 0° and 15°, 0° and 20° over the significant 

Frequency 
(Hz) 

Significance 
level p (0°-5°) 

Significance 
level p (0°-10°)) 

Significance 
level p (0°-15°) 

Significance 
level p (0''-20°) 

1.00 0.5907 0.3097 0.8658 0.0189 
0.2059 01082 0.4418 0.0592 

1.50 0.3105 &1091 0.3734 0.0069 
175 0.4416 0J122 0.2855 0.0050 
2.00 0.3118 &1094 &1917 0.0189 
225 0.0741 0.0733 &0277 0.0077 
2.50 0 0279 0.0109 0.0125 0.0050 
2.75 0.0378 0.0189 0.0209 0.0050 
3.00 0.0093 0.0050 0.0049 0.0049 
3 ^ 5 0.0050 0.0050 0.0050 0.0050 
3.50 0.0069 0 0050 0.0050 0.0050 
3V5 0.0068 0.0123 0.0069 0.0093 
8.00 0.0069 0.0108 0.0093 &0218 
8.25 0.0069 0.0069 0.0069 &0218 
&50 0.0069 0.0069 0.0069 0.0166 
8.75 0.0069 &0051 0.0069 0.0166 
9.00 0.0093 0.0093 &0051 0.0166 
9.25 0.0125 0.0125 0.0051 0.0281 
9.50 0.0093 0.0069 aoo5 i &0218 
975 0.0051 0.0093 0.0051 0 0367 
12.00 0 0367 0.0125 0.0069 0.0051 
12.25 (10469 0.0125 0.0051 0.0051 
12.50 0.0593 0.0125 0.0069 &0051 
12.75 0.0469 0.0125 0.0051 0.0050 
13.00 0.0829 0.0125 0.0051 0.0051 
13.25 0.0928 0.0218 0.0069 0.0051 
13.50 0.1141 01818 0.0069 0.0051 
13J5 0M394 0.0218 0.0069 0.0050 
14.00 0.1394 0.0218 0.0051 0.0051 
1425 &1688 0.0284 0.0069 0.0069 
14.50 0.3329 0IW69 0.0165 0 0093 
14J5 0.2845 0.0506 0.0125 0.0069 

comparison between the change in apparent mass (Figure 7,8) and the 

change in cushion transmissibility (Figure 8.6). 

8.2.4.2 Seat transmissibilities at different measured positions 

The seat transmissibilities Ti{co) and T^ico) were calculated from the 

acceleration measured at different acceleration measured positions. Figure 

8.7 compares the three cushion transmissibilities at each of the five 

inclinations for one typical subject. Other subjects gave similar results and 

showed that at angles up to 20 degrees the accelerometer orientation had 

little affect on the measured vertical seat transmissibility. 

244 



8.2.5 Discussion 

Figure 8.6 shows that with increased seat inclination the cushion 

transmissibility decreased at low frequencies (below about 6 Hz) and 

increased at higher frequencies. This means that increased seat inclination 

will tend to improve dynamic cushion comfort at the resonance frequency but 

degrade dynamic comfort at higher frequencies, assuming other aspects of 

comfort are not changed by the seat inclination (e.g. an effect of increased 

contact with the seat backrest). However, the changes appear to be small. 

[5 
CO 
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0 5 10 0 5 10 15 

Frequency (Hz) 

Figure 8.7. Seat transmissibilities 7"i(a'), 7^(6)) and Tsict)) at different seat 
inclinations for one subject. {T-\{£t>) , Tzico) , 7 (̂6?) ). 

The seat transmissibility may have changed with seat inclination because 

either the subject apparent mass changed or the cushion dynamic properties 

changed. The cushion thickness in the true vertical direction increased as the 

seat inclination increased, so the cushion stiffness will have slightly decreased 

and the cushion damping will have varied for similar reasons. The change of 

subject apparent mass may have affected cushion transmissibility at low 
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frequencies (see Section 7.3), but it seems insufficient to explain the change 

in transmissibility at high frequencies. 

Figure 8.7 shows that similar seat transmissibilities were obtained for Ti{a>) 

and T^(&'). This suggests that the orientation of the accelerometers is not of 

prime importance when measuring seat transmissibility on surfaces inclined 

by up to 20 degrees. The hypothesis 8.2.1.1 is therefore false. 

8.2.6 Conclusion 

As expected, the study here revealed that the transmissibility of a cushion 

changed as the seat inclination varied. Compared with previous studies - the 

influence of seat inclination on apparent mass (see Section 7.3) and the 

influence of seat inclination on seat impedance (see Section 5.3), it could be 

observed that the influence of the seat inclination on seat transmissibility was 

greater than on apparent mass and on seat impedance. The change of the 

seat transmissibility may be caused by both the change of apparent mass and 

the change of the seat impedance as the seat inclination changed. 

The accelerometers placed at different positions (see Figure 8.2, ai and a) 

and the orientation of the accelerometers had no significant influence on the 

measured seat transmissibility. Therefore, we do not need to pay more 

attention on them when we measure seat transmissibility. 

8.3 Predicting seat transmissibility from seat-person model 
A seat model has been developed in Chapter 5. The indenter test rig has 

been defined to measure seat impedance, which can be used to obtain the 

parameters of the seat model. The seat model combines with the seated body 

model that was proposed in Chapter 6 to compose a seat-person model, 

which will be used to predict the seat transmissibility in various vibration 

environments (see Chapter 7). 

The purpose of the study in this section is to assess the accuracy with which 

seat transmissibility can be predicted from the proposed models of human 
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mechanical impedance and alternative measurements of seat mechanical 

impedance. The seat transmissibility predictions will be performed for two 

environments: the laboratory and the field (in cars). 

8.3.1 Predicting seat transmissibility measured in the laboratory. 

Seat transmissibilities measured in the laboratory have high repeatability and 

high coherency because of the controlled single input vibration. So, the 

prediction method will be assessed first using laboratory measurements. 

8.3.1.1 Experimental measurements 

The experiments were conducted separately with a car seat and with a 

rectangular sample of foam. The car seat was the driving seat from a modern 

small family car. It was constructed from a steel frame with moulded foam 

supported from beneath by a contoured steel seat pan and fully encased 

within a cover. The TDI foam in the seat had a density of 50 kg.m^. The 

rectangular sample of foam was 500mm wide by 420mm deep and 120mm 

thick. It is described as a 'soft feeling type' polyurethane foam used for car 

seating. It had a density of approximately 40 kg.m^ and a hardness of about 

7.0 kPa. 

8.3.1.1.1 Measurement of seat mechanical impedance with an indenter 

The indenter test rig and instruments are described in Chapter 5 and 

Appendix A. A SIT-BAR was used as the indenter. The force on the indenter 

and the acceleration at the base of the seat were measured during a 100 s 

period of random vibration (0.5 ms'^ r.m.s.) produced by the electrodynamic 

vibrator. The vibration had a flat acceleration power spectral density over the 

range 1.0 to 30 Hz (± 10%). 

The measurements were obtained with each of 6 pre-loads (SOON to SOON) 

applied to the surface of the seat and the foam sample. Signals from the force 

transducer and the accelerometer were signal conditioned and were acquired 

at 100 samples per second into an HVLab system via 50Hz anti-aliasing filter. 

8.3.1.1.2 Measurement of seat transmissibility using human subjects 
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The transmissibilities of the seat and the foam were measured while they 

supported 8 male subjects (mean age 35 years; mean mass 64 kg). Again, 

the base of the seat was excited by a 100 s period of random vibration at 0.5 

ms'^ r.m.s. (see Figure 8.8). The vibration at the subject-seat interface was 

measured using an Entran piezo-resistive accelerometer (type EGCSY-240*-

10) in an SAE pad (see ISO 10326-1, 1992). All subjects kept upright postures 

with their backs not touching the seat backrest and with their hands resting on 

their knees. The feet of the subjects were supported on a stationary footrest 

with a height was adjusted according to subject height so that the same 

contact area between the subject thighs and the seat was kept. 

8.3.1.2 Theory and results 

8.3.1.2.1 Indenter 

A simple model which includes only stiffness, k, and damping, c, was used to 

represent the foam and the seat. The model parameters were obtained by 

curve fitting. The calculated values of stiffness and damping are tabulated in 

Table 8.3. 

Table 8.3 The stiffness and damping coefficients of the 
seat and foam with different pre-loads. 

seat foam 
Pre-load k c k c 

SOON 42300 260 21167 354 

400N 44121 270 23904 457 
500N 50210 276 25082 515 
600N 59300 280 34903 570 
700N 68000 285 42340 740 
800N 73000 293 54363 831 

8.3.1.2.2 Human subjects 

The prediction of seat transmissibility with human subjects was based on the 

one degree-of-freedom and two degree-of-freedom models developed by Wei 

and Griffin 1998a (from measurements of the apparent masses of 60 subjects 

obtained by Fairiey and Griffin 1989). The two degree-of-freedom model has 

the same form as the model in ISO 5982 (see ISO 5982 1981) but different 

masses, stiffness and damping. The model parameters were determined from 
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the measured apparent masses by curve fitting (Table 8.4). The two seat-

person mathematical models are shown in Figures 8.9 and 8.10, where k and 

c represent the seat or foam dynamic characteristics selected from the 

indenter results in Table 8.3 according to the subject's weight. The 

parameters of the two models of the human body are listed in Table 8.4. 

Table 8.4 Parameters of one degree and two degree of freedom models. 

ki Ci k2 C2 m mi m2 
*Model 1 44130 1485 7.8 43/4 
*IVIodel 2 35776 761 38374 458 6.7 33/4 10.7 

*: Model 1 is one degree-of-freedom model and model 2 is two degree-of-
freedom model (see Table 6,1 and 6.2). 

subjec 

D 

x,(0 

Vibrator 

Figure 8.8 Seat loaded with a person. 

One degree-of-freedom model: 

The response of the one degree-of-freedom model (i.e. Figure 8.9) is given 

by: 

(Xi - x) + (xi - x) = 0 (8.4) 
m^Xi + mx = /c(z - x)+ c(z - x) (8.5) 

The seat (or foam) transfer function is; 

x(o)) A + Bi 
z(G)) D + Ei 

The transmissibility and phase of the seat response are given by: 

(8.6) 

T = 
+B ' 

D" + 5 : 03.7) 
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8 = a tan— atan— 
A D 

(8.8) 

where: 

A = kk^ - {m^k + cc^) co^ 

8 = (ci/c + c/fi) 6) -

O = (/(- (m + m J - cc^) <2;' 

E = [kc^ + k^c -{m^c + mc^ + m^c^) ct?^) co 

ki Ci 

mi 

m 

%\(f) 

z(0 f 

Figure 8.9 First seat/person system model 

Figure 8.10 Second seat/person system model. 

The parameters describing the mechanical impedance of the human body and 

the seat or foam were previously obtained from experimental data by curve 
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fitting, as described in Section 6.3. However, for this single degree-of-freedom 

model, the mass was changed according the real weight of each subject: the 

value of (m + mi) was made equal to the assumed sitting weight of each 

subject (i.e. 75% of the subject's total weight). The values of k-\ and Ci were 

not changed as there was no basis for deciding how these depend on subject 

mass. Equations (8.7) and (8.8) were then employed to predict the seat and 

foam transmissibility for each subject. The predicted transmissibilities are 

compared with the transmissibilities measured with the eight subjects sitting 

on the seat and on the foam as in Figures 8.11 and 8.12. It can be seen that 

the transmissibility at resonance and at higher frequencies is generally well 

predicted by the model. However, the single degree-of-freedom model fails to 

predict the second seat resonance apparent at about 7 or 8 Hz for most 

subjects. 

Two degree-of-freedom model: 

The response of the two degree-of-freedom model of the person combined 

with the seat is given by: 

- x)+ - x) = 0 (8.9) 

m2x2+/c2(x2-x)+c2(x2-x) = 0 (8.10) 

mx + - x)+ c(z - x) (8.11) 

The seat transfer function is given by: 

and the seat transmissibility and phase are given by: 

|T|= T (813) 
^(H + L) +(IV1 + N) 

and 6 = a tan — - a tan ^ ^ ^ (8.14) 
F H + L 

where: 
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F — KP^ — CPJ (O 

G = /FPG — CP| CD 

H = AJPG - P2CC0 - M^K^P^CO^ 

A/ = mgCgf^a;^ + mg/fgCiG?^ 

Pi =mim2<2;'̂  H-ZCi/Cg -(^i/(^2 +/M2^i +G1C2) (5^ 

==(ci/c2 +C2/fJ ^ - (miCg + m 2 c j 

= /fg - rngg; 

2 Pg = k - mo) 

With this model, the mass was not adjusted to the weight of each subject: the 

masses of m, and 1712 were those derived from the previous study (see 

Table 8.4 and Wei and Griffin 1998a). The predicted gains and phases of the 

transmissibilities are compared with the measured transmissibilities using 

human subjects in Figures 8.13 and 8.14. It can be seen that the two degree-

of-freedom model of the human body predicted a second resonance in the 

seat transmissibility and that in many cases this provided a better fit to the 

measured seat transmissibility than was obtained with the one degree-of-

freedom model. Although the predicted phase is closer to the measured 

phase with the two degree-of-freedom model than with the single degree-of-

freedom model, the prediction is less good than for the prediction of the 

modulus. 

Over the group of subjects as a whole, there was an encouraging 

correspondence between the measured and predicted values (Figures 8.15 

and 8.16). When using the two degree-of-freedom model for the foam, the 

mean predicted values fell within the range of the gain and almost within the 

range of the phase values measured for the eight subjects over the frequency 

range 1.25 to 25 Hz. With the seat, the predictions were not so accurate but 

they still fell within the range of measured values of gain and phase over 

much of the frequency range. 
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Figure 8.11. Comparison of measured and predicted foam transmissibility and 
phase when using single degree-of-freedom model for eight different male 
subjects ( measured transmissibility; predicted transmissibility, and 
measured phase; predicted phase). 
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Figure 8.12. Comparison of measured and predicted seat transmissibility and 
phase when using single degree-of-freedom model for eight different male 
subjects ( measured transmissibility; predicted transmissibility, and 
measured phase; predicted phase). 
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Figure 8.13. Comparison of measured and predicted foam transmissibility and 
phase when using two degree-of-freedom model for eight different male subjects 
( measured transmissibility: predicted transmissibility, and measured 
phase; predicted phase). 
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Figure 8.14. Comparison of measured and predicted seat transmissibility and 
phase when using two degree-of-freedom model for eight different male subjects 
( measured transmissibility: predicted transmissibility, and measured 
phase; predicted phase). 
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Figure 8.15 Comparison of measured and predicted foam transmissibility and 
phase ( mean experimental data, maximum experimental data, 

minimum experimental data, single degree-of-freedom model mean 
data, two degree-of-freedom model mean data). 
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8.3.1.3 Discussion and conclusion 

From the measurements of the seat and foam stiffness at different pre-loads 

(Table 8.3) it was seen that the stiffness increased appreciably with increases 

in the load. This may partially explain why measurements of seat 

transmissibility show only small changes in resonance frequency with subjects 

of different mass (e.g. Corbridge and Griffin 1989). 

The methods shown here appear to allow useful predictions of seat 

transmissibility from measurements of the dynamic properties of the seat 

material. This should allow the selection of optimum materials, and the 

generation of optimum shapes of materials, so as to maximise the attenuation 

of vibration to seat occupants. It should be possible to devise a test rig in 

which the SEAT value is produced from measurements of the dynamic 

properties of a material and the known spectrum of vibration in a vehicle (see 

Griffin 1990). 

The SIT-BAR used here gave good results and can be assumed to be a 

reasonable shape for determining the seat dynamic properties (see Section 

5.3). 

Two alternative models of the seat-person system have been investigated. A 

single degree-of-freedom model can adequately reflect the dynamic 

characteristics of the human body at low frequencies and can be used to 

predict seat transmissibility at the seat resonance, usually seen around 3 to 5 

Hz. However a two degree-of-freedom model provides better predictions of 

seat transmissibility: it predicts the second resonance, often seen in 

measurements of seat transmissibility around 8 Hz, and may give useful 

predictions of seat transmissibility at frequencies up to 25 Hz. 

The encouraging results obtained from the prediction method suggest that it 

should allow the prediction of SEAT values for seats used in specific vibration 

environments. 
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Figure 8.16. Comparison of measured and predicted foam transmissibility and 
phased ( mean experimental data, maximum experimental data, 

minimum experimental data. single degree-of-freedom model mean 
data, two degree-of-freedom model mean data). 
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However, these encouraging results were obtained in conditions where the 

subject kept an upright posture with no backrest included and the seat 

transmissibility was measured in the laboratory. Further assessment in field 

conditions is needed. 

8.3.2 Predicting seat transmissibility measured in the field. 

The seat transmissibility measured in the field could differ from that measured 

in the laboratory for several reasons. Seat transmissibility is sometimes 

measured in the laboratory using random vibration with equal energy at each 

frequency while subjects keep an upright posture. In a vehicle a driver leans 

against the seat backrest and the input vibration has a spectrum that is 

characteristic of the car and the road. In addition, any cross-axis coupling in 

the dynamic response of a seat-person system may have important 

implications in field measurements where vibration occurs in many axes. 

Predicting seat transmissibility in the field is therefore far more difficult than 

predicting seat transmissibility in the laboratory. The overall aim of the 

research is to make it possible to predict seat transmissibilities in practical 

situations. 

8.3.2.1 Experimental measurements 

Seat transmissibility measurement 

Measurements were conducted separately in the passenger seats of three 

cars: Mondeo, Fiesta and Jaguar. The transmissibilities of the seats were 

measured while they supported 6 subjects driving over 4 different roads at 

three different speeds: 70, 40 and 30 miles per hour. The four roads were a 

concrete motorway, a tarmac motorway, a tarmac A class road, and tarmac 

rural road. The vibration at the subject-seat interface was measured using an 

Entran piezo-resistive accelerometer (type EGCSY-240*-10) in an SAE pad 

(see ISO 10326-1, 1992). The vibrations at the seat base were measured 

using four Entran piezoresistive accelerometers at the four seat supporting 

corners so that the seat input vibration could be obtained. All subjects 

maintained a normal posture with their backs touching the seat backrest, 

which had a 20° inclination, and with their hands resting on their knees. 
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Measurement of seat mechanical impedance with an indenter 

The indenter test rig was utilized to acquire the seat dynamic properties (see 

Section 8.3.1.1.1). Four input spectra were adopted to represent the four 

different roads. The four input spectra were not the spectra measured on car 

floor, they were spectra calculated from the displacement on the floor 

subtracted from the displacement on the seat. Three random flat vibration 

spectra (0.4, 0.8 and 1.2 m/s^ r.m.s.) were also used over a frequency range 

from 0 to 50 Hz. 

The measurements were obtained with a SOON pre-load applied to the 

surfaces of the three seats. Signals from the force transducer and the 

accelerometer were acquired at 400 samples per second into an HVLab 

system via 100 Hz anti-aliasing filter. Example results are given in Appendix 

B. 

8.3.2.2 Prediction results 

Table 8.5 shows seat model parameters calculated from the indenter test. 

Table 8.4 shows body model parameters at 1.0 m/s^ r.m.s. input magnitude. 

The parameters of the body model for different magnitudes was calculated 

from equation 8.15, which was derived in Chapter 7.2.5. 

= -88 + (12442 + 22653 x 3̂37 j 

/Cg =-1909 +("4668-h 30495 (8.15) 

= -153 + (696 - 59 X j 
Cz = 65 + n 1 66 - 41 6 X ^0 2972 j 

where x is the input vibration magnitude measured at the seat surface (m / s^, r.m.s.) 

The mean input vibration magnitudes for three seats were separately: 0.54 

m/s^ r.m.s. (Fiesta), 0.67 m/s^ r.m.s. (Mondeo) and 0.53 (Jaguar) m/s^ r.m.s. 

Using the seat-person model (Figure 8.10) the seat transmissibility for the A 

road at 30 mile/h speed was predicted as in Figure 8.17. 
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Figure 8.17 Prediction of the three seat transmissibilities 
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Table 8.5 Model parameters for the three seats 
500 N 

Input vibration Mondeo Fiesta Jag uar 
K (N/m) C (Ns/m) K(N/m) C(Ns/m) K(N/m) C(Ns/m) 

Mean roads 71059 192 85229 203 61234 126 
Mean random 57337 121 78620 181 56392 109 

average 67317 172 81924 192 58813 118 

It can be seen that the correspondence between the measured and predicted 

values (Figure 8.17) is not as good as was obtained in the laboratory 

(although still far better than would have been obtained using a rigid mass to 

measure seat transmissibility). The predicted values and measured values are 

similar only below 4 Hz. In the frequency range from 4 to 10 Hz, the predicted 

values are significantly lower than the measured values, at frequencies above 

10 Hz, the difference between them is small. The difference may be caused 

by the seat backrest. It has been shown that the seat backrest has a large 

effect on body apparent mass (see Section 7.4). Hence, a modified model 

should be used to predict the seat transmissibility. 

In the above the body model has been adjusted according to the input 

vibration magnitudes. The model parameters were calculated from equation 

8.15. The modification of the model for different seat backrest inclinations 

should be made according to the study in Section 7.4. A decrease in the 

model mass mi, and an increase in both the model stiffness ki and the model 

damping ci can represent the changes that occur when there is increased 

backrest inclination. The ratios for these three parameters were calculated 

between no backrest and backrest at 20° (Table 7.8). The same ratios were 

used here between the parameters shown in Table 8.4 and the modified 

parameters that will be used to predict seat transmissibility. 

Figure 8.18 shows the results of using the modified seat-person model for 

predicting seat transmissibility. Although this model provides improved 

predictions, the differences between the measured and predicted values are 

still large, especially over the frequency range from 5 to 20 Hz. This suggests 

that the effect of the seat backrest on seat transmissibility is not only caused 

by the response of the seated person, the seat has also an influence. 
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The seat-person model developed in Section 8.3.1.2 is based on a seat and 

human body model derived, respectively, from measured seat and measured 

human body dynamic responses. The role of the seat backrest has not been 

fully considered. Although, a modified model has been developed 

representing the human body that leans against a seat backrest, a seat-

person model derived from it does not reflect the interaction between the seat 

and the body. 

A sensitivity analysis of the seat-person model parameters was required to 

guide the study towards developing an improved model. 

8.3.2.3 Sensitivity of seat-person model parameters 

Figures 8.19 shows the sensitivity analysis of seat-person model parameters. 

The original model parameters come from measurements of the Mondeo seat 

(Table 8.5) and the proposed body model (Table 8.4). The comparison shows 

the predictions of the seat transmissibility between the original model 

parameters, a 10% increase in parameters and a 20% increase in 

parameters. 

It can be observed that a change to the mass, m, had the smallest effect on 

seat transmissibility predictions. An increase in mass, mi caused the 

resonance frequency to decrease but with no change in transmissibility at 

frequencies above 7 Hz. The effect of changes to ma was very small. An 

increase in mass, ma caused the first and second resonance peak to 

decrease but it had no influence at other frequencies. It seems that parameter 

mi is a critical parameter for predicting the measured seat transmissibility if 

there is a change in resonance. The second mass, ma, controls the second 

peak in the seat transmissibility prediction. 

The effect of the subsystem stiffness, ki, and subsystem damping, Ci, was 

significant. As the stiffness ki increased, the resonance frequency and the 

transmissibility at resonance both increased but at frequency above 

resonance the transmissibility decreased from 5 to 12 Hz. The influence of 

parameter, Ci, was different torn the stiffness, ki: when Ci increased, the 

transmissibility increased over the frequency range from 4 Hz to 7 Hz and 

then decreased at frequencies above 7 Hz. 
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Figure 8.18 Comprison between predicted and measured transmissibilities for 
three seats (using modified model) 
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The function of the subsystem stiffness, k2, and the subsystem damping, C2, 

are also shown in Figure 8.19. These two parameters had only a small effect 

on the seat transmissibility predictions compared with the same change in the 

stiffness, ki, and damping, Ci. The effect of C2 on seat transmissibility 

predictions is similar to parameter Ci, 

The effect of the seat parameters, k, and, c, on the seat transmissibility 

predictions is different from corresponding body parameters. As the stiffness, 

k, increased, the resonance frequency increased and the seat transmissibility 

at resonance decreased. Changes in the stiffness, k, may therefore offset the 

undesired increase arising from changes in mi at the resonance frequency. 

However, an increase of stiffness, k, will cause the seat transmissibility to 

increase at frequencies above the resonance frequency. The influence of 

parameter c was very small. Consequently, only changes to parameters mi, 

ki, Ci and k can move the predicted seat transmissibility towards the seat 

transmissibility measured in the field. 

The seat stiffness was measured by the indenter test and was therefore fixed. 

Hence, changes to parameters mi, ki and Ci are the only way to obtain 

improved prediction of seat transmissibility measured in the field. An increase 

of the backrest inclination and a decrease of the input magnitude both 

produced an increase in the model stiffness, ki, and damping, Ci. The 

increases of the backrest inclination also caused a decrease in mass, mi, 

(see Section 7.2 and 7.4). The seat transmissibility measured in the field had 

a large backrest inclination and small vibration magnitude (see Section 

8.3.2.1) so that the modified model used in Figure 8.18 had a greater 

stiffness, ki, and damping, Ci, and a lower mass, mi, than the original model. 

Sensitivity analysis here showed that the previous study of the effect of 

backrest and input magnitude on apparent mass provided a useful method to 

obtain model parameters. Although the final results are not satisfactory, all the 

trends are in the correct direction. 

It appears that the differences between the measured and the predicted seat 

transmissibilities were caused by the seat backrest. Although the effect of 
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backrest has been considered in the body model, the interaction between the 

seat backrest and the body has not been reflected correctly. Therefore, a new 

model is necessary for this condition. 

8.3.2.4 New seat-person model and its function 

Figure 8.20 shows a seated person with backrest. There are two forces 

applied to the seated person. The forces are: force, Fv, from the seat cushion 

and force, Fb, from the seat backrest. The force from the backrest is 

composed of a vertical force, Fi, and a horizontal force, F2. Because only 

vertical vibration is concerned here, the total forces applied to the subject will 

be assumed to be the forces, Fi and Fv, which might be transmitted by the 

seat cushion and the seat backrest stiffness and damping. 

Figure 8.20 Seated person with backrest 

Based on the above assumption, a new model (Figure 8.21) is devised. The 

model includes additional parameters, backrest stiffness, kb, and backrest 

damping, Because the mass supported by the seat backrest is only part of 

the body mass, only mass, mi, is connected to the seat base through the 

backrest stiffness and damping in the whole seat-person system. 
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m 

Figure 8.21 IVlodel for seat-person system with seat backrest 

The equations of motion of this model (Figure 8.21) are given by: 

- x) + - x) + - z) = 0 (8.16) 

mzXg + /f2(x2 - / ) + C2(x2 - x) = 0 (8.17) 

mx + /c(x - z) 4- c(x - z) + /(̂ (x - x j + Ci(x - x j + /̂ (̂x - Xg) 4- C2(x - Xg) = 0 (8.18) 

F(t) = mx + m̂ x̂  + mgX; 

F(t) = /f(z - x) + c(z - x) + /(̂ (z - x j + Cj,(z - x) 

Upon taking the Laplace transforms and substituting coi for s, the model in the 

frequency domain becomes: 

' iW = 
/C| +c^ict) 

X&!)+ - 2 ( 4 
{k^+kj^^—rn^G) +(c^+c^)/<x? (k^+kf^^—ni^(D +(c^+c^)/® 

x M ' . M 
/f2 — m2 4- 02^0) 

- mci)^ + k + k^ + /f2 + (c + + C2 )/fy]x(^y) — (k^ + c-^icojx^ 

(/Cg + ((y) - (/c + c/<2;)z(6;) = 0 

Substituting for Xi(mj) and X2(cuj) above gives: 

(a^ + 83 + Gg — mco a , + ^ z ( m ) 
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Where: 

9̂  — /f + CicD 

ag = /Cg + 

8g = /Cg "t" Cg/A) 

== + /C(, + (Ci + )/6) -

^5 ~ + Cf^ico 

ag = + C1/6; 

The seat transmissibility is ratio of x( &>) to z( co). 

Comparing this model with the previously developed model, it can be seen 

that the stiffness and damping of the interaction between the back and the 

seat backrest are included (the interaction may include the action of the seat 

backrest and the body back tissue). However, the values of these two 

parameters (stiffness, kb, and damping, Cb) are unknown. A new test is 

needed to measure the physical values of these two parameters. 

Model parameters, kb, and Cb, are used here to investigate the new model. 

The other model parameters come from Table 8.4 and 8.5. Figure 8.22 shows 

a comparison between predicted and measured transmissibilities of the three 

seats. It can be seen that the new model provides a better prediction of the 

seat transmissibilities measured in the field than the original and the modified 

model through a comparison between Figures 8.17, 8.18 and 8.22. The 

encouraging results obtained from the new model suggest that the form of the 

new model may be suitable for predicting field measurements of seat 

transmissibility. 

Figures 8.23 and 8.24 show the effect of variation in stiffness, kb, and 

damping, Cb. When the stiffness, kb, increases, the resonance frequency and 

the transmissibility at resonance both increase. An increase in the damping, 

Cb, causes a decrease of seat transmissibility at resonance. The functions of 

the stiffness, kb, and damping, Cb, are similar to those of a simple system. The 

correct increase of stiffness, kb, and damping, will increase the resonance 

frequency and at same time keep the transmissibility at resonance 
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unchanged. This confirms that the effect of contact with the seat backrest on 

seat transmissibility is important. Any seat-person system model representing 

a person sitting on a seat with a backrest should include the effect of backrest 

contact, even though only vertical vibration is concerned. 

8.3.3 Conclusion 

Many models have been developed to predict seat transmissibility. Among 

them, a single degree-of-freedom model (see Section 6.3.1) and two degree-

of-freedom model (see Section 6.3.2) both can provide good predictions for 

laboratory measurements of seat transmissibility, but the latter is better. A two 

degree-of-freedom model can predict the second resonance which is often 

seen in measurements of seat transmissibility around 8 Hz. 

Although single degree-of-freedom and two degree-of-freedom models can 

give useful seat transmissibility predictions, the predictions were produced in 

limited conditions, with subjects in upright postures (not touching backrest) 

and with pure vertical input vibration. 

A modified model, based on different vibration magnitudes and backrest 

inclinations, can give improved seat transmissibility predictions. 

A new model that represents a seat-person system in a car has been 

developed and encouraging results have been obtained. However, physical 

parameter values are required for the backrest stiffness and damping. 

8.4 Conclusion 

The transmissibility of a cushion is affected by the inclination of the cushion, 

but the effect of the cushion inclination is small. It seems unnecessary to pay 

attention to the seat inclination when measuring seat transmissibility. The use 

of alternative orientations of the accelerometers to measure the cushion 

transmissibility showed similar small differences. 
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Figure 8.22 Comparison between predicted and measured transmissibilities of 
three seats (using new model with stiffness kb=13000 N/m and damping 
Cb=100 Ns/m) 
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Figure 8.23 Tlie effect of the model stiffness, kb, on prediction of seat 
transmissibility ( kb=13000 N/m, kb=23000 N/m, 
kb=33000 N/m, Cb=100Ns/m) 
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Figure 8.24 The effect of the model damping, Cb, on prediction of seat 
transmissibility ( Cb=100 Ns/m, Cb=200 N/m, Cb=300 
N/m, kb=13000 N/m) 

A single degree-of-freedom model can adequately reflect the dynamic 

characteristics of a seat at low frequencies but it cannot give good predictions 

of the second resonance. A two degree-of-freedom model can provide good 

predictions of seat transmissibility over the frequency range from 0.5 to 25 Hz. 

For field measurements of seat transmissibility, use of the above models 

cannot give good predictions. A modified model, appropriate to different 

vibration magnitudes and different backrest inclinations, can improve 
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predictions of the measured data, but it was still not satisfactory. A new model 

reflecting the interaction between the seat backrest and the seated body is 

better. 
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CHAPTER 9 

CONCLUSIONS AND RECOIVIIVIENDATIONS 

9.1 Introduction 

The main conclusions and recommendations from the research are 

summarised in this Chapter. The main findings, the contributions to 

knowledge, are divided into three parts in Sections 9.2, 9,3 and 9.4. Section 

9.2 provides a summary of the main findings when using an indenter to test 

seats. The human body mathematical model developments are included in 

Section 9.3. The standard seat test procedure, the main objective of this 

research, is included in Section 9.4. Finally, general recommendations for 

future research are produced in Section 9.5. 

9.2 Indenter test method development 

As implied in the thesis title, predictions of seat transmissibility can be made 

from the measured seat impedance. Therefore, how to obtain good seat 

impedance data is important for predicting seat transmissibility. Many 

methods have been used to obtain seat impedance, but no previous studies 

have compared these methods, and so no standard method has been 

developed to measure seat impedance. Fairley and Griffin (1986) proposed 

an indenter method to measure seat impedance. A study in Section 5.2.2.1 

was conducted to investigate which method can give good seat impedance 

measurements. As discussed in Section 5.2.2.1.4, using an indenter to 

measure seat impedance was found to be better than other methods (i.e., 

using sand-bag or mass). 

Although using an indenter to measure seat impedance is not a new method 

(Fairley and Griffin, 1986), there were no previous investigations of the effects 

of various factors on the measured results. However, when using an indenter 

to measure seat impedance the results are affected by many factors, such as 

275 



indenter head area, vibration magnitude, seat inclination angle and pre-load. 

Therefore, studies were needed and conducted here to investigate the 

influence of these factors on measured seat impedance using an indenter. 

The findings were as follows. 

9.2.1 Effect of contact area on indenter test 

The effect of contact area between an indenter and the foam, or seat, was 

investigated. Five different contact areas were used. As expected, the contact 

area is important in the indenter test. Using different contact areas, different 

foam, or seat, impedance was obtained. However, there was no correlation 

between the contact area and the seat stiffness and damping. 

A shaped buttocks with approximately the same shape as the seated human 

body might be reasonable for foam testing. However, it does not provide good 

foam impedance and the data obtained from a buttock did not give good 

predictions of foam transmissibility. The study in Section 5.2.2.2 showed an 

additional problems when using a buttocks to measure seat impedance, so it 

cannot currently be recommended for obtaining a good prediction of foam 

transmissibility. 

Using a SIT-BAR to measure seat properties is better than using other contact 

areas, because a SIT-BAR has a small size in the fore-and-aft direction so a 

small twist force is produced in measurements. The data from measured seat, 

or foam, impedance using a SIT-BAR produced a good prediction of seat, or 

foam, transmissibility (see Sections 4.3 and 8.3.1.2). A SIT-BAR, therefore, is 

recommended as an indenter to measure seat impedance. 

9.2.2 Effect of static forces on indenter test 

Many studies have been concerned with the effect of subject weight, or static 

forces, on measures of seat dynamic response. Some studies showed that a 

subject's weight affected suspension seat transmissibilities, such as Matthews 

(1967), Stayner (1971) and Burdorf and Swuste (1993), but other researchers, 

such as Corbridge (1981), Fairley (1986) and Corbridge et al. (1989), showed 

that the influence of subject mass was small on seat transmissibilities. 
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Varterasian and Thompson (1977) investigated the effect of subject weight on 

the transmissibilities of conventional seats. They found that there were only 

small differences in the resonance frequency and transmissibility at resonance 

when subject weight varied from 31 kg to 72 kg. No matter what happened in 

previous studies, it was clear that an investigation of the effect of static force 

on an indenter test was needed. 

The investigation found that seat, or foam, impedance was affected by varying 

the pre-load. The measured data showed that the stiffness and the damping 

of a block of foam, or a seat, increased with increased static load. It is 

therefore recommended that an appropriate static force is needed when 

determining foam, or seat, dynamic stiffness. 

9.2.3 Effect of inclination angle on indenter test 

There were no previous studies concerned with the effect of seat, or foam, 

inclination angles on seat dynamic responses, so it was necessary to obtain 

knowledge in this field. An experiment was conducted to investigate the 

influence of foam inclination angle on foam impedance. It was found that foam 

impedance varied only slightly when foam inclination angles increased. So it 

was concluded that foam inclination was not important when determining foam 

impedance using an indenter. However, it was still recommended that the seat 

mount for an indenter test should be in accordance with the requirements of 

the seat manufacturer. 

The horizontal motion caused by a seat, or foam, inclination in an indenter test 

must be avoided so that the correct vertical seat dynamic property can be 

achieved. This means that a strong frame is needed in an indenter rig (see 

Figure 5.15). 

9.2.4 Effect of vibration magnitudes on indenter test 

It is well known that the input vibration magnitude affects seat, or foam, 

transmissibility when measured using human subjects. Stayner (1972), 

Leatherwood (1975), Ashley (1976), Fairley (1983, 1986), Corbridge (1987) 

and Fairley (1990) revealed that the effect of vibration magnitude on seat 
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transfer functions was significant. The effect of vibration magnitude on seat 

transmissibility includes two parts, one is the effect of vibration magnitude on 

seat impedance and the other is the effect of vibration magnitude on the 

response of the human body. It was clear that an investigation of the effect of 

vibration magnitude on seat impedance was needed. However, no previous 

research had been conducted in this field. 

An experiment was performed to investigate the effect of vibration magnitude 

on seat impedance. It was found that there were no large differences in seat 

impedance over the vibration magnitude range from 0.25 to 2.5 ms"^ rms, but 

if the vibration magnitude was changed too much, such as when the 

sinusoidal input vibration amplitude changed from 0.25 mm to 5 mm, the 

differences of seat impedance caused by variations in vibration magnitude 

become clear (see Section 5.2.2.2). It was recommended that seat impedance 

should be measured with any reasonable magnitude of vibration, such as 1.0 

or 1.5 m/s^ rms. 

It was found that seat stiffness decreased when sinusoidal vibration 

amplitudes increased from 0.25 mm to 5 mm. Although seat damping also 

changed as sinusoidal vibration amplitudes varied, the change did not vary 

systematically. 

9.3 Seated body model development 

Many researchers have investigated the dynamic response of the seated 

body. Various experiments have been conducted to obtain the impedance of 

the seated body. It was found that the mechanical impedance of the seated 

body had the features of a one, or two, degree-of-freedom system. Most 

measurements of sitting body impedance, or apparent mass, have one, or 

two, resonance frequencies. Therefore, Payne (1965), Vogt et al. (1968), 

International Standard ISO 5982 (1981) and Fairley and Griffin (1989) 

developed one, or two, degree-of-freedom models to represent the seated 

body. Although, Smith (1994) showed four resonance frequencies on 

measured body mechanical impedance this finding has not been verified by 

other researchers. 
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Two single degree-of-freedom and two two degree-of-freedom lumped 

parameter models were developed to represent the seated body in the vertical 

direction using previous measured data. The analysis showed that a single 

degree-of-freedom and the two degree-of-freedom models with support mass 

were both suitable to represent the apparent mass for the seated body. 

However, the latter can provide better predictions of the measured apparent 

mass even when the measured apparent mass showed only one clear 

resonance. 

A curve fitting technique based on MATLAB was used to obtain model 

parameters. A comparison was made between two curve fitting methods, 

fitting the measured apparent mass modulus and fitting the measured phase. 

It was found that the latter provided more reasonable parameters for the 

proposed models. The study showed that the model parameters could be 

decided by the measured apparent masses. This means that good model 

parameters could be achieved through good measurements of sitting body 

impedance, or apparent mass. 

It has been shown by many researchers that the apparent mass of the sitting 

body is affected by many factors, but no studies have previously investigated 

the correlation between the mathematical model and the varied apparent 

mass caused by these factors, such as vibration magnitude, hard or soft seat, 

seat inclination, seat backrest and vibration spectra. Therefore, a series 

studies was conducted to investigate how these factors influence a body 

mathematical model based on the measured apparent mass. The findings 

contribute to the body model development. 

9.3.1 Effect of vibration magnitude on body apparent mass 

Miwa (1975), Vogt (1968), Mertens (1978), Hinz and Seidel (1987), Fairley 

and Griffin (1989), Smith (1994), Mansfield (1998) and Kitazaki (1998) 

revealed that vibration magnitude influenced the measured sitting body 

impedance, or apparent mass. However, Coermann (1962), Prodko et al. 

(1966) and Sandover (1978) obtained a contrary conclusion. The differences 

between the conclusions may be caused by the different experimental 
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conditions, for example the experiment conducted by Sandover (1978) used a 

seat backrest. The movement restriction by a seat backrest may reduce the 

change of the sitting body impedance at different vibration magnitudes. The 

experiments conducted by Fairley and Griffin (1989), Mansfield (1998) and 

Kitazaki (1998) had the same experimental conditions, so the conclusions 

produced by them were similar and showed the sitting body having a non-

linear response at different vibration magnitudes. 

Because the sitting body response is non-linear, the linear model produced in 

Section 6.3 could not be used at different magnitudes. A non-linear model, or 

modified linear model, which can be used at different magnitudes, was 

needed. The latter approach was selected in this study. Previously obtained 

experimental data (Mansfield, 1998) were used. It could be observed that 

there were clear and consistent differences in the dynamic responses of the 

body as the magnitude of the vibration changed. Although the causes of the 

non-linearity are not clear, the specification of the mechanical impedance, or 

apparent mass, of the body should be specific to a limited range of vibration 

conditions. 

There are two ways to modify a linear two-degree-of-freedom model to make 

it suitable for different vibration magnitudes. One is to change the model 

masses and the other is to change model stiffness and damping. Although 

changing all model parameters can provide good body apparent mass 

prediction, it makes the problem more complex. Changing model stiffness and 

damping were used here to modify the model. The varied mean model 

stiffness and damping were obtained by using a previously developed two 

degree-of-freedom model (see Section 6.3) to fit the measured apparent mass 

at different vibration magnitudes. It was found that the model stiffnesses, ki 

and k2, and model damping, Ci and Cz, decreased with increases in the 

vibration magnitude when all model masses, m, mi and mz, were kept 

constant. Equations were therefore developed to represent the change of 

model stiffness, ki and kz, and model damping, Ci and ca, at different vibration 

magnitudes. 
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The previously developed model (see Section 6.3) represents only one 

vibration magnitude (1.0 m/s^ rms), so it cannot be used at other vibration 

magnitudes due to the influence of vibration magnitude on the measured 

apparent mass. The equations derived from curve fitting were used to modify 

the model stiffnesses, ki and ka, and the damping, Ci and Cz, so that the 

model would be useful with varied vibration magnitudes. A good prediction of 

the measured apparent masses was produced using the modified model at 

different magnitudes. 

9.3.2 Effect of seat cushion inclination on body apparent mass 

A car seat is generally inclined from the horizontal to improve seat static 

comfort. No previous studies had been conducted to investigate the influence 

of seat inclination on either seat transmissibility or seated body apparent 

mass. A study was therefore conducted to investigate the effect of seat 

inclination on sitting body apparent mass, because it was assumed that the 

inclination of a seat cushion might cause a change of a subject posture, even 

when a subject keeps an upright posture. 

As expected, the apparent mass changed with seat inclination. However the 

change of the apparent mass was small. Therefore, it seems unnecessary to 

pay attention to seat inclination when measuring subject apparent mass. In 

other words, there was no influence of seat inclination on the seated body 

mathematical model. 

9.3.3 Effect of seat backrest on body apparent mass 

There are a few investigations concerning the effect of a seat backrest on the 

measured apparent mass of the body. Coermann and Okada (1964) found 

that there was no consistent change in the mechanical impedance of the body 

between with and without a seat backrest. However, Fairley and Griffin (1989) 

obtained an opposite conclusion and reported significant differences between 

the two conditions. They showed that there were clear and consistent 

differences in the dynamic response of the body as the backrest condition 

changed. This means that the specification of the apparent mass of the body 

should depend on the backrest conditions. 
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An experiment was conducted to investigate the influence of backrest angle 

on measured apparent mass. It was found that the measured body apparent 

mass changed as the backrest condition changed. This means that the 

previously developed model based on the no backrest condition (see Section 

6.3) could not be used to represent the sitting body with a backrest. So a 

modification of the model was needed so that it can be used to represent a 

seated body with varied backrest conditions. A sensitivity analysis of the 

parameters of the body model was conducted. 

It was found that a decrease in the model mass, mi, and an increase in both 

the model stiffness, ki, and the damping, Ci, can represent changes of the 

measured apparent mass with changed backrest conditions. The changes of 

these parameters have been tabulated. A comparison was performed 

between the measured apparent mass and that predicted by the modified 

model with different backrest conditions. It was concluded that the modified 

model represented the sitting body with different backrest conditions. 

9.3.4 Effect of hard and soft seat as well as vibration spectra on body 
apparent mass 

It was assumed that the response of the sitting body would change between 

sitting on a hard seat and sitting on a soft seat. The reason for a change may 

be the change of input vibration spectra. However, no previous studies had 

been conducted to investigate the effect of a hard seat and a soft seat on the 

measured apparent mass of the body. Two experiments were conducted. One 

investigated the influence of the hard seat and the soft seat on apparent mass 

and one investigated the effect of vibration spectra on apparent mass. 

Sandover (1978) revealed that the effect of vibration spectra on apparent 

mass was small, but Fairley (1986) showed a different conclusion. 

The experimental results suggested that there were differences between body 

apparent masses obtained on hard and soft seats. The model parameters, 

derived from a hard seat and a soft seat, were also different. Although these 

parameters may give good predictions for the measured body apparent 

masses, the data from the soft seat did not give good predictions of seat 
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transmissibility. So, the parameters derived from the soft seat may not be 

suitable for seat transmissibility prediction models. 

The investigation showed that the model stiffnesses, ki and ka, model 

damping, Ci and 02, and mass, ma, decreased, but the model mass, mi, 

increased when subjects changed from a hard seat to a soft seat. 

The study of the effect of the vibration spectrum showed that there was a 

statistically significant effect of the spectrum on apparent mass, but the 

magnitude of the effect was small. 

9.4 Predicting seat transmissibility 
A seat-person model was set up from the above studies. A good prediction of 

seat transmissibility measured without a seat backrest was obtained. However 

the model could not give a good prediction of seat transmissibility measured 

with a backrest. 

A new model was then developed based on the assumed interaction between 

the body back and the backrest. The model included a new part, which 

reflected the interaction between the seat backrest and the seated body. The 

model gave improved predictions of seat transmissibilities measured in the 

field. 

Therefore, the aim of this study was realized. A standard seat test procedure 

was then developed to predict seat transmissibility. 

9.5 Recommendations 

The study in this thesis has only considered the vibration in vertical direction. 

Vibration in other axes also plays an important role in seat dynamic 

properties. So a logical extension of this work is to identify the response of the 

body to vibration in other axes, such as the fore-and-aft axis. 
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The non-linearity of the body response at different vibration magnitudes 

revealed in Chapter 7 suggests that a non-linear body model is needed to 

represent the non-linear body response. 

Some researchers consider that the dynamic response of the viscera make a 

major contribution to the principal resonance of the apparent mass for a 

seated body. However, the mechanism of the visceral response has not been 

well understood. The single degree-of-freedom and the two degree-of-

freedom model developed here were based on the feature of the measured 

apparent mass and not knowledge of the internal body response. The models 

cannot be used to explain any internal dynamic behaviour of the body in a 

vibration environment. Knowledge of the body response is important, so a 

model based on such knowledge is needed and may produce a better 

prediction of seat transmissibility. 

Although a preliminary model representing a seated body with the backrest 

has been developed, the model can only be used in vertical direction. 

However, the effect of the backrest on apparent mass, or the effect of the 

backrest on seat transmissibility, is not only in the vertical direction. The 

backrest of a seat has more influence on motion in the fore-and-aft, or 

rotational axes. A further study of the effect of the backrest on seat 

transmissibility, or the effect of the backrest on apparent mass of the body, in 

the fore-and-aft axis is needed so that a new model can be developed to 

predict seat transmissibility in the fore-and-aft axis. An extension to such a 

research program could investigate combinations of all directions of 

translational and rotational motion. 
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APPENDIX A LABORATORY METHOD FOR 
PREDICTING SEAT TRANSIVIISSIBILITY 

1. Introduction 
The transmission of vibration to the body can cause discomfort, impaired performance 
and health problems. Seats influence the transmission of vibration to the body, either 
increasing the overall severity of vibration or reducing the overall severity of vibration. 
The dynamic response of a seat can therefore have a large influence on human 

responses to vibration. 

The transmissibility of a seat depends on many factors, including the seat 
characteristics and the mechanical impedance of the load on the seat (e.g. the human 
body). It is not, in general, possible to measure or predict the transmission of vibration 
without considering the effect of the seat loading. Seats do not nomially have the same 
transmissibility when measured with a subject and a rigid mass. 

The transmissibility of a seat can be measured in vehicles or in the laboratory with 
suitable subjects sitting on the seat. However, this is time-consuming and may impose 
some risks to the subject. The measurements will also depend on the subject chosen 
for the studies. Transmissibility may alternatively be measured with a suitable 
anthropodynamic dummy replacing the human subject. 

Seat transmissibility can also be estimated without either a human subject or a dummy. 
From a knowledge of the mechanical impedance of the human body and suitable 
measurements of the mechanical impedance of the seat, the seat transmissibility can 
be predicted. This has the advantage that human subjects are not required, and the 

likely effect of physical changes to the seat (e.g. damping, stiffness, geometry) may be 
more easily detennined. 

2. Scope 
This document specifies the instrumentation requirements, the measurement method 
and the calculation procedure required to predict seat transmissibility. A standardised 
means of reporting results is also presented. 

The use of the recommended method for measurement and analysis should make it 

possible to compare test results from different laboratories. 

3. NORIVIATIVE REFERENCES 
The following normative documents contain provisions of this test method. 

ISO 2631:1997 
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Mechanical vibration and shock - evaluation of human exposure to whole-body 
vibration. Part 1: General requirements. International Standard, ISO 2631-1. 

ISO 5347-0:1987 

Methods for the calibration of vibration and shock pick-ups - Part 0: Basic 
concepts. 

ISO 2041:1975 

Vibration and shock - Vocabulary. 

4. Symbols and indices 

For the purposes of this test procedure, the following symbols and indices apply. 

4.1 Symbols 

c Viscous darnping of seat, Ns/m 

Ci Viscous damping of body first subsystem, Ns/m 

Cz Viscous damping of body second subsystem, Ns/m 

Cb Viscous damping for seat-person model with backrest, Ns/m 

F Force, Newton 

f Frequency, in hertz (Hz). 

/ Assumed unit (î = -1). 

k Stiffness of seat, N/m 

ki Stiffness of body first subsystem, N/m 

kg Stiffness of body second subsystem, N/m 

kb Stiffness for seat-person model with backrest, N/m 

m Model frame mass, kg 

mi Mass of body first subsystem, kg 

mz Mass of body second subsystem, kg 

PSD power spectral density expressed as mean square acceleration per unit 
bandwidth (m/s^) /̂Hz 

PDF probability density function of acceleration amplitudes 

r.m.s. root mean square 

8^6^ Dynamic stiffness 

|T| Modulus of seat transmissibiiity 

9 Phase of seat transmissibiiity 
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X Displacement, in metres 

X Instantaneous velocity, in metres per second (ms'^). 

X Instantaneous acceleration, in metres per second squared (ms'^). 

5. Instrumentation 

5.1 Acceleration, displacement and force transducers 

Vibration at the seat base and vibration transmitted to the subject shall be sensed by 
accelerometers or displacement transducers. 

The accelerometers, together with their amplifiers, shall be capable of measuring r.m.s. 
acceleration levels ranging from 0.05 to 20 m/s^ with a crest factor of up to 6. The 
accelerometers and amplifiers shall be capable of an accuracy of ±2.5% of the actual 
r.m.s. vibration level in the frequency range 0.5 to 100 Hz. The resonance frequency of 
the accelerometers shall be greater than 300 Hz. 

One accelerometer or displacement transducer and one force transducer are used on a 
seat indenter test rig (see Figure 1). 

Motion of the vibrator platform is measured using an accelerometer. 

Note: A suitable accelerometer is an Entran EGCSY-240D*-10 having a sensitivity 

of approximately 13 mV/g with an operating range of ± 1 0 g. 

Displacement of the vibrator platform may be measured using a displacement 
transducer. 

A/ofe." A suitable displacement transducer is a DC-LVDV D2/200A having a 

sensitivity of approximately 0.16 v/mm with an operating range of ±10 mm. 

The driving force whilst testing the seat is measured using a force transducer. 

Nofe; A suitable force transducer is a Kistler 9321A force cell with a sensitivity of 

approximately ±3.97 pC/N. 

The characteristics of the vibration measuring system, signal conditioning and data 
acquisition equipment, including recording devices shall be specified for the relevant 
tests, especially the dynamic range, sensitivity, accuracy, linearity and overload 
capacity. 

/Vofe.' Suitable signal conditioning for the force cell is a Kistler KIAG5001 or a B&K 

2635 charge amplifier. 
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5.2 Indenter 

An indenter is used to apply a pre-load to the seat surface. Figures 1 and 3 show a 
suitable indenter arrangement. The indenter head consists of a SIT-BAR (Figure 2), 
attached to a rigid steel frame. 

The indenter is moved up and down on to the top surface of the test seat so as to vary 
the applied static force between indenter and the seat. The indenter is mounted on a 
bearing which allows it to rotate as the indenter is moved up and down. 

5.3 Seat mounting 

The test seat shall be mounted on the platform with the same method of attachment 
and at the same angle as it is mounted on the floor of the test vehicle. The platform 
shall be mounted on a vibrator that is capable of generating vibration along the vertical 
(z-axis). 

The seat shall be adjusted to enable the indenter to apply force to the centre of the seat 
surface. 

When the inclination of the seat surface is adjustable, the angle during testing shall be 
specified. 

/Vofe." The seat backrest may influence the seat impedance measured by an 

indenter. In order to minimise the effect of the seat backrest, it should be adjusted 

to the upright position. If the seat backrest cannot be adjusted to the upright 

position, an additional device is needed to fix the seat backrest to prevent 

horizontal movement during vertical motion of the seat base. 

5.4 Transducer mounting 

An accelerometer shall be located on the platform at the support for the seat. If using a 
displacement transducer, one end of the displacement transducer shall be located at 
the same location as the accelerometer and the other end shall be located at a still 
base. 

A force transducer shall be located above the indenter over the seat surface (Figures 1 
and 3). One side of the force transducer shall be connected to the indenter and the 
other side connected to the bearing (Figure 3). 

5.5 Data acquisition and signal generation 

An input signal can be either a sinusoidal or a random signal produced by computer or 
a signal obtained from the floor of a vehicle. A digital-to-analogue (D/A) conversion card 
and a filter are needed to produce the required vibration. 

Data recording can be achieved using digital recording techniques. In all cases the data 

recording shall have sufficient dynamic range to ensure that vibration signals over the 
full frequency range can be reliably recorded. 

288 



A/ofe; A suitable data acquisition and signal generation system is HVLab 

developed by the Human Factors Research Unit, Institute of Sound and Vibration 

Research, University of Southampton. It can acquire and analyse up 16 channels 

of time varying analogue signals whilst simultaneously outputting 2 channels. The 

number of channels, sampling rate and duration are controlled by HVLab 

software. An analogue-to-digital and a digital-to analogue computer interface card 

and a Techfilter Tf-16 anti-aliasing card are included in the system. 

5.6 Calibrate 

The instrumentation shall be calibrated in accordance with ISO 5347 and, depending 
on the type of measuring system used, to the relevant part of ISO 5347. The force 
transducer should be calibrated in two conditions: static and dynamic. In particular, the 
calibration procedures should ensure that the acceleration sensitivity varies less than 
±0.5% of a mean value over the interesting frequency range and less than ±6% of the 
mean value over the full measured frequency range from 0 to 30 Hz. 

The effect of ambient temperature on the performance of all instruments shall be 
known. Instruments shall be operated within the temperature limits to which the 
required accuracy can be expected. 

Calibration shall be made before and after each test series. 

6. Vibration equipment 

6.1 Vibrator 

The minimum required is a vibrator capable of driving a platform in the vertical direction. 
The dynamic response of the exciter shall be capable of exciting the seat with the 
indenter and additional equipment, in accordance with the specified test input vibration. 

Note: A suitable vibrator is a Derritron VP85 powered by a 1000W Derritron 

amplifier. A maximum displacement of 25.4 mm is possible and the vibrator is 

capable of producing a force of 3.3 kN. Mechanical and electrical stops are fitted to 

the vibrator. Emergency stop buttons shall also be accessible to the experimenter. 

6 2 Indenter rig 

The indenter rig is shown in Figure 1 and 3. It should be rigid and strong enough to 
resist motion in the horizontal direction caused by seat surface inclination, 

6.3 Control system 

The frequency response characteristics of the vibration system shall be compensated 
to ensure that the power spectral density (PSD) and the probability density function 
(PDF) of the acceleration amplitudes of the vibration at the seat mounting base comply 
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with the requirements of the specified test input. This means that all input signals must 
be equalised for the response of the system before they are used in a seat test. 

7. Vibration testing of a seat 

7.1 Test ambient conditions 

The tests are to be performed in controlled climatic conditions: 

Temperature: 23 °C ± 2 °C (or as specified in the test schedule) 

Relative humidity: the maximum acceptable variation is ±15% RH 

The seat should be allowed to acclimate to these conditions for a minimum of 12 hours 
period. 

7.2 Static test 

Three repeated compression cycles are performed for each test condition at a 
compression speed not greater than 100mm/min. The force and displacement 
measurements during the three cycles shall be recorded. 

(1) Pre-conditioning 

Three initial compression cycles between SON (pre-load) and 750N. 

(2) Test conditions 

400 to 600 N three cycles 

300 to 700 N three cycles 

200 to 800 N three cycles 

7.2.1 Accuracy 

The compression axial force shall be measured to an accuracy of ±2.5% of the true 

value. 

The compression displacement shall be measured to an accuracy of ±2.5% of the true 

value. 

7.3 Dynamic test 

7.3.) Random exc/faf/on mfA g/yen specfmm 

7.3.1.1 Excitation signal 

Three different magnitudes of random excitation, each having a nominally flat constant 
bandwidth acceleration spectrum, or three excitation signals from a vehicle are applied 
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with the vibrator. The duration of each of the three random signals shall be 2 minutes in 
a frequency range from 0.5 to 50 Hz (or as specified). 

In some applications, a test may be conducted with additional inputs so as to test for 

non-linearities in the seat response. The additional inputs may be the standard 
spectrum presented at different magnitudes or a defined spectrum for a specific 
vehicle. 

When using spectra from a vehicle, care is required to ensure that coherent data are 
obtained at all frequencies. 

/Vofe; The spectrum of the test input from a vehicle shall be determined from the 

expected seat deflection, not the expected spectrum on the vehicle floor. 

The root-mean-square value of the test acceleration shall be within ±10% of the 
required value. Tests shall be conducted at three magnitudes: 0.5, 1.0 and 1.5 ms'^(or 
as specified). 

7.3.1.2 Preload 

The indenter head shall be applied to the seat surface with a specified required pre-
load. 

A/ofe." When testing seats for normal adults, a pre-load of 550N applied to seat 

surface is normally appropriate. 

After applying the pre-load, there should be a pause of 5 minutes to allow the seat to 
settle. The pre-load should then be checked and corrected, if necessary, before 
commencing the tests. 

7.3.1.3 Accuracy 

The compression axial force time history shall be measured with an accuracy of ±2.5% 

of the true value. 

The displacement time history shall be measured with an accuracy of ±2.5% of the 

true value. 

7.3.2 Sin usoidal excita tion 

If required, a sinusoidal displacement signal is to be applied with three different preload 
forces. Unless otherwise specified, the forces shall be SOON, GOON and 700N. 

7.3.2.1 Excitation signal 

The displacement excitation must be within the frequency range 1 Hz to 30 Hz. The 
sinusoidal displacement can be either swept sine, with a sweep rate less than 0.5 Hz/s, 
or stepped sine with a step 1 Hz. 

The test should be repeated for a series of displacement amplitudes: 1, 2 and 5mm. 
The swept sine (or stepped sine) may be truncated at the upper frequency when the 
acceleration reaches 10 ms"̂  r.m.s. 
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7.3.2.2 Accuracy 

The sinusoidal compression force time history shall be measured with an accuracy of 
±2.5% of the true value at each frequency. 

The sinusoidal displacement time history shall be measured with an accuracy of ±2.5% 

of the true value at each frequency. 

8. Analysis 

8.1 Spectral analysis 

Spectra of the force and displacement shall be calculated with a frequency resolution 
not greater than 0.25 Hz (corresponding to not less than 96 degrees of freedom). 

8.2 Coherency 

The coherency between the force and acceleration signals shall be determined over 
the frequency range 0.5 to 30 Hz. The prediction of seat transmissibility in Section 9 
shall be assumed to be inaccurate at any frequency where the coherency falls below 
0.8. 

9. Calculation of equivalent seat stiffness and damping 
If using an accelerometer to measure the motion of the seat base, the acceleration at 

the seat base shall be integrated twice to obtain the displacement at the seat base. 

9.1 Seat dynamic stiffness 

The seat dynamic stiffness, is the complex ratio of force to displacement and is 

assumed to have the form: 

S ( 0 ) = ; , + C6Y 

In s(co), the real part, /c, is the equivalent seat stiffness, and the imaginary part, c, is the 

equivalent viscous damping. 

A/ofe." A curve fitting method can be used to obtain seat parameters /( and c (i.e. 

the effective stiffness and damping) from the real and imaginary components of 

s(6)). The least square error method with an optimisation algorithm may be utilised. 

The parameters in the above equation were refined to minimise the function: 
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error 

where is the corresponding dynamic stilTness from the curve fit at the Ah 

frequency point and /((/) is the dynamic stiffness in the measured data and Cf is 

the corresponding damping from the curve fit at the Ah frequency point and ca'(/) is 

the damping in the measured data. Using values for the parameters chosen at 

random as starting values, the parameters may be varied systematically using the 

optimisation algorithm. 

/Vofe; The measured data may be first converted from HVLab data files to ASCII 

data, and then imported to MATLAB for curve fitting (see Annex A). 

10. Calculation of predicted seat transmissibility 

10.1 Human body mathematical mode! 

The apparent mass of the human body shall be assumed to be represented by the 

model in Figure 4 and 5 with values of stiffness, viscous damping and mass as defined 

in Table 1. 

A/ofe; The human body has a non-linear response to vibration. Although the 

parameters given in Table 1 will often be sufficient, some deviation may be 

necessary with stimuli having high or low magnitudes. 

A/ofe." The model shown in Table 1 adequately represents the input impedance of 

the seated human body. However, it should not be assumed to represent how 

vibration is transmitted through the body or give any indication of the discomfort or 

risk of injury produced by vibration. The discomfort and injury potential of vibration 

should be estimated from the vibration on the seat surface using the appropriate 

standard. 

Table 1 Parameters of single degree-of-freedom model, model A, and two degree-of-

freedom model, model B. 

ki Ci k2 Cz m mi mz 

Model A 44943 1390 6.0 45.6 

IVIodel B 35776 761 38374 458 6.7 33.4 10.7 
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10.2 Prediction of seat transmissibility 

10.2.1 Model of seat-person system without backrest 

Figures 6 and 7 sliows tlie assumed model that combines the seat stiffness and 

damping with the model of the apparent mass of the human body. The models can be 

used to predict the transmissibility of a seat without seat backrest. 

/Vofe; The MATLAB program for calculating seat transmissibility is given in 

Appendix B. 

Prediction of seat transmissibility using two degree-of-freedom model (Figure 6) 

The transmissibility and phase of the seat response are given by: 

\T\ -
I I io'+E' 

<9 = a fan — - a fan — 
vA O 

where: 

/ I = /(/(, - ( m i K + C C j 6,' 

8 = (CiK: + C/{J 

Prediction of seat transmissibility using three degree-of-freedom model (Figure 

7) 

The seat transmissibility and phase are given by: 

, , G , M + /V 
' = a t a n a tan (2) 

F H + L 

where: 
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/ f = — jF^Ca; — 7M] 

M = jf^i^ — CP^co — 7̂W|C|î  — Tn^C-Ji^ CO 

— M^nijCO + K^Kj — (^m^Kj + iti^K^ + CjCj) co' 

P-, = {C^K-, + CjK^^ CO — {jn^Cj + / M ^ c o 

/% = AT, -

= A7 -

Substituting seat parameters (/(and c) and seated human body model parameters (k ,̂ 

c,, /(z, C2, m, /T?) andmg) into equation 1 and 2 gives seat transmissibility predictions. 

11. Reporting of results 

The following information shall be given: 

a) Name and address of the seat manufacturer; 

b) IVIodel of seat, product and serial number; 

c) Date of test; 

d) Duration of run-in period; 

e) Characteristics of the simulated input vibration test; 

f) The name of the person responsible for the test; 

g) Identification of test laboratory. 

h) Calculation of seat stiffness and damping (e.g. using a MATLAB program in Annex 
A), 

i) Prediction of seat transmissibility (e.g. using a IVIATLAB program in Annex B). 
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13. Figures 
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Figure 1 Seat test using indenter rig 
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Figure 2 Design of ttie SIT-BAR (Wliitham and Griffin 1977). 
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Figure 3 Use of load cell to measure force applied by the indenter (using 

SIT-BAR as indenter head). 
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Figure 4 A single degree-of-freedom model with rigid support (model 1b) 
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Figure 5 A two degree-of-freedom model with rigid support 
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Figure 6 Two degree-of-freedom seat/person system model 
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Figure 7. Tliree degree-of-freedom seat/person system model. 
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Annex A Programmes to calculate seat stiffness and damping 
from measured seat impedance (using IVIATLABj 
The purpose of this Section is to calculate seat impedance using recorded experimental 

data (see Section 8.1, using measured force and displacement) and then calculate seat 

stiffness, k, and damping, c, using the obtained seat impedance. 

(1) /-/VLab routines (calculate seat impedance): 

1. Seat dynamic stiffness calculation 

2. Seat dynamic stiffness ASCII data output from HVLab system. 

(2) IVIATLAB routines (calibrate seat model stiffness, k, and damping, c using 

obtained seat impedance): 

A) Obtain seat stiffness. 

Fk.m is a IVIATLAB program to fit seat stiffness curve and Fk1.m is a subprogram to 

calculate the least square error. When these programs are used, the only thing needed 

to do is that change ascii file name in the program to real data file name (i.e., the 

measured ascii data file name). 

Fk.m (IVIATLAB file name to calculate seat stiffness) 

cic 

% Seat stiffness curve fitting 

% 

% 

load ascii file name 

% load seat stiffness ascii file 

h= ascii file name: 

% using h represent seat stiffness ascii file 

t=h(2:60,1); 

a=h(2:60,2); 

b=h(2:60,3): 

w=2*pi*t; 

yO=a;y=yO: 

zO = [32500]; 

% zO - a random estimate value for seat stiffness 
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f=fmins('fk1',z0,[0 1.e-4 1.e-4],[],t,y); 

k=f(1); 

y=k*t./t; 

plot(t,yO,'w',t,y,'w*') 

title('Road 1') 

xlabel('Frequency Hz') 

ylabel('Stiffness (N/m)') 

k=k 

(MATLAB subprogram file name to calculate the least square error) 

function err = fitfun(z, t, yO) 

k = z(1); 

w=2*pi*t; 

y=k*t./t; 

N = length(t); 

err = sqrt(sum((y - yO)/2)/N); 

B) Obtain seat damping. 

Fc.m is a IVIATLAB program to fit seat damping curve (imaginary part of measured seat 
dynamic stiffness) and Fc1 .m is a subprogram to calculate the least square error. When 
these programs are used, the only thing needed to do is that change ascii file name in 
the program to real data file name (i.e., the measured ascii data file name). 

Fc.m (l\/1ATLAB file name to calculate seat damping); 

cic 

% Seat damping curve fitting 

% 

% 

load ascii file name 

% load seat stiffness ascii file 
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h= ascii file name: 

% using h represent seat damping ascii file 

t=h(2:90,1); 

a=h(2:90,2); 

b=h(2:90,3): 

w=2*pi*t; 

yO=b;y=yO; 

zO = [500]; 

f=fmins('fc1',z0,[0 1.e-4 1.e-4],[|,t,y); 

c=f(1); 

y=w*c; 

plot(t,yO,'w',t,y,'w*') 

title('Road 1') 

xlabel('Frequency Hz') 

ylabel('Damping (Ns/m)') 

fcf .m (IVIATLAB subprogram file name to calculate the least square error) 

function err = fitfun(z, t, yO) 

c = z(1); 

w=2*pi*t; 

y=w*c; 

N = length(t); 

err = sqrt(sum((y - yO).'̂ 2)/N); 
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Annex B Programmes to predict seat transmissibility (using 
MATLABj 
The purpose of this section is to calculate seat transmissibility using the seat-person 
model (see Section 10.2.1 as well as Figure 6 and 7). Model parameters of the person 
are listed in Table 1 (see Section 10.1) and model parameters of seat are obtained in 
Annex B. 

A) Predict seat transmissibility using two degree-of-freedom model (Figure 6) 
without backrest 

load Ascii file name 

% Load Ascii file (i.e., measured seat transmissibility) 

t= Ascii file name (3:125,1): 

e1= Ascii file name (3:125,2): 

yO=e1;y=yO; 

l<=67317;c=172; 

% input seat stiffness and damping coming from Annex A 

m=6; ml =45.6; kl =44943; c1=1390; 

% input body model parameters (see Table 1) 

w=2*pi*t; 

h=sqrt((k*k1 -(m2*k+c*c1 )*w.^2).^2+((k*c1 +k1 *c-m2*c*w.^2).*w).^2); 

i=((k-60*w.^2)*k1 +(m1 *m2*w.^2-k*m2-c*c1 ).*w.^2).^2; 

j=((k*c1 +k1 *c-(m1 *c1 +m2*c+m2*c1 )*w.'̂ 2).*w).^2; 

I=sqrt(i4-j); 

y=h./l; 

plot(t,yO,'o',t,y) 

title('Predict seat transmissibility') 

xlabel('Frequency Hz') 

ylabel('Transmissibility') 

gtextC* IVIeasured seat transmissibility ') 
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gtext('- predict seat transmissibility') 

B) Predict seat transmissibility using three degree-of-freedom model (Figure 7) 
without backrest 

load Ascii file name 

% Load Ascii file (i.e., measured seat transmissibility) 

t= Ascii file name (3:125,1); 

e1= Ascii file name (3:125,2); 

yO=e1; y=yO; 

k=67317;c=172: 

% input seat stiffness and damping coming from Annex A 

m=5.6;m1 =36.2:m2=8.9;k1 =35007;c1 =815;k2=33254;c2=484; 

% input body model parameters (see Table 1) 

w=2*pi*t; 

p1 =m1 *m2*w.M-(m1 *k2+m2*k1 +c1 *c2)*w.^2+k1 *k2; 

p2=(c1 *k2+c2*k1 )*w-(m1 *c2+m2*c1 )*w.^3; 

p3=k2-m2*w.'̂ 2; 

p4=k1-m1*w.^2; 

p5=k-m*w.^2; 

aa=p5.*p1-c*w.*p2-[(m1*k1*w.^2).*p3-m1*c1*c2*w.M]-[(m2*k2*w.^2).*p4-
m2*c1*c2*w.M]; 

bb=(p5.*p2+c*p1 .*w)-(m1 *c1 *p3.*w.^3+m1 *c2*k1 *w.'̂ 3)-
(m2*c2*p4.*w.^3+m2*k2*c1 *w.^3); 

cc=k*p1-c*w.*p2; 

dd=k*p2+c*w.*p1; 

h=sqrt(cc.^2+dd.'̂ 2); 

j=sqrt(aa.^2+bb.^2); 

y=h./j; 
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plot(t,e1,'w*',t,y,'w-') 

title('Predict seat transmissibility') 

xlabel('Frequency Hz') 

ylabel('Transmissibility') 

gtextC* Measured seat transmissibility 

gtext('- predict seat transmissibility ') 
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APPENDIX B SOIVIE EXPERIMENT RESULTS 

f . Dynam/c sf//yhess of f/?ree car seafs Hesfa and 
Jaguar see Secf/on 

Three car seats (Mondeo, Fiesta and Jaguar) dynamic stiffnesses were 

measured in the laboratory using the indenter. Floor vibrations in four cars 

were adopted as the input vibration to represent the four different roads. 

Three random vibrations were also used to measure seat dynamic stiffnesses. 

Figures b1 to b3 show measured results. A curve fitting technique was used 

to obtain seat stiffness and damping (see Section 4.2.2). 

Mondeo seat dynamic stiffness (pre-load SOON) 
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- random 2 
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-I random 3 

-road 4 

Figure b1. IVIondeo seat dynamic stiffness with different input vibrations. 
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Fiesta seat dynamic stiffness (pre-load SOON) 
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Figure b2. Fiesta seat dynamic stiffness with different input vibrations. 

Jaguar seat dynamic st i f fness (pre-load SOON) 
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Figure b3. Jaguar seat dynamic stiffness with different input vibrations. 
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2 Tlransm/ss/b///^ of f/?/'ee car seafs ("Mondeo, F/esfa and 
Jaguar see Secf/on 6.3.2. f j 

Figures b4 to b6 sliow transmissibilities of three car seat (IVIondeo, Fiesta and 

Jaguar). The experimental conditions are described in Section 8.3.2.1. The 

mean measured transmissibilities of the three seats with six subjects are 

shown in Figure 8.17. 

0 10 15 20 25 30 

Frequency (Hz) 
Figure b4. IVIeasured Fiesta seat transmissibility on one road with one subject. 
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Figure b5. IVIeasured IVIondeo seat transmissibility on one road with one 
subject. 
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Figure b6. IVIeasured Jaguar seat transmissibility on one road witii one 
subject. 

3. jApparenf mass of /7uman body measurec/ m /aborafo/y 
('see Secf/on 

Figures b7 to b9 show measured apparent masses for three subjects. The 

experimental conditions are described in Section 7.4.1. The mean measured 

apparent mass often subjects is shown in Figure 7.9. 
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Figure b7. Measured apparent mass for subject 1 with random vibration at 0.5 

ms r.m.s. 
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Figure b8. Measured apparent mass for subject 2 with random vibration at 0.5 
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