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The key objectives of this thesis were to develop a general non-linear theoretical model of a
suspension seat and to use this model to quantify the effect of the seat component parts on the
performance of a conventional suspension seat design using a relevant range of frequencies
and magnitudes.

Wheeled off-road vehicles are capable of subjecting the operator to substantial amounts of
whole-body vibration. Suspension seats are often fitted to this type of vehicle to reduce the
vibration transmitted to the operator. Unfortunately, the need to limit the relative movement
between the operator and the vehicle controls requires the seat stroke to be limited, usually
using rubber buffers. The impacts as the suspension contacts these end-stops can result in
more vibration on the seat surface than on the cab floor.

Non-linear simulation studies are potentially useful for investigating the performance of
complex systems, but previous suspension seat simulations were tested over a limited range of
conditions. This thesis describes the development of a non-linear theoretical model of a
specific suspension seat and investigates the mode! performance in response to a systematic
range of input frequencies, magnitudes and durations of realistic test motions.

Test motions were derived from cab floor vibration measurements from three off-road
machines (an agricultural tractor, a forestry forwarder and an earthmover) in situations that
commonly led to seat suspension end-stop impact events. The motions were observed to
result in similar occurrence of end-stop impacts in the laboratory as observed in the field with
the three vehicle seats. Laboratory tests also identified that the accepted procedure for
measuring seat surface vibration can result in artefactual measurements on suspension seats
if the occupant loses contact with the seat surface.

A general theoretical suspension seat model was developed using a non-linear lumped
parameter approach. The dynamics of the component parts of the three seats were measured
and a non-linear parameter optimisation process was developed to estimate the friction from
the dynamic behaviour of the complete seat. The results of this process gave confidence in the
performance of the model of the earthmover seat. .The performance of the earthmover seat
model was quantified by comparison with 673 laboratory measurements of the seat
performance using the anthropodynamic dummy as the seat load. The model was found to
predict the seat transmissibility (using the VDV-based SEAT value) to within 15% of the
measured value in 81% of the tests.

A systematic parametric sensitivity analysis of the earthmover seat model predicted the effect
of each component on the overall seat performance. The sensitivity analysis was conducted
over a range of frequencies, magnitudes and durations of input motion. Approximately 40,000
evaluations were made and summaries were provided showing how each component affected
the seat transmissibility and time domain performance.
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1 Introduction

1.1 Objective of the thesis

The first objective of this thesis was to develop a theoretical model capable of
simulating the dynamic performance of production suspension seats in response to
input motions with a range of frequencies, magnitudes and waveform shapes
representative of those observed in the field on wheeled off-road vehicles. The second
objective of the thesis was to use this model to understand and quantify the influence
of the individual seat components on the seat performance over this range of test
conditions. A sensitivity analysis of this type will aid the understanding of the effect of
each seat component on suspension seat dynamic behaviour. No previous study has
conducted a systematic sensitivity analysis in both the frequency and magnitude

domains.

1.2 General introduction

Wheeled off-road vehicles are capable of producing high levels of whole-body
vibration at low frequencies (predominantly less than 5 Hz). In order for the seat to
usefully attenuate the vibration transmitted from the vehicle floor to the operator, the
seat resonance frequency must be sufficiently below the predominant frequencies of
vibration on the floor of a particular vehicle. The resonance frequency of a foam

/—\
Cushion
Height adjustment
C )

[ N [
N ESVAYAYAVAY=21

pring
N

[& £ O ]
End-stop buffel/ Linkage

Figure 1-2 Schematic of a suspension

Figure 1-1 A suspension seat seat
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cushion seat is typically in the 3 to 6 Hz region and therefore tends to amplify the

vibration of wheeled off-road vehicles rather than attenuate it.

One method of reducing the vibration exposure of wheeled off-road vehicle operators
is to use a suspension seat (Figure 1-1 and Figure 1-2). A mechanical suspension
mechanism between the seat cushion and the vehicle floor allows the first resonance
frequency of the seat to occur at a lower frequency than is possible with a foam
cushion seat. However, the dynamic characteristics of a seat must be matched to the
characteristics of the vehicle. As a general approximation, larger vehicles exhibit lower
frequency vibration and a seat with a low resonance frequency and a comparatively
long suspension stroke (~100mm) is typical. Smaller vehicles exhibit higher frequency
vibration and usually have less space in the cab so a more compact seat is usually
used. A seat must fit into the available space, reduce the vibration, provide a

comfortable working environment and be cost effective.

The work in this thesis involved co-operation with three major European suspension
seat manufacturers who operate in competitive a global market. In such a market
there is considerable financial pressure not to over design the product. A dynamically
acceptable seat produced for a lower cost could be a useful product in a market where
a dynamically more effective but more expensive seat would be less attractive to the
customer. However, suspension seats are highly non-linear and when in use are

exposed to a wide range of vibration magnitudes.

Accurate and well-quantified theoretical models could aid in understanding the
relationships between the suspension components and the seat performance leading
to improvements in seat design and better matching of seats to vehicles. Such a
model should be able to demonstrate the quantitative effect of a component on the
performance of a specific production seat in response to a given motion, in order to
determine what modifications to the component would benefit the seat performance or

what performance loss would be tolerable if a cheaper component were to be

substituted.

Evaluating the effect of each seat component on the overall seat performance in a
laboratory situation would be time consuming and difficult. As an example, the act of
dismantling a seat to modify one component may affect the seat performance in other
ways, perhaps by altering the friction due to a different torque on a mounting bolt,
resulting in a meaningless or biased result for the component of interest. A theoretical

simulation provides a controlled platform for investigating the influence of individual

seat components.
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1.3 Content of the thesis

The thesis consists of the following sections:

Chapter 1 Introduction
A general background to the research as described above and the present section

summarising the content of each chapter.

Chapter 2 Review of literature

The second chapter consists of a review of relevant work in the area of suspension
seat simulation, including sections on human response to vibration, suspension seat
dynamics, theoretical modelling methods and the dynamic properties of seat

components.

Chapter 3 Apparatus and experimental methods

The third chapter contains descriptions of the laboratory test apparatus, the data

analysis techniques and the three suspension seats used during the thesis.

Chapter 4 Definition of suitable test motions

The objective of the fourth chapter was to determine suitable input motions for use
with the model and for testing suspension seats in the laboratory. Measurements of
the vibration at the base of the seat in the field on three off-road wheeled machines;
an agricultural tractor, a forestry forwarder and a backhoe-loader earthmoving
machine were used. The machines were tested in the field in situations that the
operators indicated were likely to result in the seat suspension exceeding the available
travel and impacting the end-stop buffers. The field motions were examined and
idealised motions were defined for use in laboratory tests and as inputs to the model
and the seat responses with these motions were compared with the seat motions
recorded in the field. The earthmoving machine results also permitted a limited

investigation into the effect of wearing a seat belt on the occurrence of end-stop

impacts.

Chapter 5 Laboratory seat tests

The first objective of this chapter was to compare the response of the vehicle seats in
controlled laboratory situations when using three different loading conditions, an inert
mass, twelve human subjects and an anthropodynamic dummy designed to simulate
the dynamic response of the seated human body, in order to determine if a dynamic
model for the seat load would be required. The second objective of this chapter was to

provide measurements of the performance of each of the seats over a range of
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frequencies and magnitudes for comparison with the theoretical mode! developed in
later chapters. The use of the idealised motions allowed the seat performance to be
characterised in the laboratory using motions relevant to the usual operating

conditions of the seats, but with precisely defined time and frequency domain

characteristics.

Chapter 6 Seat component measurements

The objective of chapter 6 was to quantify the dynamic characteristics of the
components of each of the three suspension seats in sufficient detail to allow a
theoretical model of each seat to be developed. The seat cushion and the suspension
damper in particular were identified as having strongly non-linear dynamic behaviour.
These components were therefore examined in some detail to allow the potential for

more complex models for these components to be developed than used in studies up

to the present time.

Chapter 7 The Model structure

Chapter 7 describes the mathematical and computational structure of the non-linear
suspension seat model developed for this thesis. Suitable operating parameters for
the non-linear equation solving routine were determined and the expected error due to

the approximations inherent in these routines was quantified.

Chapter 8 Suspension damping parameter optimisation

Chapter 8 involved the use of a non-linear parameter optimisation process to estimate
the seat suspension damping characteristics from the measured performance of the
complete seat. This process was necessary as the measurements of the suspension
damper friction forces described in Chapter 6 were substantially different when
measured on two sets of test apparatus before and after the laboratory tests
conducted in Chapter 5. The actual friction force present during the laboratory tests

was therefore not known so it was necessary to determine this for each seat by some

other method.

Chapter 9 The model performance

Chapter 9 quantified the performance of the model in response to the test motions
obtained in the laboratory in the work described in Chapter 5. A total of 673 conditions
were compared, the distribution of the error between the measured and predicted
results was determined. Test conditions that produced errors in the upper quartile of
the distribution were examined in more detail and explanations for some of these

differences were proposed.

1-4



Chapter 10 Cushion non-linearities

The objective of Chapter 10 was to quantify the effect of including in the model the
change in the stiffness and damping of the cushion with cushion compression in order

to determine if a more complex cushion model would result in better predictions of the

seat-load system performance.

Chapter 11 Parametric sensitivity analysis

The work described in Chapter 11 quantified the influence of each of the seat
component parameters on the predicted vibration isolation performance of the seat

over the range of test conditions used in Chapters 5 and 9.

Chapter 12 Conclusions
Chapter 12 summarised the findings of the thesis and suggested further research that

might be performed.
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2 Review of literature

2.1 Introduction

This literature review considers the effect of vibration on the seated human body, the
dynamics of the seated human body, the vibration found in off-road vehicles, the
characteristics of suspension seats, methods of testing seats in the laboratory, the
methods used to simulate suspension seating and mathematical methods relevant to

non-linear simulation and optimisation.

The objectives of the review were to identify suitable methods for evaluating the
performance of suspension seats and to identify the state of the art of suspension
seat simulations. Suspension seat modelling was considered in terms of the methods
of assessing the seat component parts, the mathematical techniques for simulating
the complete seats, the forms on input applied to the models, the methods of
assessing the performance of the models with respect to the physical systems and

the extent to which these models were used to advance the understanding of

suspension seat behaviour.

2.2 Seated human vibration, perception and health
2.2.1 Vibration characteristics

2.2.1.1 Vibration frequency
The effect of frequency on the discomfort experienced by a seated human subject has
been investigated by a number of authors and variations in perceived discomfort with

frequency were found.

Ziegenruecker and Magid (1959) and Magid et al. (1960) used sinusoids with peak
accelerations exceeding 15 ms™ to investigate the tolerance of human subjects to
vibration. Further research in terms of equivalent comfort contours was reviewed by
Griffin (1990, section 3.3.2) and some examples of the equivalent comfort contours
are shown in Figure 2-1. Most contours show a decreasing acceleration

(corresponding to an increase in sensitivity) between 2 and 6 Hz and then a decrease

in sensitivity from 10 Hz.
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The use of a frequency
weighting filter derived from
the  equivalent  comfort
contours allows a time
history to be simply adjusted
for the variable sensitivity of
the human body to different
frequencies  of vibration.
Standardised frequency
weightings for  vertical
seated vibration were
defined in 1802631 (1974,
1985 and 1997) and BS6841
(1987). The 1SO2631
weighting appeared to have
been initially influenced by
the research of
Ziegenruecker and Magid
(1959) and Magid et al.
(1960) investigating the
human tolerance limit to
vibration, while  the

BS6841 "W, weighting

was based on more

recent research as

described by Griffin et

al. (1982), Corbridge

and Griffin (1986) and

others, in terms of

equivalent comfort

contours. The two

Gain

100

ey
3
\
1

T

Acceteration (ms 2 r.m.s.)

=3
T

0.01

Frequency [(Hz}

Figure 2-1 Equivalent comfort contours for seated,
vertical vibration, From Griffin (1990). One contour is
shown for Miwa (1967), Shoenberger and Harris
(1971), Yokenawa and Miwa (1972), Dupuis et al.
(1972), Jones and Saunders (1972), Shoenberger
(1975), Griffin (1976), Griffin et al. (1982), Parsons et
al. (1982), Oborne and Boarer (1982), Donati et al.
(1983), Corbridge and Griffin (1986) and Howarth and
Griffin (1988).

—— BS 6841: W, N\
—— 10 2631: W,

o P s i n PR
o 1 10 100

Frequency (Hz)

weighting curves are Figure 2-2 The W, and W, weighting curves for vertical
vibration under the seated human body

shown in Figure 2-2.

These frequency weightings can be implemented as filters which can be applied to

measured vibration time histories in order to produce a ‘weighted’ time history that
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emphasises the frequencies to which the body is most sensitive. Some industrial
sources appear to assume that that W, was developed as a weighting for use when
assessing health risk whereas W, is for use when assessing discomfort, but this is not
the case. Both weighting curves were developed from measures of discomfort in
various forms, weather as a tolerance as used by Magid ef al., or an equivalent

discomfort as used by Griffin and others.

The work involved in this thesis is expected to involve vibrations that are
uncomfortable but not intolerable. The W, weighting curve will therefore be used
throughout the thesis to account for the discomfort caused by different frequency

components within the vibrations.

2.2.1.2 Vibration direction

The principal axes of vibration for
seated subjects are defined in
BS6841 (1987) as shown in Figure
2-3. A summary of the equivalent
comfort contours for lateral seated
vibration is shown in Figure 2-4 and
Figure 2-5 from Griffin (1990), but the
research presented in this thesis was
restricted to vertical vibration (z in

Figure 2-3).

This thesis was restricted to vertical

vibration only for two reasons. Firstly
Figure 2-3 Principal basicentric axes for a

the seat suspensions used in the seated person (BS6841,1987)
majority of off-road vehicles currently

in use are restricted to the vertical
axis only. Secondly, the inclusion of additional axes of vibration was considered too

ambitious given the non-linearity of the seat-person system and the range of vibration
magnitudes for which the system was expected to be subjected. The expansion of a
seat-load model to include additional axes, with or without secondary, horizontal

suspension mechanisms, was identified as an interesting avenue for further work.
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r.m.s.)

2
—

Acceleration (ms™

9.07

Frequency [Hg)

Figure 2-4 Equivalent comfort contours
for fore-and-aft vibration of seated
subjects from Griffin (1990). Results are
shown for studies by Miwa (1967),
Yonekawa and Miwa (1972), Griffin et al.
(1982), Parsons et al. (1982) and Donati
et al. (1983).

2.2.1.3 Vibration magnitude

100

,,,,,,

0

a.01
0.0t 0

Frequency (Hz}

Figure 2-5 Equivalent comfort contours
for lateral vibration of seated subjects
from Griffin (1990). Results are shown for
studies by Yonekawa and Miwa (1972),
Griffin et al. (1982), Parsons et al. (1982),
Donati et al. (1983), Corbridge and Griffin
(1986) and Howarth and Griffin (1988).

Stevens, (1975) suggested the power law shown in Equation 2-1 to relate the

psychophysical vibration magnitude, w, to the measured vibration magnitude, ¢ using

a constant k and an exponent n. Griffin (1990, section 3.2.1) reviewed some of the

research conducted to determine a suitable value for the exponent n and observed

that most results for seated vertical vibration were close to unity in the region from 2
to 80 Hz as shown in Table 2-1. A doubling in measured vibration magnitude might

therefore be expected to correspond to a doubling in the subjective discomfort due to

the vibration. The methods of assessing vibration discomfort in this thesis followed

this assumption.

n

y = ko

Equation 2-1
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Table 3.2 Growth functions for whole-body vibration (i.e. exponents from Stevens' power Jaw)?

Study

Miwa {1968a) Shoenberger Jones and Saunders (1974) Clarke and Leatherwood and Dempsey (1976) Howarth and Griffin (1988a)
Shoenb Oborne

Frequency ————————————— and Harris ger
(Hz) <lms? >tms? {1971) (1975) Mate Female {1975a) Discomfort Intensity z-axis y-axis

0.23 .34
0.4 147

0.63 1.47
1.0 1.48
1.6 1.47
2.0
2.5 135
3.0
35 0.95

1.2 0.68

4.0 1.43
5.0 0.6 0.46 L.o4 0.88 0.95 1.08 143 1.20 .04 0.85

.35 112

1.08

1.0 0.86 094
8.0 0.94 0.95 1.20 .20 1.09 0.93

9.0 0.97
1011 0.98 0.96 033 1.30 110

1415 0.91 1.40 115
0.94 0.93 118 Liz L14

20 a.6 .46 0.87 0.93 Q.90 0.50 112 1.02
1.13 1.15 1.47 L75

2223
110 1.00
29430 0.91 0.92 0.78 114 1.20

1.9

1.33 1.76

40 0.0 0.9
1.28 1.57

0.82

80 0.90 0.94

“ in addition, at 10 11z, Fothergill and Griffin (1977¢) obtained 1.13 using magpitude estimation and 1.75 using magnitude production. Hiramatsu and Griffin (1984), 2 8 Hz abrained
0.96 over durations from 2 to 50 5. Clarke and Oborne (1975a) have reported values obtained by fractionation methods.

Table 2-1 Summary of exponents to Steven’s power law (Griffin, 1990)

2.2.1.4 Vibration duration
The root-mean-square (r.m.s.) was suggested in early standards as a method of
summarising the relationship between comfort and vibration, implying that discomfort

varies with vibration duration according to the equation a’.t = constant.

Studies by Griffin and Whitham (1977, 1980) indicated that subjective response could
be better matched to vibration magnitude by a root-mean-quad relationship, especially
in the cases of signals with high crest factors. A shock is perceived as more
uncomfortable than a more prolonged period of low-level vibration with the same
r.m.s. level. These studies led to the development of the vibration dose value (VDV) to

give a simple measure of experienced vibration level. The VDV is defined in Equation

2-2, where a,(t) is the frequency-weighted acceleration.

VDV = [|.a,,|,4(z‘)a’z‘}/4 Equation 2-2

Raising the acceleration to the fourth power rather than squaring it gives more

emphasis to a short duration, high magnitude motion compared with a longer duration

lower magnitude motion.
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2.2.2 Vibration and health

2.2.2.1 Occupation and health

A range of responses have been reported relating to situations involving whole-body
vibration. These effects were reviewed by Giriffin (1990, section 5.2) and included
increases in heart rate, blood pressure and oxygen intake (Guingard 1965, 1985),
effects on the postural control of muscles (Goodwin et al., 1972, Eklund, 1969),
electromyographic activity in the back muscles (Seidel, 1988, Robertson and Griffin,
1989), disturbance of vision and hearing loss. Whole-body vibration has also been
related to lower back pain or damage to the vertebral disks (Seidel and Heide, 1986).

Kelsey and Hardy (1975) found a high correlation between the operation of trucks and
the occurrence of low back pain and herniated disks. Sandover (1981) reported that
vehicle operators typically report between two and four times the number of lower
back problems and disabilities reported by the normal population. Rosegger and
Rosegger (1960) found that 71.3% of tractor drivers suffered from pathological spine
deformations and a high incidence of stomach problems and Dupuis and Christ
(1966) and Christ and Dupuis (1968, two papers) indicated that tractor driver as an

occupation was associated with damage to the lower back.

However, the association of back problems with a particular occupation also
associated with high magnitudes of vibration does not of itself link the vibration to the
back problems. Reviews of epidemiological studies were conducted by Seidel and
Heide (1986), Hulsof and van Zanten (1987) and Kjellberg et al. (1994) and criticised
the lack of vibration measurements and the epidemiological standards used in

published surveys of vibration and health.

Bovenzi and Hulsoff (1998) have conducted a review of recent studies on vibration
and health attempting to relate vibration exposure and back pain. Stayner (2001) and
Pope et al. (1995) have also summarised the literature in this area. Among the studies
reviewed were Bovenzi and Betta (1994) who observed increasing back pain with
increasing driving hours and Boshuizen et al. (1992) observed that younger fork-lift

drivers had a greater prevalence of back pain than a reference population.

Research has also been directed to identifying the form of damage caused by
exposure to vibration. Sandover (1981) proposed that fatigue failures in the vertebral
endplates are the dominant form of damage that lead to whole-body vibration related

diseases of the spine and subsequent research by Hasson et al, (1987) and
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Brinckmann ef al. (1988) noted that failures in conditions of repeated compression
occurred at lower magnitudes than for a single force loading. Further research by
Brinckmann et al. (1994, 1998) quantified the occurrence of such injuries in work-

forces exposed to whole-body vibration.

It is difficult to prove a link between low and moderate vibration and the occurrence of
lower back pain or damage, as the pain or damage develops over time rather than
immediately (Bovenzi and Betta, 1994). Seidel et al. (1998) described a technique for
evaluating whole-body vibration based on the likelihood of failure of the inter-vertebral
disks estimated from the spinal loading, the number of cycles of vibration and the
strength of the vertebral disks. The effect of posture on the predicted spinal loading

was investigated and a bending forward posture was found to result in lower predicted

loads than a driving posture.

In situations involving very high magnitudes of motion, it is possible for the back to be
damaged as a direct and immediate consequence of the motion, as in the case of
aircraft ejector seats. Edwards (1997) found that greater weight was more likely to
lead to a severe injury during ejection and greater than average height was more
likely to lead to a back injury. This suggests that taller and/or heavier off-road machine

operators may be more at risk from severe end-stop impact events.

However, research is still in progress to link whole-body vibration with injury and in
particular spinal injury. While there is suggestion from a number of studies that people
in occupations that involve whole-body vibration have a greater prevalence of some
forms of injury to the spine or pain in the back, the link between vibration and injury is

still unclear and the injury mechanisms have not been conclusively proved.

It is interesting to note that the subjects tested by Ziegenruecker and Magid (1959)
and Magid et al. (1960) indicated a variety of reasons for stopping the test including
chest pain, head symptoms and general discomfort, but did not identify back pain.

The test motions were sinusoidal motions with peak amplitudes in excess of 15 ms™.

2222 Posture

Griffin (1975) demonstrated large differences in vibration transmissibility through the
body due to differences in seated posture and several studies have linked body
transmissibility with operator visual and motor performance (Guignard and Irving
1960, Griffin and Lewis 1978, Lewis and Griffin, 1978). However, Oborne et al. (1981)
reported that transmissibility had only a small effect on comfort. The study by Bovenzi
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and Betta (1994) identified posture as a contributing factor leading to lower back pain

in a population of tractor drivers and found that posture and vibration were

independent contributors.

A clearly identified postural problem with the drivers of agricultural tractors and
forklifts is the tendency of the driver to operate the vehicle while looking backwards.
Saint-Eve and Donati (1992) noted that forklift drivers often operate in reverse due to
the poor forward visibility offered by the mast, forks and load. Donati et al. (1982)
observed that during some tasks tractor drivers can spend around 50% of the time
looking backwards in order to monitor a load or attachment and may twist in the seat

more than 15 times a minute.

2.2.2.3 Shocks

There is no clean-cut division between ‘vibration’ and ‘shock. Broadly speaking, a
shock is a short duration high amplitude movement whereas a vibration is a longer
duration event of more consistent amplitude. It has been suggested that occasional
shocks may have a greater affect on the well-being of a vehicle operator than more
uniform low-level vibration (Allen, 1977, Sandover, 1988, Kjellberg and Wikstrom,
1985). Attempts have been made to define general methods to assess the severity of
a measured shock but the complexity of the subject implies that no single method will
be applicable to all situations. Two suggested methods for assessing the severity of

shocks are the dynamic response index (DRI) and the VDV,

The dynamic response index (DRI) assumes the response of the body can be
approximated to the response of a single degree of freedom system. A shock time
history is input into a damped single degree-of-freedom model of the body and the
peak stress on the spine is assumed to be approximated by the peak displacement of
the model. This approach was proposed by Payne (1965) and Payne and Band
(1971). The DRI has been used extensively in assessing the damage caused by
aircraft pilot ejections, but a study by Anton (1986) found poor correlation between

occurrence of injury and DRI for 4 out of 5 ejector seats used for 223 ejections.

The VDV is also capable of assessing shock-like motions. This measure accounts for
both the time and magnitude of a shock and can cope simply with compound shocks
and shocks within longer term lower amplitude vibrations. The VDV was developed

from measures of subjective discomfort. A tentative daily exposure VDV of 15 ms™"
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has been suggested (BS 6841, 1987) on the assumption that health risk due to

vibration has the same frequency, magnitude and time dependence as comfort.

2.3 Off-road vehicle vibration and the need for suspension seating

2.3.1 The benefit of suspension seating

Off-road machines with pneumatic tyres are known to produce narrow-band vibration
on the cab floor with energy in the frequency range from 1 to 5 Hz (Marsh 1965,
Chisholm, 1970) as illustrated in Figure 2-6 from Marsh (1965). Off-road vehicles
usually have no primary suspension, although some are fitted with front suspensions.
Only a few, of which the JCB Fastrac is the most widely used, have full primary
vehicle suspensions allowing higher road speeds under current legislation. The
vibration at the cab floor is therefore caused on the majority of off-road vehicles by the

oscillation of the vehicle mass on the pneumatic tyres resulting in a lightly damped,

narrow-band vibration.
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Figure 2-7 The ischial tuberosities are the thickened underneath surfaces of
the ischium (Marieb, 1995).

The seat surface is a compromise between dynamic performance and static comfort.
The human body when seated on a hard, flat surface is supported on the iscial
tuberosities (Figure 2-7). This results in an uncomfortable concentration of pressure.
Some form of contoured or compliant surface is necessary to distribute this pressure
over a wider area (Umehara et al. 1971, Hertzberg, 1972). The balance between
static and dynamic comfort was investigated by Ebe and Griffin (2000a, 2000b). Wu
et al. (1996) found that the ischial pressure and the total contact area showed
maximum variation around the resonance frequency of the human-seat system using
a foam cushion seat (2.5 to 3 Hz). The maximum ischial pressure and total contact
area were found to increase with increasing vibration magnitude. However, Gyi and
Porter (1999) investigated the relationship between pressure distribution and

perceived discomfort but found no clear trends.

Given that some form of compliant surface is necessary to provide static comfort for a
range of different operator physiques and that it is not currently possible to
manufacture foam capable of reducing the driver-cushion resonance frequency below
2 Hz, it is necessary to reduce the resonance frequency by some other means. An
additional, mechanical seat suspension using coil springs or air springs has become a

common solution.
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2.3.2 Laboratory suspension seat evaluation

Seat performance is usually expressed

in terms of the amount of vibration ir @)
transmitted from the seat base to the 3t s

vehicle operator. Automotive seats j 2

have been demonstrated to have some 5 ,
non-linearities with the frequency and % ar Y
magnitude of the peak transmissibility :é 2 543 21

decreasing with increasing magnitude. Z 1 é@i&%ﬁwf‘/\/ﬁw
However, it has been suggested that i - A%/mu
this may be due to the non-linearity of 3 5 403 2 1

the human on the seat (Fairley and il Y | ,

Griffin, 1988). A linear transfer function : — T\A‘{Z == ﬁo
may be sufficient to describe the Frequency (Hz)

cushion vibration transmission  Figure 2-8 The effect of varying input

vibration magnitude on the transmissibility
i ) ] of a suspension seat showing the
be used so easily with a more highly  transmissibility of the cushion (top), the
suspension and the complete seat
) _ (bottom). Increasing numbers indicate
produces a substantially different m s acceleration magnitudes increasing
from 0.35 to 1.75 ms™ in equal steps. (Wu
and Griffin, 1996).

characteristics. This approach cannot
non-linear suspension seat as the seat

response for different input magnitudes

as illustrated in Figure 2-8.

A simple summary method of describing the performance of any seat to a particular
motion is the SEAT value, pronounced see-at, first suggested by Griffin (1978). This
measure is the ratio of the ‘amount’ of vibration at the seat surface (typically an r.m.s.
acceleration or VDV) to the amount of vibration at the seat base, expressed as a
percentage as shown in Equation 2-3 where a, is the weighted vibration on the seat
surface and a, is the weighted acceleration on the platform under the seat. This

measure has been adopted for use in current national and international standards.

SEAT =25 x100% Equation 2-3

ap

where a; is the frequency-weighted acceleration at the seat surface and ap is the

frequency-weighted acceleration at the seat base.



Evaluating suspension seats using field tests is expensive and time consuming. A
vehicle and a suitable test track are required. An artificial, durable test track is a major
investment in order to obtain a single test condition. Even with such a track the
variability between vehicles, or with the same vehicle with different tyres, fuel loads or
weather conditions could affect the test resulis. Conditions can be more closely
controlled by using a shaker in the laboratory to test the performance of a seat. The
input motion can be varied in a controlled manner, but a suitable input motion must be

defined to ensure that the seat is adequately tested.

Stayner and Bean (1971) obtained representative test motions by reproducing in the
laboratory the vertical acceleration measured in a tractor on a test track. Stayner
(1971) emphasised the need to use realistic testing conditions due to the highly non-
linear behaviour of suspension seating. The European standard EEC/78/764 (1978,
including revisions up to 1997) was developed using this philosophy and uses a

recorded cab floor vibration as the test input.

More recent international standards for suspension seat testing (e.g. 1ISO7096, 1982
and 2000) used a filtered random motion with a frequency content representative of
that found on the cab floor of a particular type of off-road vehicle. This form of test
motion has a noticeably different amplitude distribution with time as compared to the
EEC/78/764 test signal. The EEC/78/764 motion involves periods of relatively high
magnitude motion interspersed with lower amplitude regions as compared to the
random amplitude-time distributions of the 1SO signals. Both forms of test signal are

relatively long in duration (between 60 and 300 seconds).

The test motions described above have a defined magnitude for which the seat is
required to provide a specified amount of vibration isolation. A test using a fixed input
magnitude does not account for the fact that the vehicle-seat-driver system includes
an adaptive feedback element. If provided with an especially good seat the driver is
likely in some circumstances to increase the vehicle speed in order to more quickly
complete the task at hand, resulting in greater vibration on the vehicle floor. Wu and
Griffin (1996) suggested a test method whereby an input stimulus would be applied to
the seat base at progressively increasing magnitude so quantifying the seat
performance in terms of the change in transmissibility with magnitude instead of the

transmissibility at a single magnitude.



2.3.3 Vibration observed in the field

Given the large numbers of off-road vehicles in use worldwide, there are
comparatively few published accounts of vehicle vibration characteristics. It is
assumed that in the majority of cases where vehicle vibrations are quantified there are

commercial interests involved that prevent or discourage publication.

The study by Malchaire et al. (1995) took 480 measurements of vibration on fork-lift
trucks. The study suggested that vibration exposure is mostly influenced by the
roughness of the track, the vehicle speed and the quality of the seat. An earlier study
by Marsh (1965) published typical vibration characteristics for a range of vehicles and
current standards (e.g. 1S07096:2000, EN13490:2001, ISO 5007:1990) provide
typical vehicle vibration characteristics for specific vehicles, but do not provide

information on how these motions were determined as typical.

Other studies involving off-road vehicles have tended to use summary measures of
the vibration (VDV or r.m.s.) and have been more concerned with the effect of the
vibration on the operator rather than the characteristics of the vibration of the vehicle.
Sorainen et al. (1999) investigated the vibration on nine agricultural tractors and found
that the ‘8-hour fatigue decreased proficiency boundary’ as described in ISO 2631-1
(1985) was exceeded in all cases and instantaneous accelerations of two or three
times the mean level were observed. Stayner and Bean (1971), Stiles (1994) and
Lines et al. (1995) conducted two surveys of the vibration exposure of tractor drivers
and indicated that the vibration exposure of tractor drivers had not changed

substantially in the time between the two surveys.

2.3.4 Discussion of the vehicle vibration

It is usually frequency domain characteristics and the summary magnitude of off-road
vehicle vibrations which are reported. The ‘typical’ vibration characteristics of the
standardised classes of vehicle, at least in the vertical axis, are well known. The time
and amplitude domain characteristics of the vehicle vibration are less well known. The
characteristics of the cab floor motions that lead to seat end-stop impact events in
particular have not been investigated.

The use of cab suspensions (Lines et al. 1989) and partial or full vehicle suspensions
on new vehicles will change the vibration characteristics on the cab floor. The present

standardised methods for evaluating the suitability of a seat for such a vehicle will no

longer be applicable as the standard vibration test signals will no longer be relevant.
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A further deficiency with the present seat test standards is that only a single
magnitude of motion is tested. The seat in the field will be subjected to a wide range
of magnitudes and in some circumstances will experience suspension over-travel (or
end-stop impact) situations. The performance of the seat during these severe motions

may be of greater importance than the performance at lower magnitudes

2.4 Anintroduction to suspension seating
A separate suspension mechanism between the seat cushion and the vehicle floor

can be adjusted to have a resonance frequency below the predominant frequencies of
vibration on the floor of a particular vehicle, so reducing the vibration transmitted to
the operator in vehicles where vibration occurs in a frequency range that would be
amplified by a foam cushion seat. A suspension seat can be reduced to a number of
components, each having some effect on the dynamic response of the whole.
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Figure 2-9 Schematic of a behind-seat Figure 2-10 Schematic of an under-seat
suspension suspension

Figure 2-9 and Figure 2-10 show schematics of two common suspension seat
configurations. The performance of the component parts in both systems is essentially

the same. Stiffness is provided by a spring, usually steel coil springs, torsion springs
or air springs. The spring is selected so that the resonance frequency of the seat-

driver system is sufficiently low to isolate the frequencies of vibration expected in the
vehicle. Seat suspensions are usually limited to a maximum of 100 mm of vertical
travel by rubber end-stop buffers to prevent excessive relative displacement between
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floor. Impacts with the end-stop Figure 2-11 The variation of the vibration
isolation performance of a suspension seat
_ varying with input magnitude for an input
possible cause of this poor frequency close to the suspension resonance
0 g frequency and for an input frequency
erformance. Qil-filled damper - . .
P P sufficiently high for the seat to provide

units are used in current attenuation (Wu and Griffin, 1996)

buffers were suspected as one

suspension seat designs to reduce the relative motion across the suspension in order

to reduce the likelihood of end-stop impact events.

Wu and Griffin (1996) identified five stages of suspension seat behaviour varying with
input magnitude as shown in Figure 2-11. At low magnitudes, stage 1 describes a
seat with the suspension mechanism friction-locked and immobile. As the amplitude
increases, stage 2 describes a seat suspension breaking away from friction. Stage 3
is the quasi-linear region with the seat suspension using most of the available stroke
but not impacting the end-stops. Stage 4 involves end-stop impacts and stage 5

involves severe impacts with the seat repeatedly striking the top and bottom buffers in

turn.
2.5 Suspension seat component parts

2.5.1 The linkage

The linkage mechanism restricts the mass of the seat to move over a limited stroke,
usually in one axis only. The linkage provides the framework to which the spring,
damper and seat are attached and may be arranged with the suspension behind or

below the seat as described above.

Most suspension mechanisms are designed to limit seat movement to the vertical
direction only. Lowe (1972) mentions that fore-and-aft movement of more than 10 mm

on a nominally vertical suspension system is liable to cause complaint from drivers
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and that lateral movement can lead to a
subjective sense of insecurity. The use of an
X-mechanism (Figure 2-10) was
recommended from a stability point of view,
and this form of mechanism is used on the
majority of seats in current production where

the suspension is fitted under the seat.

Zach (1971) provided information on the
development of a ‘knee hinge’ design with
whereby the seat rotates about an effective
pivot point at the drivers knee (Figure 2-12).

This allows a long stroke for the purposes of

isolation performance while minimising the

Figure 2-12 Schematic of a knee-
hinge suspension (Zach 1971).

‘leg pumping’ effect caused by high relative
displacements at the front of the seat. This
form of mechanism has not been widely adopted for commercial use, possibly due in
part to the non-vertical components introduced by the suspension mechanism and the

complexity (and therefore cost) of the adjustable oil and gas suspension system.

2.5.2 The suspended mass

The mass of the moving part of the suspension seat is relatively small compared to
the mass of the driver. This mass consists of the moving parts of the suspension, the
seat pan and some accounting for the cushions and backrest. A simulation study by
Rakheja et al. (1994) indicated that increasing the suspension mass can improve the
isolation performance of a suspension seat. However, an increase in the mass of the
seat results in higher shipping costs for seat manufacturers. Seat designs with water
tanks on the suspension to increase the mass without increasing the shipping costs

have been investigated by some manufacturers but have not progressed past the

prototype stage.

2.5.3 The suspension stroke

The vertical stroke of the suspension is constrained by two main factors. Vertical

space in vehicle cabs is limited, especially in older vehicles that were not originally

designed to be fitted with suspension seats or in small vehicles such as fork-lift trucks.

The compact seats fitted in such cases typically have a stroke length of 30 mm (INRS,

1992) and often have no damper fitted (Comite de pilotage charge de la mise au point
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de guides par le choix de sieges suspendus de chariots elevateurs, 1992) relying on

friction to provide the necessary damping.

The second factor limiting the suspension stroke is that excessive displacements of
the driver relative to the controls may be uncomfortable. The stroke must be long
enough to provide useful vibration isolation without reaching the end of the
suspension travel. Lowe (1972) suggested that 100 mm was a good compromise
stroke length, giving acceptable isolation and allowing some leeway for inaccurate
adjustment of the seat while not causing too much displacement relative to the
controls. This value appears to be generally accepted and operating displacements up
to this value are usually welcomed due to the increased isolation achieved. However,
Boileau and Rakheja (1990) report the case of a seat that gave good vibration
isolation performance but was unsatisfactory to the driver due to the high but non-
limiting relative displacement between the seat surface and the vehicle. No studies
have looked at the effect of mounting some of the vehicle controls onto the seat

suspension to avoid the need for the driver to experience relative motion across the

arms and legs.

2.5.4 Lateral and rotational movement

Some seats have suspension systems designed to isolate vibration in the fore-and-aft
and lateral vibration. Corbridge (1984) has shown that fore-and-aft isolation can
improve the ride in the fore-and-aft direction by about 40%. Griffin (1990) suggested
that fore-and aft suspensions can suffer end-stop impact problems due to their low
frequency and limited travel and that the relative motion can impair the precision of
hand and foot movements. Fore-and-aft isolators are fitted to some current production

seats, often for use in agricultural tractors, but there are no published reports of the

effectiveness of these suspensions.

2.5.5 Seat adjustment

Suspension seats should have the facility to conveniently adjust to suit different builds
and weights of driver. Boileau and Rakheja (1990) mention that fore-and-aft
adjustment of £75 mm is typical and that air suspension seats have an available
vertical travel of £75 mm. The same study stressed that the means for adjusting the

vertical height of the seat and the means for adjusting the spring tension to suit the

driver weight should be clearly separate. Confusion of these controls may lead to poor

2-17



vibration isolation and the possibility of more end-stop impacts due to incorrect weight

settings positioning the suspension close to one of the end-stops.

Donati and Patel (1999) conducted a study involving twelve forklift truck drivers to
investigate seat adjustment ranges. This study also found that drivers had little
understanding of the importance of the weight adjustment control. Perkio-Makela and
Riihimaki (1997) investigated the seat adjustment of 100 forestry tractor drivers. Pain,
stiffness, fatigue and low back pain at the end of a shift were reported to have
decreased for most drivers after the seat was adjusted by a technician as compared

to the driver’s usual settings.

2.5.6 Friction

The joints of the linkage mechanism lead to a dry friction damping component in the
system. Investigating friction in a controlled manner is challenging as it is not possible
to manufacture a ‘frictionless’ reference system and it is difficult to control the system
friction in a systematic manner. Stayner and Bean (1971) conducted a laboratory
study and did not find a direct relationship between friction and transmissibility, but the
figures obtained suggest that higher friction led to poorer seat performance. Lowe
(1972) stressed that due to the low spring rate required for a suspension seat, a
relatively small frictional force can cause a significant loss of seat performance based
on that author’s experience of manufacturing production seats. The effect of friction in
‘locking up’ the suspension at low vibration magnitudes has been noted by many

authors (e.g. Wu and Griffin, 1995; Fairley, 1990).

More recent computer simulations of suspension seating have included friction
elements allowing more detailed investigations into the effect of friction on the system
behaviour. Boileau and Rakheja (1990) noted that friction acts as additional damping
to help reduce the peak transmissibility at the suspension resonance frequency, but
that too much friction deteriorates the seat performance in the isolation region. Gouw
et al. (1990) found that an increased load on the seat while testing with an indenter
led to a higher measured friction. Fairley (1990) found that the overall seat damping
increased with decreasing mass loading and assumed this was due to less inertia
force being available to overcome a constant friction force. Rakheja et al. (1994)
conducted a simulation study of a suspension seat and noted that a reduction in
friction can improve the performance of a seat for some input signals. The model
used in the study also showed the locking up of the suspension at low vibration

magnitudes.

2-18



While many of the studies above have provided evidence that friction adversely
affects the performance of a suspension seat, only the simulation study by Rakheja et
al. (1994) attempted to quantify the influence of the friction magnitude on the seat
performance. This study indicated that increased friction was detrimental to the seat
performance and that for the seat under investigation a halving of the friction force
would be expected to result in a reduction in the acceleration power spectral density
on the seat surface of approximately 25%. The investigation used one magnitude of

random motion defined as for Class Il agricultural tractors by SAE J1386 (1986).

The variation of suspension seat friction force with time has not been widely
investigated. Stayner (1972) mentioned that running-in a seat reduced the friction, but
operation over rough conditions for 200 hours resulted in an increase in friction

leading to a reduction in isolation efficiency.
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2.5.7 The spring and the driver weight adjustment control

The suspension seat spring must be able to support the mass of the seat and the
driver such that the resonance frequency of this system is sufficiently below the lowest
frequency of vibration expected at the seat. Rakheja et al. (1987) reported that driver
masses might be expected to range between 50 kg and 100 kg and that 75% to 82%
of the driver mass is supported by the seat. Other studies have used values within this
range suggesting an extreme seat loading range from 37.5 kg to 82 kg. Lowe (1972)
suggested 5/7™ of driver mass (approximately 71%) but noted that the loading on the
seat depends on the layout of the controls and that a seat loading capacity

corresponding to driver weights from 45 to 110 kg is satisfactory in practice.

Steel, rubber or air springs are generally used in suspension seating. Leaf springs
were used in some early designs but are not capable of the displacements required by
modern seats (although some modern leaf-sprung seats using laminates of different
materials may be under development). Torsion bars and coil springs have been used
in several seat designs. Air springs are popular for their ease of adjustment,
especially in vehicles equipped with air lines where the driver weight adjustment can
be automatic or servo controlled (Boileau and Rakheja, 1990), but are more

expensive than steel coil springs.

2.5.8 The damper

The damper is included in the design to limit the amplification of vibration at
frequencies near the resonance frequency of the seat-driver system and to reduce the
relative motion of the seat suspension when exposed to high magnitude motions, so
reducing the likelihood and severity of end-stop impacts. However, the vibration
isolation performance of the suspension at higher frequencies is poorer with high
damping. Oil-filled dampers involving a piston with an orifice moving through the oil
are the most common form of suspension seat damper. Some have driver-accessible
controls to allow the orifice to be varied by means of a lever attached to the seat, so
varying the amount of damping provided.

An orifice damper of this form theoretically exhibits a damping force proportional to
the square of the velocity, but systems exist with different damping depending on the
direction of travel of the seat relative to the cab floor. Dampers may exhibit changes in

gradient due to the presence of bleed and blow-off valves or non-linear behaviour of
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the fluid passing through the damper orifice. The dynamic properties of the oil can
lead to other dynamic characteristics. The compressibility of the oil/gas solution
introduces a stiffness component and changes in oil temperature cause changes in
the oil viscosity. Other effects include friction due to the oil seals and flexing of the
cylinder walls. Some past models of seat and automotive suspensions included the
damping as a linear force-velocity characteristic, but this approach has generally been

abandoned as too simplistic to produce reliable results.

A detailed model for a suspension damper was proposed by Lang (1977) but required
over 80 parameters. Less complicated models (Rakheja et al., 1994; Ranganathan
and Sriram, 1994) have used two-slope or three-slope models to account for the fact
that the force-velocity characteristic of a suspension damper is often not linear. Both

of these models included a Coulomb friction component in parallel with the non-linear

viscous component.

Methods exist to model the damper force as a surface in terms of velocity and
displacement as described by Worden and Tomlinson (1992). The surfaces obtained
using this method were relevant for single frequency excitation and were therefore
referred to as an ’isofrequent map’. This method has limited use in automotive
suspension modelling as it is better suited to sinusoidal rather than broadband input
motions. A refinement of this method by Duym (1997) using acceleration and velocity

instead of displacement and velocity showed improved results for broadband

excitations.

As the damper is dissipating energy from the vibrating system, an increase in
temperature is to be expected. Fairley (1990) noted a slight decrease in suspension
damping with time which was attributed to an increase in temperature of the damper
used in the seat under test and present standards (ISO 10326-1, 1992) stress the
need to monitor the temperature of the damper when running in a seat prior to testing
to prevent overheating. Qil viscosity is known to change with temperature and the
energy dissipated within the oil during relatively high amplitude motion can cause the
oil temperature to rise. Most models assume constant temperature operation. Surace
et al. (1992) characterised the temperature dependence of an automotive suspension
damper in terms of isofrequent mappings, but this resulted in the damper behaviour

being described in terms of a number of different maps.

Recent investigations into characterising dampers have used higher order frequency

response functions (HFRFs). This is a frequency domain method that characterises
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the non-linear components of a system from the higher frequency components
produced in response to inputs consisting of one or more sinusoids. The output from
the system is represented as the sum of terms of a Volterra series (Volterra, 1959)
and the terms of the series are Fourier transformed to obtain the HFRFs. A
description of the methods for characterising an automotive damper using HFRFs is
given by Cafferty and Tomlinson (1997). However, the approach was found to be
limited by non-linear behaviour of the actuator and was not found to provide useful

information beyond that obtained from the more conventional polynomial curve-fitting

methods.

Equipment is commercially available to obtain force-velocity and friction values from
damper units. These devices generally consist of an actuator to exercise the damper
over a known displacement with a sinusoidal motion. The friction component can be

estimated from a low frequency motion and the force-velocity characteristic from

higher velocity motions.

An alternative method was suggested by Feeny and Liang (1996). The method is a
combination of the logarithmic decrement method initially described by Rayleigh
(1877) for viscous damping and the alternative version described by Lorentz (1924)
for Coulomb damping. Equations were presented to obtain a viscous and a damping
coefficient from the decay of a suspended mass subject to an impulse. Suspension
seats are generally close to overdamped so this method could not be applied to the
seat suspension directly. A test apparatus incorporating the damper into a system with
a greater mass and a stiffer spring might sufficiently reduce the relative system

damping to allow this method to be applied.

2.5.9 Active and semi-active damper control

The development of active or semi-active suspensions with controllable damping is an
attractive proposition as such systems could achieve low amplitudes near the seat
resonance without reducing the seat isolation performance at high frequencies. Barak
(1992) reviewed the differences between passive, semi-active and active suspensions
as applied to vehicle primary suspension systems. Active systems were identified as
less reliable and more expensive as they require a closed loop control system with
sensor devices and a powered actuator to provide the required force to minimise the
movement of the isolated part. Passive systems were identified as unpowered

systems providing vibration isolation by storing and dissipating energy in mechanical
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components. Semi-active systems observed to generally involve a controllable

damper which is varied according to a closed-loop control policy.
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Figure 2-13 Schematic of combined
passive and active seat suspension
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Figure 2-14 The transmissibility of the
passive/active seat (line 3) compared with

the passive (line 1) and active (line 2)
suspensions acting alone (Stein and Ballo,
1991).

system (Stein and Ballo, 1991)

Suggs et al. (1970) developed a hydraulic active seat suspension unit to replace a
seat suspension shown in Figure 2-13. The unit achieved 65 to 75 percent attenuation
of acceleration in the 1.5 to 8 Hz frequency range. The components used in this
system would be considerably more expensive than those required for a passive
system. Stein and Ballo (1991) also tested an active hydraulic vibration isolation
system in series with a passive seat suspension and obtained the improvements in
response (Figure 2-13 and Figure 2-14). The main disadvantages of this system were

the size, cost and power requirements of the hydraulic actuator.

Stein et al. (1992) tested an active suspension system controlling the pressure of an
air spring seat suspension. The preliminary results using this system showed the
ability to tune the seat isolation frequency to within a narrow boundary, but that
performance at higher frequencies tended to be poorer than the passive system. The
pneumatic design was developed further (Stein, 1995a, 1995b, 1995c, 1997).
Electronic ‘sky hook’ damping was introduced as the hydraulic damper originally
employed on the seat which was hampering the performance of the active control.
The performance of the active vibration isolation system as compared with the

pseudo-passive ‘sky hook’ seat showed an improvement in the SEAT values of
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greater than a factor of two when using agricultural tractor and earthmover motions as
defined in ISO 5007 (1990) and ISO 7096 (1982). The system schematic and the
results for different control methods are shown in Figure 2-15 and Figure 2-16 The
author noted that the main disadvantage of the active pneumatic isolation system was
the complexity as compared with passive systems and the cost of the transducers.
This latter problem was addressed by Stein (1998a, 1998b) by using a pressure
control valve in place of the flow control valve used previously, enabling one of the

transducers to be dispensed with and simplifying the control circuitry.

Other researchers have investigated the performance of semi-active suspension
systems with on-off control policies, frequently using electro-rheological dampers (e.g
Krasnicki, 1981; Nell and Steyn, 1994; Rakheja and Sankar, 1995; Wu et al., 1994).
Semi-active suspensions use a spring and damper combination but with some control
method to modify the system response, usually a variable damper. Power is usually
required to operate the control equipment, but an actuator and power supply
sufficiently powerful to drive the entire seat is not needed. On - off control is normally
simpler to implement than a continuous method. Electro-rheological fluids change
their properties when a voltage is applied across them, allowing the properties of the
damper to be changed quickly. Wu and Griffin (1997) developed such a system for
use in a suspension seat with the specific intention of reducing the occurrence of end-
stop impacts. The apparatus used for testing the system is shown in Figure 2-17. The

system proved effective in reducing impacts without severely reducing the isolation

M
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Figure 2-15 Schematic of the pneumatic Figyre 2-16 Transmissibility of the pneumatic
active suspension (Stein, 1997). active suspension using four control
arrangements: 1-‘sky cloud’, 2-‘sky-hook’, 3-
‘sky-cloud’ and ‘sky hook’, 4-limted ‘sky-

cloud’ and ‘sky-hook’ (Stein, 1997).
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Figure 2-17 Semi-active seat
were compared by Yao ef al. (1997). Low suspension (Wu and Griffin, 1997)

voltages produced predominantly viscous
damping, while higher voltages resulted in predominantly coulomb damping. The

moving plate design was found to be more effective for vibration control.

Karnopp (1979) noted that active suspension systems are more complex, more
expensive and less reliable to implement than conventional passive systems. The
Lear Motion Master system is the only active seat system currently commercially
available and it appears that any systems must be low-cost if they are to be adopted

by seat manufacturers for large-scale markets.

2.5.10 End-stop buffers

A seat suspension is normally displacement limited by rubber buffers to reduce the
accelerations caused by end-stop impacts. Suspension seat end-stop buffers are
usually manufactured of moulded carbon-filled vulcanised rubber. Vulcanisation
involves the addition of sulphur atoms to the heated rubber elastomer. These atoms
form cross-links between the elastomer chains, resulting in improvements in elasticity,
strength and resistance to degradation (Callister, 1994). Unvulcanised rubber is soft
and tacky. Increasing quantities of sulphur result in harder and less extensible

vulcanised rubber. The addition of carbon black increases the strength and durability

of the rubber.

Wu and Griffin (1995) used a simulation with a rubber buffer simulated as a two stage
spring and a linear damper to investigate the effect of end-stop buffer characteristics
on seat performance. This study indicated that the buffer force-displacement
characteristic had a significant effect on the severity of end-stop impacts and that an
ideal buffer would have an approximately linear force-displacement characteristic. A

higher damping coefficient than that of rubber was found to be preferable in reducing
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the severity of impacts. However, this study and a laboratory study with a theoretical
seat model (Wu and Griffin, 1995) used the vibration transmitted through the

suspension rather than the vibration experienced by the vehicle operator.

Other models of suspension seating have used linear springs as the end-stop
stiffness. No studies on suspension seats have used more specific dynamic models
for rubber blocks such as the Maxwell model consisting of spring and damper
elements in series as described by Dove et al. (1977) or the triboelastic model

consisting of a large number of friction elements connected by springs as described
by Turner (1988).

Stiles (1994) reported that 45% of suspension seats investigated in a field survey
increased the vibration to the driver and suggested that a possible reason was the
occurrence of end-stop impacts. A suspension seat has the potential to exert shocks
in an upward or downward direction as the seat impacts with the bottom or top end-
stop in overtravel situations. Howarth and Griffin (1991) found no difference between
the discomfort caused by 'up’ and ‘down’ shocks of identical vibration dose value and
Wu and Griffin (1998) proposed that top and bottom end-stop impacts would cause
similar discomfort. This conflicts with the opinions of seat manufacturers who
generally consider the bottom end-stop to be of greater importance and comments

from researchers involved in field trials

that have observed drivers offsetting the #
seat towards the top of the stroke to <"
avoid the bottom end-stop. The time \5’
g
histories shown by Wu and Griffin do g‘
indeed show shocks of similar peak % A
acceleration at the top and the bottom <
stop (Figure 2-18), but these time '202 : :'3 ' "1 ' 5

histories were recorded on the Time (s)

suspension mechanism, not the seat . . . .
P Figure 2-18 Time histories of the

load. The seat load is naturally limited to  acceleration at the top of a seat
suspension showing top stop (downward
acceleration) and bottom stop (upward
load lifting off the seat if the seat acceleration) impacts (Wu and Giriffin,
1998)

the downwards acceleration, with the

acceleration exceeds this value. End-
stop impact situations involving the driver leaving the seat therefore involve different

waveform characteristics at the bottom and the top end-stop, so the results of

Howarth and Griffin (1991) regarding the relative comfort of upwards and downwards
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shocks cannot be applied
directly to all magnitudes of
suspension seat end-stop

impact.

2.5.11 Cushion

Open-celled polyurethane
foams as used in seat
cushions were described
by Hiyard (1982) as
consisting of a viscoelastic
elastomeric matrix (Figure

2-19) with a fluid (air)

Stress o,

Linear elasticity

Densification

Plateau

&p 1.00

Compressive strain &

Figure 2-20 Stress-strain curve for open cell foam
(Patten et al., 1998)

trapped within the matrix. A compressed foam exhibits damping as the air is displaced

through the foam (pneumatic damping) as well as viscous damping due to the
compression of the matrix. As the frequency increases, the air ceases to be displaced

and compresses instead. The damping of a foam cushion therefore rises with

increasing frequency, passes through a maximum and then decreases, while the

stiffness increases to an equilibrium value. A theoretical model based on this
approach was described by Gent and Rusch (1966) and improved upon by Hilyard
and Kanakkanatt (1970) with the inclusion of viscoelastic properties of the polymer

matrix.

The stiffness of a polymer
compression is also non-linear. The stress- )

strain curve for a possible foam cushion is l
shown in Figure 2-20 (from Patten et a/., 1998).
This initially illustrates the matrix bending and
displaying linear elastic properties, then the cell
structure begins to buckle and the stiffness

stops increasing and finally the matrix becomes

matrix under

7

x/“*w

completely collapsed and all the air expelled or

trapped causing

rapidly.

the stiffness to

increase  pigure 2-19 A square prism mold

for open cell foam (Gibson and
Ashby, 1988)

Patten et al. (1998) described a theoretical

model to simulate the dynamic properties of a
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foam cushion including the non-linear damping effects. The following equation to
predict the acceleration, X, of a mass, M, on a foam seat cushion was taken from

the equations provided by Patten, Sha and Mo (1998):

aA RuUAH . pA ..
_E z- z-
"(eH+d, E)i 3d¢ 3K,S? 42 Equation 2-4

M
where z and Z are the relative displacement and velocity respectively between the

X =

load and the base of the cushion, E; is the Young’s modulus of the foam, A is the
cushion area, H is the cushion height, K, is a surface factor relating the foam cell
size to the available area through which air can flow, ¢{ is the relative density of the
foam, p and u are respectively the density and viscosity of air and the remaining
coefficients describe a curve fit to the measured cushion stress-strain relationship as

follows:

a
o=E, ——¢
(c+de)
where ¢ is the stress, ¢ is the strain and the other coefficients are as above.

Equation 2-5

The disadvantage of this method is that knowledge of the physical properties of the
foam cell structure are required and these values are not easy to obtain without
specialist equipment. Other researchers have investigated methods of modeling seat
cushions from measurements of the dynamics of the complete cushion without
requiring knowledge of the cell structure of the foam as described in the following

paragraphs.

Hilyard et al. (1983) simulated the response of a foam cushion seat and driver system

in an earthmoving machine

using linear parameters for 3
. i
the seat cushion. The {s) /.\ >\‘

M f"“\\ S : i
force-deflection T iR MR
characteristic was PR C RN N /;/ L

. 1 S = q -a.-fif X
measured at velocities AN g v\;
-1 -1 T S
from 83ums™ to 3.3 mms o
. : 1 2 5 10 20
with the loading force f/Hz

cycling between 294N and
Figure 2-21 Measured (curve a) and predicted (curve b)

981N. The stifiness was seat transmissibilities for a foam cushion seat in a JCB
derived from the gradient 3CX earthmoving machine (Hilyard et al., 1983).
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of the force deflection characteristic and the damping coefficient was equated to the
ratio of energy dissipated to energy stored during each cycle. The predicted seat
transmissibility from Hilyard et al. (1983) using the two degree-of-freedom model for
the human body from Payne and Band (1971) as compared to a human subject are

shown in Figure 2-21.

A more recent study by Kinkelaar and Cavender (1998) provided some background

to the technologies used to manufacture automotive foams and correlated the

dynamic performance of the seat cushion when loaded with a rigid mass with other

methods of assessing foam characteristics such as the ball rebound test. Correlations

were found but were dependant on the type of foam technology used.

Fairley and Griffin (1986)
developed a method for
predicting seat
transmissibility from
separate measurements of
the seat impedance and
the impedance of the
human subject. This
method was investigated
further by Wei and Griffin
(1998). The cushion was
exposed to a 100 second
random motion with a
constant acceleration
power spectral density
between 1 and 30 Hz with
preloads of between 300N
and 800N. The stiffness
and damping coefficients
were determined by curve
fitting to the real and
imaginary parts of the
measured dynamic
stiffness of the cushion.

The coefficients of a two

Transmissibility
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Figure 2-22 Measured (solid line) and predicted (dotted
line) seat transmissibility and phase for eight male
subjects (Wei and Griffin, 1998)
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degree-of-freedom system 5
(a)

representing the human body

were fitted to the measured T 2: 54 3

apparent mass of the human A J/J&L-\

subjects. The  combined L e
0 2 4 6 8 10 12 i4 16 18 20

cushion and body models were

used to predict the response of 5
the body on the seat. The
results obtained can be seen in
Figure 2-22.

The results obtained by Wei
and Griffin (1998) 0 2 4 6 8 10 12

o Frequency (Hz)
demonstrated that predictions  Figyre 2-23 The transmissibility of a cushion on a
suspension seat loaded with a human subject
) ) (upper graph) and a rigid mass (lower graph) for
could be obtained using a fiye increasing magnitudes of vibration numbered 1
to 5 (Wu and Griffin, 1996).

14 16 18 20

of the seat transmissibility

linear cushion model with
coefficients  obtained from
dynamic measurements using a preload similar to that of the intended seat loading.

The frequency and peak transmissibility of a seat cushion have been observed to be
greater when the cushion is loaded with a rigid mass compared with a human subject
as illustrated in Figure 2-23 taken from Wu and Griffin (1996). Vibration tests at
frequencies greater than 4 Hz gave different cushion transfer functions with this
cushion when a simple mass was used as the seat load in place of the impedance of

the human body. Some variation in this frequency might be expected for other

cushions with different physical properties.

The suspension seat model described by Rakheja et al. (1994) used a linear seat
cushion. The stiffness value was taken as the gradient to the force-deflection
characteristic obtained using the Society of Automotive Engineers (SAE)
recommended method (SAE, 1980) on the assumption that the stiffness would be
relatively constant for small displacement amplitudes. The SAE method involves the
compression and release of the cushion using a circular indenter at a rate equivalent
to 3.7Ns™" with a peak loading force of 1334N. The damping coefficient was estimated
from the energy dissipated per cycle of vibration using sinusoidal excitation at

frequencies from 1 to 8 Hz.
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All of the above models assumed that the relative motions across the cushion are
small. This assumption is likely to be reasonable for automotive seats and for
suspension seat motions up to the occurrence of end-stop impacts. No previous study

has demonstrated a cushion model for use in suspension seat end-stop impact

situations.

Payne (1969) noted that thinner cushions were better for reducing the shocks
experienced on aircraft ejector seats. Thick cushions were found to compress during
the start of the ejection process and then rapidly stiffen so imparting a rapid increase
of force to the pilot. A thinner cushion coupled the pilot more closely to the seat
structure and so led to a more gradual acceleration. This finding may not be directly
applicable to suspension seating as an ejector seat exerts a relatively prolonged
upwards force on the pilot, while the motion of an off-road vehicle is oscillatory
resulting in less sustained peak accelerations due to the seat suspension end-stop

impacts.

Huston ef al. (1998) investigated the use of air-filled cushions to reduce the vibration
transmitted to the operators of industrial trucks. The investigation found that the air
cushions were found to reduce the vibration for some subjects at some frequencies
and suggested that a more ‘tuned’ air cushion (different air sac size, duct size

between air sacs, sac shape, etc.) could be an inexpensive method of reducing the

vibration transmitted to the driver.

2.5.12 Backrest and armrests
The backrest and armrests have not yet featured on models of suspension seating.
Both have the potential to alter the dynamic response of the driver by transmitting

vibration around the cushion.

2.6 The dynamics of the driver

2.6.1 The apparent mass of the seated human body

A study of the apparent masses of sixty men, women and children was conducted by
Fairley and Griffin (1989). The apparent masses of all the subjects were remarkably
similar when normalised with respect to sitting weight (Figure 2-24 and Figure 2-25).
However, there was statistically significant correlation between apparent mass and
some body characteristics (such as weight and age). The study also noted that
relative movement between the feet and the seat was found to affect the apparent

mass at frequencies below resonance, particularly near zero-frequency (Figure 2-26).
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The resonance frequency generally increased with the use of a backrest, an erect
posture and, in particular, increased muscle tension; but there was considerable inter-
subject variability in the changes (Figure 2-27). The magnitude of the vibration was
observed to have a consistent effect: the resonance frequency decreased from about
6 to 4 Hz when the magnitude of the vibration was increased from 0.25 to 2.0 ms™*
r.m.s (Figure 2-28). This change in the human apparent mass with vibration amplitude
was investigated by Mansfield (1997), who suggested amplitude-dependent
parameters for single degree-of-freedom human body model in order to reproduce

this form of behaviour.
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Figure 2-24 Absolute apparent masses of 60 people
(Fairley and Griffin, 1989)
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Figure 2-25 Normalised apparent masses of 60 people (Fairley and Griffin, 1989)
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Figure 2-26 Effect of footrest height on apparent mass of one person (Fairley and
Griffin, 1989)
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Figure 2-27, Effect of posture and backrest on the apparent mass of eight subjects
(Fairley and Griffin, 1989)
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Figure 2-28 Effect of vibration magnitude (0.25, 0.5, 1.0 and
2.0 ms® r.m.s. acceleration) on the apparent mass of eight
people. The resonance frequency consistently decreased
with increasing magnitude (Fairley and Griffin, 1989)

Boileau et al. (1998) reviewed some of the reported sets of measurements of the
impedance and apparent mass of the seated human body obtained in similar test

situations. The studies considered are shown in Table 2-2 and the apparent masses

obtained are shown in Figure 2-29.

2-34



Table 2-2 Studies reporting measurements of the apparent mass of the seated

Characterization of the daia sets considered for mechanical impedance and apparent mass

Subjects Excitation
—_
Level
Reference Number  Mass (kg) Type (ms-? r.ms.) Freq. range (Hz) Reported function
Fairley and Griffin (1983) 1 63 Random 10 0-25-20 Apparent mass
Gaussian magnitude and phase
Hinz and Scidel (1983) 4 56-83 Sinusoidat 15 2-12 Mean apparent mass
magnitude and phase
Hinz and Seidel(1983) 4 56-83 Sinusoidal 30 2-12 Mean apparent mass
magnitude and phase
Holmlund er al. (1995) 30 54-93 Sinusoidat 05 2-100 Mean normalized mechanical
mcan 70 impedance magnitude and phase
Suggs et al. (1969) 1 58-50 Sinusoidal 2:54% 1-75-10 Mean mechanical impedance
magnitude and phase
Donati & Bonthoux (1983) 15 49-74 Sine sweep 16 1-10 Mean mechanical impedance
magnitude and phase
Donati & Bonthoux (1g83) 15 49-74 Broad band 16 I-10 Mean mechanical impedance
random magnitude and phase
Sandover (1982) 6 52-7-872  Random 10 1-25 Individual apparent mass
magnitude and phase
Fairley and Griftin (1986) 8 57-85 Random i-0 0-5-20 Individual apparent mass
magnitude and phase
Seidel (1996) 1 60-70 Random (off-road <14 0-5-20 Mean mechanical impedance
machinery) magnitude
Seidel (1996) 14 70-80 Random (off-road <14 0-5-20 Mean mechanical impedance
machinery) magnitude
ISO CD 5982 (1993) 39 51-93-8 Sinusoidal 1-0-2-0t 0-5-31-5 Mean mechanical impedance
magnitude and phase
Boileau er af.(1997) 6 69-6-80-9  Sinusoidal sweep 10-2:0 0-5-10 Mean mechanical impedance
mean 754 magnitude and phase
Boileau er a/. (1997) § 69-6-80-9 Random 1:0-2-0 0:5-10 Mean mechanical impedance
mean 754 White noise magnitude and phase

tms~% { mm peak-to-peak.
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Figure 2-29 The apparent mass of the seated human body
subjected to vertical vibration (Boileau et al, 1998). The
studies are summarised in Table 2-2.

Sandover and Dupuis (1987) suggested that the main 5 Hz resonance was due to a
flexing of the spine rather than a vertical compression. This was supported by Hinz et
al. (1988) who found that a 4.5 Hz flexation of the spine led to an up and down motion
of the body. Kitazaki and Griffin (1997, 1998) investigated the resonance modes of
the seated human body. Eight modes of vibration were observed below 10 Hz. A 5 Hz

vertical whole-body mode was identified as due to axial and shear motions of the
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buttock tissue in combination with bending of the upper spine. A second mode close
to this first mode was identified as due to bending of the lower spine and a pitching of
the head. The second principal mode at around 8 Hz corresponded to a pitching
motion of the pelvis. A more slouched posture was found to decrease the natural
frequency of the body. It was suggested that the risk of injury may be primarily due to
the bending of the spine and that simple body models that do not reproduce the
complex body motions will not be able to adequately predict the forces that lead to
injuries. Matsumoto and Giriffin (1998) conducted an experimental study to investigate
the transmission of vibration through the seated human body using accelerometers
attached to the surface of the body adjacent to spinal vertebrae. This study also
observed that bending of the spine was more dominant than axial motion at
resonances close to 5 Hz. The 5 Hz resonance observed in the human body apparent
mass was hypothesised to consist of a bending mode of the spine, a rocking mode of

the thoracic spine, a mode involving axial and shear deformation of the tissue beneath

the pelvis and a pitch mode of the pelvis.

2.6.2 Legs and footrest motion

Fairley (1988) investigated the effect of the legs on the apparent mass of the body
and found that including the effect of legs improved the predictions of the response of
a suspension seat-driver system when using a linear approach for moderate vibration
levels. The stiffness due to the legs arose from contact between the thighs and the

seat, while the damping appeared to be due to musculo-skeletal structure.
2.6.3 Theoretical lumped parameter models of the body

The first seated human body Ilumped

parameter models were single degree-of- HERD

freedom systems as described by Latham
(1957), Payne (1965) and Coerman and AnM-SHoUL oER { _
Wittwer  (1960), who suggested a /

&F SPINAL COLUMN

UPPER TORSO

THORAX ~ABDOMEN SYSTEM
{SIMPLIFIED)

HIPS

mechanical analogue to the human body

shown in Figure 2-30. In this report and a

FORCE APPLIED TO SITTING
SUBJECT

LEGS

later paper (Coerman, 1962), a single

degree-of-freedom system was shown to Y o s o e

SUBJECT

give a reasonable approximation to the
Figure 2-30 Model of the human body
response of the body. In the second paper, (Coerman and Wittwer, 1960)

differences in the response of the body were
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noted with different postures and attempts were made to measure the relative

displacements of parts of the body.

More degrees of freedom were suggested by successive studies including a four
degree-of-freedom arrangement proposed by Payne and Band (1971). More recent
models include a five degree-of freedom system from Smith (2000) and a four

degree-of-freedom system proposed by Boileau and Rakheja (1999).

Many human body models have been developed for other applications, including the
two dimensional model of an automotive seat and the pelvis and spine up to L3
developed by Sinha et al. (1996) for use in impact response situations and the seated
human body model developed by van Deursen et al. (2000) to simulate the response
to rotational motion, using the ADAMS android rigid body package. However, the

research in this thesis was restricted to vertical seated motion in normal vehicle

operating situations.

2.6.4 Anthropodynamic dummies
Anthropodynamic dummies are physical analogues of the dynamic characteristics of
the human body. The use of dummies can reduce the need for exposing people to
vibration for testing purposes, eliminate variation due to changes in posture and avoid
the practical problems of having suitable test subjects on hand when required. The
following list summarises some of the anthropodynamic dummies developed up to the
present time.

e Suggs et al. (1969) developed a two degree-of-freedom dummy to simulate

human seated response. The performance of the dummy was observed to be

closer to that of seated human subjects at low frequencies as compared with
higher frequencies.

e Tomlinson and Kyle (1970) developed a mechanical dummy to mimic the
response of the human body, as they considered an inert mass to be a
dynamically unsuitable load when testing seating. One and two degree-of-

freedom models were constructed and the performance agreed well with

human subjects. It was reported that high suspension seat friction resulted in

poorer predictions.

s Mansfield and Griffin (1996) reported the performance of a single degree-of-

freedom dummy in measuring the transmissibility of car seats in the region of

resonance.
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e Lewis and Griffin (2000) reported the performance of an active dummy with
the potential for simulating body non-linearities and different human body
impedances. This active dummy involved an electro-dynamic actuator in place

of a damper.

2.6.5 Inert seat loads

Alternatives to human subjects have been used for laboratory seat testing. Wu and
Griffin (1998), Fairley (1990) and Rakheja et al. (1994) were specifically interested in
the performance of the seat and so used a simple mass load to remove the variability

associated with a human subject load. The magnitude of the phase shift of the

PR S R U P o

apparent mass is only approximately 15° at 3 Hz, so an inert mass would appeai
reasonable for vibration tests at this frequency and below. However, the non-

linearities inherent in suspension seats might introduce some higher frequency

components.

The variation in suspension seat performance with magnitude was investigated by Wu
and Griffin (1996) using sinusoidal input motions. Measurements were made with
sand ballast and with one human subject on one seat. The study suggested that a
56 kg sand bag tended to produce SEAT values greater than those with a 75 kg
subject. The study also suggested that a composite mass (such as a sand bag) would
be more suitable than a rigid load for severe top stop impacts as this would be less

likely to leave the seat than a rigid load.

2.7 Theoretical suspension seat models

2.71 Introduction

Investigating the response of seating generally involves exposing a person to vibration
in order to test the seat realistically. The use of models can reduce the need to
expose subjects to vibration for testing purposes and allow the effect of different
aspects of the seat construction on the overall seat performance to be investigated in
response to different vibrations. A further benefit of theoretical modelling is that the

development of a model can provide insights into the behaviour of the real system.

Theoretical models of suspension seats and seated humans have been developed by

a number of researchers and are reviewed chronologically in the following sections.
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2.7.2 Rakheja and Sankar (1983)

The authors of this study described a seat suspension model including vertical lateral,
fore-and-aft and roll vibration isolators. The full equations describing the model were

given and schematics of the suspension models were shown as reproduced in Figure

2-31 to Figure 2-33.

+—X, _1_____)(1 —_—

Figure 2-31 Fore-and-aft
suspension model (Rakheja and
Sankar, 1983)

o

Zs Z,
X - Zplane . Y - Z plane

Figure 2-33 Lateral suspension
model (Rakheja and Sankar, Figure 2-32 Vertical, roll and pitch suspension
1983) model (Rakheja and Sankar, 1983)

The suspension damping was included as a velocity squared characteristic. The
suspension stiffness was assumed to be linear. Travel limiting stops were included as
linear stiffnesses. Friction was included as a constant force opposing the motion for
relative suspension velocities greater than a coefficient Av. For lower suspension
velocities the friction force was considered viscous with a force inversely proportional

to Av such that as the velocity approaches zero the force approaches infinity.

The model was linearised to allow analysis to be performed in the frequency domain
using an energy dissipation approach. This approach evaluates the relative motion
across each component as a function of frequency and determines an equivalent
linear coefficient for the non-linear suspension components such as the frictional
damping. The linearised results as compared with numerical integration results are

shown in Figure 2-34.
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The linearised model was used to

>
optimise the seat dynamic performance - 3
in response to measured agricultural z Pieceuise

. . 2 " Winearization
tractor motions using a Hooke and Byl Numerical
. 2 integration
Jeeves pattern search routine as =
reported by Himmelblau (1972). The 21.b
. . . ©

optimal seat vibration was compared 9

< ]i‘ 1 i) L 1 1 b 1 1L

with the ISO 2631 (1974) 4-hour

exposure time  fatigue-decreased

2 4 6 8 10
Frequency (Hz)

proficiency limit. It was found that the . ) .
Figure 2-34 Comparison of the numerical

bounce, longitudinal, pitch and roll integration and linearised model response
for vertical vibration (Rakheja and Sankar,

vibrations could be attenuated by the
1983)

optimal seat, but that lateral vibration

isolation would require a very low natural frequency isolator to attenuate the 1.2 Hz
vibration found in this axis. The proposed roll isolator was found to assist in the
attenuation of vibration in the roll, pitch and bounce modes. The model coefficients

used in the vertical (bounce) suspension were based on the measured performance of
an existing seat.

It was not clear from the paper which coefficients had been used for this optimal seat
although the range of permissible values for some coefficients was given. The value
of Avin particular was not clear.

This study was intended as a feasibility study to determine if such a multi-axial
suspension seat would be beneficial. It was therefore not possible to compare the

model performance with laboratory or field results due to the lack of a suitable test

seat. A parametric investigation was mentioned but no results were reported.

2.7.3 Rakheja and Sankar (1984)

This study used a seat model identical to that reported in Rakheja and Sankar (1983)
and coupled this with a cab suspension consisting of four corner mounts and fore-
and-aft and lateral isolators consisting of linear stiffness and damping elements
(Figure 2-40). The coefficients of the model were determined by the Hooke and

Jeeves algorithm as in the previous study.
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Various combinations of seat and cab W o

suspension were investigated in response to
measurements of an agricultural tractor on

the 100m test track described by Matthews htlf"l = e
r"¢ *3 l C;D CP 'rn = @

(1973) and were evaluated in the frequency

domain in comparison with the 1SO 4-hour 7, I
fatigue deficiency (ISO 2631:1985) It was

concluded that a cab suspension could Figyre 2-35 Longitudinal and lateral
cab suspension model schematics

provide useful vibration isolation in all five
(Rakheja and Sankar, 1984)

modes (vertical, lateral, fore-and-aft, roll,

pitch). Improved vertical isolation could be

achieved by adding a vertical seat suspension but the addition of lateral and roll seat
isolators was found to worsen the vibration in these axes due to interaction between
the seat and cab suspensions. The parameter values of the optimal suspensions were

reported and constrained to within what were considered to be practically achievable

ranges.

A parametric investigation was reported although no values were given. It was stated
that stiffer cab mounts led to poorer bounce but better lateral vibration isolation and

that the longitudinal isolator had little effect on lateral, vertical or roll response.

2.7.4 Rakheja et al. (1987)

This report initially described an eleven degree-of-freedom linear model of a tractor-
semi trailer system using a linear vertical suspension seat (Figure 2-36). The paper
then went on to consider the suspension seat model in more detail. The geometric
differences between parallelogram and x-linkage suspensions were included along
with the non-near effects of end-stop buffers (linear stiffness), coulomb friction,
velocity squared damping and the damper geometry. No equations were given for the

model, but a schematic of the model structure was shown (Figure 2-37).
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Figure 2-36 The linear seat/tractor/semitrailer model (Rakheja et al., 1987)

! §
I

—_—1
L% e, gr,
=d
| X
-

Figure 2-37 The non-linear seat model
schematic (Rakheja et al., 1987)
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Figure 2-38  Comparison of the
experimental and  theoretical seat

transmissibilities for one seat (Rakheja et
al., 1987)

This is the first paper to compare the performance of the seat model with laboratory

measurements of the modelled seat. The model was subjected to a constant

displacement swept sine up to 8 Hz (assumed to be from 0.5 to 8 Hz from the results

presented) at ‘peak’ displacements of 6.35 mm and 12.7 mm (assumed to be the
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amplitude not the peak to peak displacement). The test seats were loaded with a
‘manikin’, which appeared from the photograph of the apparatus to be of the type

used for automobile crash testing. Results were shown for one of the three seats

tested, reproduced in Figure 2-38.

A parametric sensitivity analysis was conducted and the performance of three seats,
one with an x-linkage and two with a parallelogram linkage was discussed and two
results were presented. The effect of friction on the performance of one of the
parallelogram seats (Figure 2-39) showed the friction force acting to reduce the
resonance peak at the expense of higher frequency performance. The second result
showed that the suspension viscous (orifice) damping had a strong effect on the seat
transmissibility (Figure 2-40 for the other parallelogram seat). It was also noted that
the mean ride position on one of the parallelogram seats affected the pitch response

of a lighter driver and the vertical response of a heavier driver.
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Figure 2-39 The effect of the suspension Figure 2-40 The effect of the suspension

damping on the acceleration friction on the displacement
transmissibility of one seat (Rakheja et transmissibility of one seat (Rakheja et
al., 1987) al., 1987)

2.7.5 Fairley (1990)

Fairley (1990) predicted the behaviour of an air-sprung suspension seat using the
apparent mass. The apparent mass of the suspension unit was calculated from the
transfer function of the seat. This was combined with the apparent mass of the body
and legs to predict the behaviour of the complete seat - person system (Figure 2-41).

This technique assumes an ideal massless spring-damper combination for the
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suspension unit and calculates the linear
system equivalent to the real seat for a
particular magnitude and frequency.
Predictions made from measurements at
three magnitudes of vibration gave good
agreement with measured data as shown
in Figure 2-42. Neglecting the effect of
the legs caused the seat transmissibility
at resonance to be underestimated, but
the cushion was found to have litile

effect for the particular seat tested.

A sensitivity analysis of the effect of the
vibration duration and magnitude, the
load on the seat and the height
adjustment mechanism on the linearised
stiffnress and damping of the seat
suspension was carried out. These
results are shown in Figure 2-43 to

Figure 2-46.

This linear, frequency domain method
cannot be expected to provide a model
of the seat that will be effective for any
input motion, but it has the advantage
that it does not require detailed
measurements of all aspects of the seat
behaviour. The apparent mass of the
seat could be measured using an input
signal of interest and combined with the
apparent mass of a typical person to give
an estimate of the seat performance

when exposed to that motion.

seat -person interface

M)
; body

LS

==

My

legs

(Us)uspensian

base of seat

’ ["’_j‘lf'i:] fu,(u)

P

Figure 2-41 The apparent mass model of
the seat-person system (Fairley, 1990)
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Figure 2-42 The measured (solid line)

and predicted

(dotted line)

transmissibilities of the seat loaded with a
person for three vibration magnitudes

(Fairley, 1990)
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2.7.6 Gouw et al. (1990)

stiffness and damping (Fairley, 1990)

The vertical suspension seat described by this paper (Figure 2-47) showed a
difference in mathematical content as compared to the original model described by

Rakheja and Sankar (1983) in that the friction was modelled as a simple constant

force opposing the motion without the additional viscous element for low velocities.
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The model was also simplified by sz

restricting the motion to the vertical
axis only, excluding the horizontal K§ c
z

and rotational suspension elements.

coefficients were described. The

[ I - ,
The methods used to determine the g .
Kl Cl v
T %

cushion was modelled as a linear l ]

spring and damper system with the

stifness  derived from a  force- Figure 2-47 Schematic of the seat-load
deflection measurements and the model used by Gouw et al. (1990)

damping from the energy loss during

sinusoidal motions. The suspension stiffness was modelled as a linear spring with the
stiffness taken from the measured force-deflection characteristic of the suspension.
The Coulomb friction force was also extracted from the suspension force-deflection

measurement. The damper used a velocity squared damping characteristic which was

‘determined analytically’.

One comparison between the measured and predicted transmissibilities was shown
(Figure 2-48). The excitation of 2.5 cm peak-to-peak would not be expected to result
in end-stop impacts on this seat, which had a stroke in excess of 80 mm, but it

appeared that the lowest frequencies resulted in friction-locked seat behaviour.

A parametric sensitivity "
: 5 —

analysis was reported and the - / \! o epaimanla
+  onolylicad

effects of changes in the

L
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damping, suspension
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The discussion of these
Figure 2-48 The measured (solid line) and predicted

figures suggested that a (jotted line) transmissibility of a suspension seat
medium-high friction might be  (Gouw et al., 1990)

desirable as this reduces the
resonance peak at the expense of reducing the effective travel of the seat. It was also
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Figure 2-49 The effect of cushion
stiffness on the acceleration
transmissibility of the seat (Gouw et al.
1990)
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Figure 2-53 The effect of the suspension damping on the acceleration transmissibility

of the seat (Gouw et al. 1990)

suggested that light damping was desirable to improve the seat performance but that

this could lead to occasional end-stop impacts.

A damper with bleed and blow-off control was recommended to improve the seat

performance. However, such a damper was described by these authors in later

papers as having a greater force-velocity coefficient at low magnitudes and a lower

2-47



coefficient at high magnitudes. This would result in a reduction in the damping at high
magnitudes where damping would be desirable to prevent end-stop impacts and
greater damping at low magnitudes were minimal damping would be beneficial to

reduce the transmitted vibration.

2.7.7 Boileu et al. (1993)

This paper reported a non-linear vertical zy
K v

seat suspension as shown in Figure DRIVER _-L ™, %_;_

. ’ L
2-54. The model used a rigid seat load cusmnN_Lz K:% e 1T 2
and was therefore considered applicable L = J Z
for motions below 2 Hz. The input  susrensiy -+ U 2

- FIG Sk
motion was determined by filtering a _Lz_“ K;]%
. . . Vo 77 77777777

half-sine shock through a linear vehicle
model including rotational components. Figure 2-54 The seat-load model used by

The model included linear coefficients Boileau et al. (1993)

for the suspension spring, end-stop
buffers and the cushion. The damper was described by a two-stage force-velocity
coefficient and a 15N coulomb friction force was included. The seat coefficients were

those measured during the study by Rakheja et al. (1994).

Time histories were shown comparing the measured and simulated results including
end-stop impact occurrence. The general waveform shape was similar in both cases
(Figure 2-55). The r.m.s. and r.m.q. acceleration measured on the seat was compared
with that predicted by the model for moderate vibration magnitudes as shown in
Figure 2-56 and Figure 2-57, but comparisons between the model and the measured

results for more severe conditions including end-stop impacts were not provided.
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Figure 2-55 The accleration of the mass on the seat measured (solid line) and
predicted (+ symbols) for vehicle speeds of 2 and 5kmh™ (Boileau et al., 1993)
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the base motion shown as the solid line
(Boileau et al., 1993)
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Figure 2-56 The predicted and measured
root-mean-square acceleration in
response to the base motion shown as
the solid line (Boileau et al., 1993)



A parametric sensitivity analysis was conducted showing the influence of the
suspension spring and damper on the seat performance. Two input motions and five
parameter values were used, one for a moderate magnitude and one in a condition

where end-stop impacts occurred.
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Figure 2-58 The effect of the suspension stiffness (Ks), the suspension damping
coefficient at low and high velocities (C. and Cy) and the ratio of the suspended seat
mass to the load mass on the seat response to the simulated vehicle passing over a
bump of 50 mm (top graph) and 100 mm (bottom graph), from Boileau et al. (1993).
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2.7.8 Rakheja et al. (1994)

This paper describes a
suspension seat
mode!  incorporating

the bleed and blow-off

DRIVER

damping system

mentioned in the

previous study. The

model used one and

two degree-of-

freedom systems to

simulate the dynamics  Figyre 2-59 Seat-driver models incorporating one and two
of the human body degree-of-freedom human body models (Rakheja et al,

_ 1994)
(Figure 2-59) as well

as the rigid mass used in previous studies.

Some of the parameter values used in the model were reported and the methods
used to determine the coefficient values were described in some detail. The damper

characteristics were taken from the data provided by the damper manufacturer. The

cushion stiffness was taken as a

tangent to the measured force- 1.6

deflection characteristic at a B Numerical Integration
1.4 @ 0 ... Local Equivalent Analysis

representative loading. A Experimental

1.2
comparatively low value for the

—_

cushion damping was taken as
it was assumed that off-road

vehicle vibration results in high

Acceleration Transmissibility
[ =)
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velocities and that cushion

o
s

damping at high velocities is

comparatively low. The

o
o

Excitation: 2.5 cm pp
suspension stiffness was taken I [ , .

0 | 1
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from the suspension force-
Frequency (Hz)

deflection characteristic and the
Figure 2-60 The measured and predicted

transmissibility of the suspension seat modelled

by Rakheja et al. (1994)
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friction was estimated from the



inertia force corresponding to suspension breakaway during dynamic testing. More

details on this potentially useful method of measuring the seat friction were not

available as the internal report containing the information could not be located.

The model was linearised to
allow analysis to be
performed in the frequency
domain by the energy
similarity technique used in
the earlier studies. The
performance of the non-linear
model, solved by numerical
integration and the linearised
model were compared with
measured seat performance
at frequencies from 1 to 6 Hz
using a 25 mm peak-to-peak
sinusoidal motion  (Figure
2-60). The non-linear model
would be expected to be more
accurate than the linearised
model and can be seen to be
within approximately 15% of
the measured data over most
frequencies. Greater
differences can be seen at
low frequencies where friction
was more dominant. The seat

showed a peak

[} -

(]

Acceleration PSD (m/s2)2/Hz

Cushion Stitiness Suspension Stitfness Coulomb Friction ~ Mass Ratio (1)

Shock Absorber Parameters

Low BASE HIGH
7 & NN

Acceleration PSD (m/s?)2/Hz

Transition Velocity

Figure 2-61 The influence on the peak PSD in
response to the 1SO7096:1984 Class Il input motion
of the cushion stiffness, the cushion damping, the
Coulomb friction, the ratio of the suspended seat
mass to the load mass, the low and high velocity
damping coefficients (85 and 8g) and the transition
velocity (Rakheja et al., 1994)

transmissibility at resonance of 1.4 and the suspension stroke was 75 mm, so it may

be assumed that the seat did not strike the buffers during this comparison test.

The performance of the seat when subjected to standard ISO test motions for off-road

vehicles was evaluated in comparison with the 1SO2631(1985) 1, 2.5 and 4 hour

fatigue-decreased proficiency limits. A parametric sensitivity analysis was performed

to investigate the effect of the cushion stiffness, suspension damping, coulomb

friction, load mass and damper characteristics on the seat performance using the
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peak PSD on the seat surface as the performance criter

ia (Figure 2-61). Tables of

values for the low, base and high values were provided, but the system for selecting

these values was not clear.

2.7.9 Ranganathan and Sriram (1994)

This paper included the equations for the vertical suspens

ion seat model by Rakheja

et al. (1994). The structure of a software package incorporating this model for use by

manufacturers was described with figures showing the interface and example results.

No dynamic investigations were performed. This paper
was more of a product summary than a research report
and took the important step of attempting to get the tools
developed from research onto the desks of the engineers

that would benefit from them.

2.7.10 Lewis (1994)

This study used a linear single degree-of-freedom
system (Figure 2-62) to simulate the seat-load system.
The variation in seat performance with magnitude was
shown and the model stiffness and damping coefficients

were fitted to the measured frequency domain response

seat base acceleration (ms‘2)

predicted seat base acceleration (ms %

M

Figure 2-62 The simple
linear model used by
Lewis (1994)

20.0 T T T T T T T T T 20_0 L T T T ] T T
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Figure 2-63 The measured and predicted accelerations at the base of the seat
cushion (above the suspension) and suspension displacements using a simple,

single degree-of-freedom seat model (Lewis, 1994)
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for a particular magnitude.

The comparison between the linear model and the

measured seat performance for one test condition was

shown (Figure 2-63). This approach was intended to

Kt

- . Gt ks HRgHHGs
anticipate the occurrence of end-stop impacts, rather ¢ |——

predict the suspension displacement in order to

than to predict the dynamics of the system once end-  } E’ﬁc‘“ _ A2
tb)

stop impacts began to occur.

irps Figure 2-64 Schematic of
2.7.11 Wu and Griffin (1995) the seat model from Wu

This non-linear vertical suspension seat model referred and Griffin (1995)

directly to previous studies by Rakheja and associates, but was developed
independently. The model (Figure 2-64) differed from the Rakheja et al. (1994) model
by using a linear suspension damper but including a two-stage stiffness for the end-

stop buffers. A rigid load was used on the seat surface.

The coefficient values and the methods of obtaining them were reported. The
suspension stiffness and coulomb friction were determined from quasi-static force-
deflection measurements of the suspension mechanism. The cushion stiffness and
damping were determined from dynamic measurements of the seat cushion and
extracting linear coefficients at the cushion resonance frequency (3.7 Hz) using the
following equation from Fairley and Griffin (1986).
()= _5%@)__ = k(w)+ je(@)w Equation 2-6

~0'(0)
where w is the angular frequency, F is the force transmitted by the cushion, a is the
acceleration applied to the cushion and k and c are the linear stiffness and damping
coefficients.
The comparison of predicted and measured performance was shown in the time
domain using a test condition including end-stop impacts (Figure 2-65). It was
reported that the model did not adequately reproduce the locking up of the

suspension at low magnitudes but results were not shown.
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A parametric sensitivity

Acceleration (ms®)

analysis was ' Simulated
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conducted in the o

amplitude domain to |

investigate the effect of 4 f ,

_ Tested

the suspension damper 1o}

and the buffer stiffness 0

and damping on the o] )

end-stop impact %3 3 4 5

Time (s)

performance of the . . .
Figure 2-65 The mesured and predicted acceleration at the

seat. The results are top of the suspension (Wu and Griffin, 1995)

shown in Figure 2-66 to Figure 2-70.
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Figure 2-66 The effect of suspension Figure 2-67 The effect of the bottom buffer
damping on the seat suspension stiffness on the seat suspension
performance (Wu and Griffin, 1995) performance (Wu and Griffin, 1995)
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The study showed substantial

-
N

pu— -1
reductions in vibration by including Cu = O Nsm

-
[+
4

k" = 35000Nm*

end-st
top op  buffers, but A G = 200 Nsm
considered the vibration
transmitted through the

suspension, not the vibration

Suspension VDV ratic
[+
H

experienced by the load. i

2.7.12 Discussion 06 05 07 08 08 1 11 _12 13 14 15
Input magnitude {ms?r.m.s.)

The suspension seat modelling

field is dominated by a small Figure 2-70 The effect of buffer damping (with

stiffness) on the seat performance (Wu and
number of researchers. The Griffin, 1995)

original non-linear suspension

seat model as described by Rakheja and Sankar (1983) has been refined by
subsequent authors, but the most recent models still use the same lumped parameter
approach. Suspension seating lends itself well to this form of analysis as the seat can

be naturally dismantled into component parts with distinct dynamic characteristics.

Efforts have been made to linearise the suspension seat models to allow the analysis
to be conducted in the frequency domain. However, the work of Wu and Griffin (1996)
has shown the importance of understanding the performance of suspension seats in

the amplitude domain. Investigations of suspension seat performance in the amplitude

domain will require a non-linear model.

The performance of the models as compared to measured laboratory or field results
was initially not reported as the first models were intended as theoretical feasibility
studies only. Subsequent studies showed the performance of the model as compared
with measured results using one or two magnitudes in the frequency domain. The
study by Boileau et al. (1993) performed the most comprehensive comparisons with
measured results and compared both the time histories and the r.m.s. and r.m.q
acceleration at the seat load for several vehicle speeds. This study used the model

described by Rakheja et al. (1994).

The coulomb friction forces used in previous models, where reported, were
substantially lower than the forces measured in the later chapters of this thesis. It is
not clear if this was by coincidence, or if the seats were adjusted or chosen to
minimise the friction before the models were developed. A low friction force might be

expected to lead to a more linear seat for low to moderate magnitudes and so make
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the simulations less complex for studies primarily concerned with moderate or high

magnitude seat performance.

The parametric sensitivity analyses carried out using suspension seat models have
allowed general effects to be identified. However, it is difficult to obtain a complete
picture of the relative effect of each parameter due to the restricted range of test
conditions and the lack of a systematic method for selecting the parameter ranges.
The most systematic parametric analysis was that of Boileau et al. (1993) which used
consistent variations for each parameter around baseline values and only Boileau et
al. (1993) and Wu and Griffin (1995) conducted any parametric sensitivity analysis in

the amplitude domain.

No investigation has conducted a parametric sensitivity analysis investigating seat
performance in both the frequency and amplitude domains using a model quantified
against experimental results. Such a study would be able to evaluate more completely

than previously the relative importance of each suspension component on the overall

seat performance.

2.8 Numerical methods

It became apparent during the course of the thesis that non-linear parameier
optimisation techniques would be required. A parameter optimisation process allows a
set of parameters to be obtained that result a minimum error in the model output. This

process can be visualised as trying to locate the lowest point on an unknown surface
defined by some function.

Optimisation methods can be loosely divided into gradient and non-gradient methods.
Gradient methods use derivatives of the function to be minimised in order to locate a
minimum. The function must usually be smooth (no discontinuities) and it is possible
for a gradient method to become trapped in local minima.

Difficulties with optimisation are converging to the solution within a reasonable

number of iterations (where ‘reasonable’ generally relates to the amount of processing

power available), identifying when a solution has been reached and converging to the
global solution and not a local minimum value.
The Nelder and Mead (1965) Simplex downhill search is probably the most widely

used method. This method is recognised as versatile and robust, but can be trapped

into a local minimum. A refinement of this method was described by Box (1965)

including constraints on the parameters.
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An alternative approach to optimisation uses genetic algorithms. These are functions
used in machine learning applications and describe a Darwinesque evolutionary
process. A number of ’parent’ parameter sets are ’bred’ together by exchanging
parameters to form ‘children’. The child sets that result in the lowest error are selected
as the ’fittest’ and are bred together to form the next generation. This process was

described in detail by Holland (1975), Goldberg (1989) and others.

Comparisons of genetic algorithms with more conventional optimisation processes
(e.g. Jansson et al., 1995; Seo, 2001) indicated that genetic algorithms were more
computationally intensive and slower to converge to the global minimum, but capable

of minimising more complex, discontinuous functions.

The choice of optimisation method is highly dependant on the characteristics of the
function to be solved. A more cautious method involves more evaluations of the
function in order to increase the chance of finding the global minimum while faster
methods have a greater chance of converging to a local rather than the global
minimum. Global optimisation processes have been applied to automotive suspension
engineering to the extent that products with active or semi-active suspensions have
now reached the market, but the application of control engineering to seating
dynamics is less advanced. Chen and Griffin (1989) used a non-linear least squares
optimisation process to predict the transmissibility of an automotive seat, but the only
known instance of a global optimisation process being applied to a seat suspension is
the Nelder-Mead Simplex method used by Rebelle (2000) to obtain the coefficients for

a seat suspension described in terms of a Bouc-Wen equation.

Non-linear optimisation routines are often developed for a specific application. The
topography of the ‘surface’ describing the effect of changes of the component parts of
a suspension seat model on the model accuracy was unknown at the start of this
project, but was not expected to be simple due to the presence of non-linear
component parts. It was therefore accepted that it may be necessary to modify an

existing procedure or develop a new procedure in order to obtain useful results.

2.9 Conclusions
2.9.1 Vibration evaluation
Vibration has been shown to have an adverse effect on the health of vehicle

operators, resulting in the development of lower back pain. Vibration also results in

driver discomfort. Methods exist for evaluating the severity of vibration on the seated
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human body and these methods have in many cases been standardised on a national
and international scale. It is not the intention of this thesis to directly address the
affect of vibration on the human body, so the standardised methods of quantifying the
effect of vibration on the seated body will be used. Due to the high crest-factor, shock-
like motions that are expected to occur in seat end-stop situations, the vibration dose

value will be used as the preferred quantification method throughout this thesis.

2.9.2 Vehicle vibration

The nature of the vehicle-seat-operator system whereby the driver has control of the
vibration level has not been addressed in the literature. A fixed magnitude vibration
tests is not sufficient to evaluate the performance of a suspension seat. The
performance of a seat in response to high magnitude motions which may result in
considerable discomfort is of particular interest. The time-domain characteristics of
the vehicle floor vibration in the field have not been widely reported and the

characteristics of the vehicle motions that result in seat end-stop impacts are not

known.

2.9.3 Suspension seat simulation

A number of models have been developed to simulate suspension seat performance.
However, no study has attempted to map the influence of the seat components in the
frequency and magnitude domains, or quantify the model performance at both low
and high magnitudes. A model used to investigate suspension seat performance in
such detail should be quantified against laboratory measurements using a range of
frequencies and magnitudes of motion resulting in seat performance from being
friction-locked at low magnitudes up to end-stop impacts at high magnitudes. It is not
possible to ‘validate’ a non-linear theoretical model, but it is possible to build
confidence in the performance of a model by testing it over a range of conditions. The
most challenging (i.e. most non-linear) conditions for a suspension seat are expected
to be at low magnitudes with high friction and at high magnitudes in end-stop impact
situations. Previous modelling studies have reported few test results using these

conditions.

2.9.4 Seat component modelling

There is scope to improve on the current methods for simulating some of the
components used within suspension seat models. The cushion and suspension

damper in particular have complex non-linear dynamic behaviour and merit further
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attention. The form of model used to represent the driver also needs to be addressed.
The focus of the thesis is the performance of the seat, so a consistent, repeatable
load would be preferable to human subjects if such a load can be shown to give

results similar to those obtained with subjects.

2.9.5 Application to the thesis

Standardised methods exist for measuring vibration on seats and for estimating the
discomfort of the seat occupant due to vibration of the seat surface. It is beyond the
scope of this thesis to comment on the effect of vibration on the comfort or health of

the human body so these standardised methods will be used wherever possible.

The mechanical impedance or apparent mass of the seated human body has also
been investigated by a number of authors. The dynamics of the human body are of
great interest when assessing the performance of seats, but this thesis will focus
primarily on the physical properties of the seat. The influence of driver dynamics on

suspension seat performance will where possible be left as a subject of further

research.

Specific characteristics (e.g. tyre stiffness, suspension characteristics, weight
distribution) of the off-road vehicles in which suspension seats are used are also
outside the scope of the thesis, but the motion of the cab floor of the vehicle when in a
relevant operating environment needs to be known. Many existing test standards use
band limited motions which may exclude aspects of the vehicle motion that affect a

non-linear seat model, so measurements on relevant vehicles will be made.

Authors working in the automotive field have investigated the measurement and
modelling of suspension seat components. The assessment of seat cushion dynamics
and the performance of suspension dampers are both of great interest to the
automotive design industry. Techniques developed for car seats and suspension

could be adapted for use in measuring suspension seats.

The literature shows a number of non-linear suspension seat models have been
developed over the past twenty years, but that detailed investigations to build
confidence in these models over a range of test conditions have not been reported.
Sensitivity analyses have been carried out for some seat components but there has
been no systematic attempt to build a comprehensive picture of the effect of each
component on the seat performance with varying frequency and magnitude of test

motion. This will be the main objective of this thesis.
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3 Apparatus and experimental methods

3.1 Introduction

This chapter describes the experimental equipment used for the laboratory
experiments conducted at the Human Factors Research Unit at the Institute of Sound
and Vibration Research. This chapter presents the performance of the shakers,
transducers, data acquisition and analysis systems, statistical methods, safety and

ethics procedures and describes the three test seats used during this thesis.

3.2 Data acquisition and analysis
During experiments, data were output to the shaker, acquired from the transducers
and summarily analysed to monitor the vibration exposure of subjects using an HVLab

data acquisition and analysis system (January 1999 and April 2000 versions).

The HVLab software was a Forth-based application running under DOS on an |IBM-
PC. The system controlled an Advantech PCL-818 data acquisition card capable of 2
channels of digital to analogue output and 16 channels of analogue to digital input. A
Techfilter TF-16 programmable filter card also controlled from the software applied an
anti-aliasing filter to each of the acquired signals before digitisation by the PCL-818.
The generation of the test motions and the majority of the data analysis were
performed using Matlab 5.3. Microsoft Excel 2000 was used to summarise and display
some data and SPSS v10 was used to conduct statistical analysis of results. A

schematic of the data acquisition system is shown in Figure 3-1.

Network server

Signal Anti-aliasing A/D and D/A (data storage)

conditioning| filter (TF-16)  (PCL818) ]

O
B » S i
5° \ il
Transducer!
The shaker N, " O
[
| Data acquisition
PC running HVLab v

Shaker Data analysis PC
control running Matlab,
electronics Excel and SPSS

Figure 3-1 A schematic of the data acquisition system showing the signal path
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3.3 Shakers

3.3.1 "The VP85"
The test rig used to measure some of the
dynamic  properties of the seat

components used a Derritron VP85

electro-dynamic shaker, referred to
throughout this thesis as the VP85
(Figure 3-2). This device was driven from
a 1 kW amplifier and was quoted as
capable of accelerations up to 55 g,
peak-to-peak displacements of up to 25.4
mm and a frequency range of 1.5 Hz to
3700 Hz. It was found to be possible to
conduct frequencies
between 1 and 10 Hz by equalising the
input motion to correct for the roll-off in
the

frequencies (see Section 3.3.3).

experiments  at

shaker performance at low

3.3.2 "The 1-metre vertical"

A schematic of the Human
Factors Research Unit 1-
metre vertical shaker is
shown in Figure 3-4 and a
photograph of the 1500 x
900 mm shaker platform is
shown in Figure 3-3. The
shaker was manufactured by
Servotest and is capable of
10 kN dynamic force, 8.8 kN
preload force, 1 metre peak-
to-peak displacement,
10 ms?
and frequencies from 0.05 Hz

to 50 Hz.

peak acceleration

Figure 3-2 A VP85 eletro-dynamic
shaker

Figure 3-3 The platform of the 1m vertical shaker
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Figure 3-4 Schematic of the 1-metre vertical electro-hydraulic shaker (from Corbridge

et al, 1990)

3.3.3 Equalisation

The HVLab software included a facility to compensate for the response of a shaker

and the associated control circuitry. A random motion with a frequency content similar

to that of the desired motion was output to the shaker and the platform motion was

acquired using a calibrated
accelerometer. The transfer
function between the output
and acquired signal was used
to generate a filter describing
the response of the shaker
system and the inverse of this
the

in order to

fiter was applied to
desired motion
produce a  compensated
output signal. Outputting this
signal to the shaker would
result in the desired motion
being the

shaker platform if the shaker

reproduced on

system was linear. The effect

of non-linearities was reduced

Normalised Power Spectral Density (dB)

) 2 7 s 5 ' T2

Frequency (Hz)
Figure 3-5 The PSD of the displacement on the
VP85 shaker platform using a constant
displacement amplitude (2 mm peak-to-peak) chirp
function swept from 1 Hz to 10 Hz over 120
seconds. The displacement was estimated from
numerical integration of the acceleration recorded
on the shaker platform. The resolution of the PSD is
0.39 Hz.

by running the compensation procedure with all the experimental apparatus in place

on the platform and using a random motion of similar mean amplitude to that of the
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desired motion. The power spectral density (PSD) of an equalised motion recorded on

the VP85 is shown in Figure 3-5.

3.4 Transducers

3.4.1 Accelerometers
Accelerations were measured in the laboratory using Entran EGCSY-240D-10 piezo-
resistive accelerometers (Figure 3-6) unless stated
otherwise. These devices had a sensitivity of
between 8 and 15 mV/g at 30 Hz and an operating
range of £10g over a temperature range from —40 to

120°C. The devices had a damping coefficient of
0.58 and resonance frequencies between 450 and Figure 3-6 An Entran EGSY-
480 Hz. The frequency responses varied by less 240-D accelerometer

than £0.5 dB from 0 to 250 Hz.

The accelerometers were calibrated before each experiment using the rollover method
as described in 1SO5347-5 (1993). The transmissibility between the accelerometers
used in each experiment was inspected to ensure that the variation in response over

the frequency range of interest was less than 5%.

The signal conditioning and power supply for the accelerometers was either an HVLab
16-channel signal conditioning box or an HFRU single channel accelerometer
amplifier. Both devices were manufactured within the Human Factors Research Unit
and include the power supply, pre-amplifier and DC offset correction controls required
by the EGCSY-240D-10 accelerometers.

3.4.2 SAE pad

The vertical acceleration between
the seat surface and a human
subject was measured using a semi-
rigid disk, referred to as an SAE pad
from the original specification
developed by the Society of
Automotive Engineers. The SAE pad
used during this thesis complied with
ISO 10326 (1992) and is shown in
Figure 3-7. The pad was 190 mm in

diameter with a maximum thickness

Figure 3-7 An SAE pad used to measure the
seat surface acceleration
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of 15 mm and contained an Entran EGSY-
240D-10 accelerometer oriented to measure
the acceleration perpendicular to the plane of
the disk. The suggested positioning for the
disk on the seat surface from 1SO10326
(1992) is shown in Figure 3-8. The subject
seated on the pad was requested to position
the pad so that the bulge on the upper
surface was between the ischial tuberosities.
The pad was not secured to the seat or to the

subject.

S Jremrreel) Figure 3-8 The location for

Measurements of force were made using a accelerometers on the platform (P),
the seat surface (S) and the backrest

Kistler 9321A force cell (Figure 3-9) (B) as specified by ISO 10326

connected to a Kistler 5007 charge amplifier.  (1992). The SAE pad used for human
subject tests in this thesis was

The charge amplifier was equipped with three positioned on the seat surface as
time constants to correct for any low shown in this figure.

frequency drift in the signal from the
transducer. The ’short’ and ’long’ settings were used during this project. As used with
the 9321A force cell, the ’short’ time constant was approximately 0.5 seconds and the

‘long’ time constant was greater than 15 minutes.

Figure 3-9 A Kistler 9321A force cell Figure 3-10 An RDP DCT4000C LVDT

3.4.4 Linear variable differential transformer

Displacements were measured using an RDP DCT4000C linear variable differential
transformer (LVDT) as shown in Figure 3-10. This device had an operating stroke of
200 mm and included an internal amplifier to allow the device to accept a +12V DC
power supply and output a voltage directly proportional to the displacement. No signal
conditioning was required except for an attenuator to reduce the +5V output voltage
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range of the device to the same order of magnitude as the accelerometers, but the
device was usually connected via an accelerometer amplifier to allow a DC offset to
be introduced. This DC offset was used to correct for any difference between the mid
point (OV output) of the LVDT and the reference (0 mm) displacement for the

experiment, for instance the mid point of the suspension stroke.

3.5 The test seats
All three seats used during this thesis were current production models intended for

use in off-road vehicles.

3.5.1 The earthmover seat

The earthmover seat (Figure 3-11) was a mechanical (steel sprung) suspension seat
specified for use in earthmoving machinery. The seat suspension had two parallel
steel coil springs mounted horizontally in the upper part of the suspension linkage to
provide the suspension stiffness. The spring preload was manually adjusted using a
calibrated control at the front of the suspension mechanism to account for the operator
weight by adjusting the ride position of the suspension to the centre of the available
suspension travel. An oil and gas damper was mounted at an angle between the
upper and lower parts of the suspension towards the rear of the mechanism. The
manufacturer indicated that the damper was at the ‘lighter’ end (i.e. lower force-

velocity gradient) of the range of dampers available for this seat.

The two bottom end-stop buffers were wedge-shaped and mounted on either side of
the bottom of the suspension mechanism, contacting part of the top part of the
mechanism when the mechanism was compressed. The two top buffers were

Backrest

Cushion

Seat height adjustment ]

Parallel coil springs

A @

[ /4 /1'
Bott: t
otiom stop Top stop Roller bearing

A Al ]

Figure 3-11 Photograph and schematic of the earthmover seat suspension
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mounted in the runners of the suspension linkage, acting horizontally against the roller

bearings. The end-stop buffer locations are shown in Figure 3-12.

Flgure 3-12 Locatlon of the top and bottom end -stop buffers on the .éarthmover seat
suspension

3.5.2 The forestry forwarder seat
The forwarder seat is shown in Figure 3-13. This seat used a cloth covered foam
cushion and had an air spring in place of the steel coil springs used in the earthmover

seat. An oil damper was mounted at an angle between the top and bottom parts of the

under-seat suspension mechanism.

Backrest

Cushion

e Sy Roller bearing  Top stop Eotiomsio

Figure 3 13 Photograph and schematic of the forestry forwarder seat suspension
The end-stop buffers were positioned in a similar manner to the earthmover seat, with

two bottom buffers acting vertically against the top part of the suspension mechanism
and two top buffers acting horizontally against the suspension linkage roller bearings.

The seat as shipped commercially was equipped with a self-levelling mechanism that

automatically adjusted the air pressure in the spring according to the weight of the
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driver. The air pressure was reduced when the suspension was close to the top of the
available travel and increased when close to the bottom. The seat was therefore
constantly seeking a central mean ride position. However, tests showed that this
system became unstable when using some repeated sinusoidal input motions that
cause end-stop impacts. As the seat contacted the bottom stop, the stiff but lightly
damped rubber buffer accelerated the suspension upward. This rapid acceleration
caused the seat to spend more time near the top of the travel than near the bottom
where the impact occurred so the adjustment mechanism reduced the air pressure
lowering the mean ride position and causing a more severe bottom stop impact. The
self-levelling mechanism hence caused the mean ride position to move towards the
impact rather than away from it. The mechanism was disabled for the laboratory tests
using this seat by supplying air directly to the spring and manually adjusting the
pressure to adjust the suspension to the desired ride position before starting the

dynamic tests.

3.5.3 The agricultural tractor seat

The agricultural tractor seat (Figure 3-14) used an air sprung mechanism with an
integrated height adjustment. The seat height was set by the operator by adjusting the
pressure in the air spring. This adjustment was linked to a levelling device that
ensured there was sufficient suspension stroke above and below the chosen ride
position and a belt-operated device limited the upward travel to an approximately
constant distance above the chosen ride position. The travel from the chosen ride
position to the bottom stop therefore varied according to the seat height setting. In
order to obtain repeatable results the belt mechanism was disabled and the seat was
manually adjusted to a central mean ride position. The distance to both end-stop
buffers therefore remained constant for all seat loads but the available suspension

stroke was greater than as supplied commercially.

The oil damper was mounted at an angle as with the other seats but was equipped
with a valve to adjust the damping force. The seat was tested at the lowest damper
setting. The seat was also equipped with a separate fore-and aft suspension

mechanism which was disabled for all tests.
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Backrest

Cushion

Air spring

Damper £

Roller bearing  Top stop
Figure 3-14 Photograph and schematic of the agricultural tractor seat suspension

The end-stop buffers were mounted in a slightly different manner on this seat. The two
bottom-stop buffers were attached to the suspension mechanism linkage arms on
either side of the seat and contacted the base of the suspension mechanism and a
single top stop buffer was positioned to contact the centre of one of the linkage cross-

pieces (Figure 3-15).

i #g = » 3
m end-stop buffers on the agricultural tracto

’I? i
Figure 3-15 Locati

on of the top and botto

seat suspension
3.6 Calculation of the transmission of vibration

3.6.1 Overview

A number of different measures of vibration transmission were used during this
project. The following definitions and descriptions are taken from Griffin (1990), Bies
and Hansen (1996) and Ifeachor and Jervis (1993).
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3.6.2 Spectrum estimation, transfer functions and transmissibility

The linear transfer function (H(a))) between two points can be estimated from the

power spectral density (PSD) and the cross spectral density (CSD) for the two

locations:
G
H(‘U): _“ny Equation 3-1
XX

where @ is the angular frequency in radians, ny is the cross spectral density

between the two locations and G,, is the power spectral density of x.
Gxx (C())’—‘ X(Q))X (a)) Equation 3-2
ny (CU): Y(CU)X (a)) Equation 3-3

where X and Y are the Fourier transforms of the motions x(t) and y(t) in the time

domain at the two points as shown below and X~ is the complex conjugate of X .
X()= fx(t)e‘/”’dt Equation 3-4

Y(w)= J. y(te ™ dt Equation 3-5

Due to the finite duration and digitally sampled nature of measured signals it is not
possible to evaluate the transfer function exactly. Throughout this project transfer
functions were estimated using Welch’s modified periodogram method as

implemented in Matlab 5.3 unless stated otherwise.

Using Welch’s method, each digital time history was divided into a number of
overlapping sections. Each section was detrended, Hanning windowed and then zero
padded, usually to 2048 datapoints. The PSD and CSD were estimated by averaging
the discrete Fourier transforms (DFTs) of all the overlapping sections and the transfer
function was calculated from the estimated PSD and CSD. The discrete Fourier

transforms of each zero-padded section of digital time histories x and y (both

padded to a time length T and N datapoints) were evaluated using a fast Fourier

transform (FFT) algorithm. The discrete Fourier transforms of x and y are:

N-

—

X()=Y x(nTe7TT Equation 3-6
n=0
N-1

Y(w)= > ynTe T Equation 3-7
n=0

The estimated PSD and CSD were evaluated using:
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exx<w>=gixn @)X, () Equation 3-8
n=1

s .
G, (CU): 52 Y, (w)Xn (a)) Equation 3-9
n=1
where the spectra were estimated from g overlapping sections and the transfer

function was calculates as in the ideal case by:

H(w)==2% Equation 3-10

The transmissibility between x and y (T, ) is defined as the magnitude of the

transfer function:

Txy (a)): IH(W) Equation 3-11
The coherence (C,, ) of the transfer function is a measure of linear agreement and is

calculated from the PSD and CSD by:

2

G,
Cv =G g

XXTyy

Equation 3-12

3.6.3 The SEAT value and the vibration dose value

The Seat Effective Amplitude Transmission value (SEAT, pronounced see-at) is a
non-dimensional measure of the vibration isolation performance of a seat. There are
several alternative methods of calculating this value depending on the characteristics
of the system and the input motion. The method most suited to transient input motions
and highly non-linear seat behaviour is the vibration dose value (VDV) method. This

method was used throughout the project.

The SEAT value calculated in this manner makes no assumptions of linearity. The
calculation is intended to relate the motion to the perceived discomfort and involves a
4™ power sum and a weighing filter emphasising frequencies in the region of 5 Hz. The

SEAT value was calculated as follows:

1. The digitally sampled acceleration time histories were obtained for two
locations, usually the seat base and the load on the seat surface, either

acquired from accelerometers or predicted by simulations.

2. The time histories were normalised to remove any DC offset. This was
simplified for most of the experiments described in this thesis by starting the
data acquisition 0.5 seconds before the motion and subtracting the mean of

the acquired time history between 0.1 and 0.4 seconds. The more common



method of subtracting the mean of the complete signal was not suitable for the

transient motions used during this project.

3. The vibration dose value (VDV) of each time history was calculated according

to:
4 /4 .
VDV = _faw (f)dt Equation 3-13
where 4, is the frequency-weighted acceleration.

The VDV calculation

involves a frequency
weighting to account
for the sensitivity of
the human body to
different frequencies
of vibration The "W}’

filter for seated,

Acceleration weighting
5

vertical vibration
specified in BS6841 107k - . )

10 10 10 10
(1987) was used

Frequency (Hz)

. Figure 3-16 The W,, frequency weighting specified
throughout this in BS6841.

project unless

otherwise stated.
The weighting emphasises the importance of frequencies around 5 Hz as

shown in Figure 3-16. Throughout this project an implementation of W,

including all phase effects was used.

4. Finally, the SEAT value was calculated from the VDV by:

VDV
SEAT (%) = seat_oad %100 Equation 3-14

seat _base

3.7 Statistical methods

3.7.1 Overview

The following statistical methods were used during this project. The definitions were
taken from Barlow (1989), Siegel (1956) and from the SPSS v10 documentation. The
majority of statistical methods were ’'distribution-free’ or 'non-parametric’ methods.
These methods use the rank order of the data and in some cases the difference in

value rather than the absolute value. This was not because the absolute values of the
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data were not of interest but because it was not always valid to make assumptions

about the distribution of the data. Parametric methods require normally distributed

data.

3.7.2 The mean and the median

The average value of a distribution was evaluated during this project using the median
and the mean. The mean (Equation 3-15) assumes a normal distribution and
estimates the value at the centre of this distribution. The median selects the measured
value closest to the centre of the distribution with half the data above and half the data

below and makes no assumption of the distribution.

- 1

X=—Yx Equation 3-15
3.7.3 Skewness

The skewness is a measurement of the relative lengths of the tails of a distribution. A
non-zero skewness indicates that the distribution has a longer tail in one direction. A
criteria for normality is the ratio of the standard error of the skewness to the respective
value of the skewness being less than 2 (Brown, 1997). This indicates a significantly

skewed distribution at the 5% probability level.

The skewness is defined as:

1 -
Y= NG Z(X,- -X) Equation 3-16
Where x; is the i"" value of a sample with mean X and the standard deviation o is
defined by:
o=V =% Equation 3-17

where x* indicates the mean of the squared values of the sample x and x* indicates

the square of the mean of sample x.

3.7.4 Spearman’s correlation coefficient

The correlation between two factors was investigated using Spearman’s correlation
coefficient, also known as Spearman’s Rho. The coefficient can take values from -1 to
1. A value of zero indicates no correlation, a value of one indicates a perfect positive

correlation and a value of -1 indicates a perfect negative correlation. The symbol p will

be used to indicate the correlation coefficient throughout the text.

N
6 D} , : _ .
o Equation 3-18 Spearman’s correlation coefficient

S (= W—
P N> =N
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where D is the difference between each pair of x; and y, with the data ranked in
order. The significance p of the coefficient is given by
N-2

1-p?

3.7.5 The Mann-Whitney U-test

Equation 3-19

p=p

This test hypothesises that two sets of independent data are different and is also
known as the rank sum test and Wilcoxon'’s test. This test can be used with samples of
differing sizes

The values from each sample are arranged in a sequence of increasing value. The
test determines if the values from both samples are evenly distributed within the
sequence (e.g. xxyxyyxyyxxyxyy). If the median values are substantially different then
the values from one sample will tend to favour one end of the sequence or the other

(e.g. xxxxxxxyyxyyyyy) and a significant difference will be indicated.

The significance of the difference is given by:

U, +05-m(N+1)2

Jmn(N+1)12

where U, is the sum of the ranks positions of the values from the first (x) sample and

Equation 3-20

m and n are the number of values within the x and y samples respectively.

3.7.6 The Wilcoxon’s matched-pairs signed ranks test

In situations where the individual values for two samples are related, for instance
when the same set of test conditions have been used for both samples, Wilcoxon’s
matched-pairs signed ranks test should be used. This test will be referred to

throughout the text as Wilcoxon’s matched-pairs signed ranks test or Wilcoxon’s test.

This test involves ranking the differences between each pair of related samples in
order without regard for sign. Differences of zero are dropped from the analysis. Tied
differences are assigned an equal, average rank, but the ranking for the next
difference is increased by the number of tied ranks (example from Siegel: if three pairs
returned differences of +1, +1 and -1 then all would be assigned a rank of 2 as
(1+2+3)/3=2. The next difference would be assigned a rank of 4). The test statistic 7"

is the sum of the ranks of the positive differences. The significance of the difference is

given by:
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pe T —~N(N+1)/4
N(N+1X2N+1)/24—1/2§g:tj (t, -1t +1)

where g is the number of groupings with different tied ranks, t; is the number of tied

Equation 3-21

ranks in grouping j and N is the total number of values in the sample with zero tied
differences excluded.

3.8 Safely and ethics procedures

All experiments involving human subjects conducted during this thesis were approved
by the Institute of Sound and Vibration Research Human Experimentation Safety and
Ethics Committee. All subjects were volunteers and were screened using a health
questionnaire (Appendix 1). A signed consent form was obtained from each subject
before each test. The vibration exposure of each subject was monitored and details of
the vibration exposure of all subjects were logged. In no case was a subject exposed
to a daily VDV greater than 15 ms™"® which is the daily limit suggested in section A6
of BS6841 (1987). Subjects were provided with a loose-fitting seat belt and an
emergency stop button when seated on the shaker and it was made clear to each

subject that they may stop the experiment at any time without providing a reason.
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4 The definition of suitable input motions for testing

suspension seat end-stop impact performance

4.1 Introduction

The objective of this chapter was to define suitable input motions for the testing of
suspension seats in the laboratory with particular application to end-stop impact
situations. The motions were intended to be representative of the vehicle cab floor
motions in situations that might be expected to cause seat suspension end-stop
impacts during normal vehicle operation while being as simple as possible to define
and reproduce in the laboratory. Acceleration time histories provided by field test
laboratories from field trials conducted on three types of off-road vehicle were
examined for end-stop impacts. The vehicle motions had been recorded as each
vehicle traversed obstacles identified by vehicle operators as likely to cause end-stop
impacts during typical vehicle operation. Test motions were proposed after
examination of the measured cab floor and seat motions, and tests were conducted in
the laboratory to determine if the proposed motions resulted in similar seat behaviour

to that observed in the field.

4.2 Summary of field trial conditions

4.2.1 Vehicles

Field tests were carried out using a JCB 3CX back-hoe loader earthmover (Figure 4-1,
a Valmet 840 S-2 eight-wheeled forestry forwarder (Figure 4-2) and a Setyr 9105
agricultural tractor (Figure 4-3). The earthmover was tested by Kab Seating Ltd, of
Northampton, UK, the forestry forwarder was tested by the National Institute for
Working Life in Umed, Sweden and the agricultural tractor was tested by
Bundesansalt fir Landtechnik of Wieselburg, Austria, on behalf of Grammer AG of

Kdmmersbruk, Germany.
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Figure 4-3 The agricultural tractor



4.2.2 Test conditions

4.2.2.1 Overview

Discussions between the test laboratories and vehicle operators for all three test
vehicles indicated that end-stop impacts were most noticeable when the vehicle
traversed a single, severe obstacle. However, the nature of the ‘typical’ obstacle

varied depending on the operating environment of the vehicle.

4.2.2.2 The agricultural tractor test track

The agricultural tractor was tested on a rough natural forest road without gravel or
metal. The sections of track chosen were considered to be typical of well-travelled
forest or farm tracks. Tests were carried out over several sections of road using two
drivers of 56 kg and 98 kg and one seat with two seat suspension damper settings.
The vehicle was travelling at what the driver considered to be a high speed leading to

end-stop impacts as the vehicle traversed potholes and ruts in the track.

4.2.2.3 The earthmover test track

The earthmover was tested on a Macadam track representative of a quarry track. A
track of this type is constructed of layers of material but does not have a tarmac
surface. Small ditches usually cross these tracks at intervals to allow rainwater run-off
and these can cause vehicle vibration leading to seat end-stop impacts if the vehicle
is travelling at speed. This situation was identified from the experience of the vehicle
operators and test engineers as a common cause of seat suspension end-stop
impacts. The test runs were conducted over a section of Macadam track with a single
obstacle approximately 0.5 m across. The vehicle was tested with two drivers (66 kg
and 90 kg) with and without a restraining lap belt. The vehicle traversed the obstacle

at constant speeds from 1 ms™ to 2.7 ms™.

4.2.2.4 The forestry forwarder test track

Forestry forwarders operate in an off-road environment where obstacles such as
rocks and tree-stumps are to be expected. Discussions with vehicle operators
indicated that end-stop impacts would be expected when the vehicle climbs up or falls
off an obstacle such as a tree stump or large rock. Repeatable field measurements
were not possible as the heavy (15,000 kg) forwarder could significantly alter the
nature of the terrain. Instead, an artificial obstacle was constructed of more durable
materials to (see Figure 4-4). The forwarder was tested with two drivers close to the

25" and 75" percentile static masses for European males. The vehicle traversed the
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obstacle at constant speeds from 0.56 ms™ to 1.53 ms™ increasing in steps of

0.14 ms™.

145

40 40
Figure 4-4 Obstacle used to test the forwarder

4.3 Data acquisition

The following channels of data were acquired during all field trials
e The acceleration on the cab floor under the seat
e The acceleration at the top of the seat suspension
e The acceleration at the top of the cushion

e Contact with the end-stop buffers, detected using microswitches

The displacement of the suspension mechanism relative to the cab floor was also
acquired for the majority of trials, measured using linear variable differential
transformers. The agricultural tractor data were acquired at 100 samples per second,

the forwarder data at 400 samples per second and the earthmover data at 1000

samples per second.

4.4 Examination of field data

4.4.1 Time synchronisation for averaging time domain data

The earthmover and forwarder trials involved repeated runs over the same test
obstacle so it was possible to average the time histories obtained at the same vehicle
speed. It was necessary to adjust the time offset of the signals to ensure that the time
at which the vehicle encountered the obstacle was synchronised before averaging the
data. The vehicle floor acceleration time histories for each vehicle speed were cross-
correlated against a reference time history selected at random and the time lag
corresponding to the peak of the cross-correlation function was used to align each

time history with the reference.

4.4.2 Power spectral density estimates

The power spectral density estimates were based on a single Fourier transform of the

time histories due to the transient nature of the signals. The data were zero-padded to
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a give a sample length of 4096 data points and the resulting spectra are shown

normalised to the peak value.

4.4.3 The seat base motion analysis

4.4.3.1 Agricultural tractor

Examples of the time histories obtained using the agricultural tractor on the forestry
road are shown in Figure 4-5. It was possible to identify sections of high magnitude
floor motion which caused seat suspension end-stop impacts. Figure 4-5A shows a
short duration floor motion causing a top end-stop impact then a bottom stop impact.
Figure 4-5B shows a motion with several top stop impacts and Figure 4-5 shows a
severe floor motion involving many top and bottom stop impacts. The greater number
of top stop impacts may be due to the seat configuration. The height adjustment
mechanism on the seat used in these tests was an integral part of the seat
suspension and operated in conjunction with a system for limiting the upwards travel
according to the seat height setting. Using this system, the available upwards travel
remains fairly constant with different seat height settings, but the available downwards
travel varies so it is possible for the correctly adjusted seat to have a mean ride

position closer to the top buffer than the bottom buffer.

The spectra of samples 2 and 3 (Figure 4-5D) suggest that there may be two lightly
damped vehicle modes at around 2.3 Hz and 2.5 Hz. The spectra from sample 1 is

based on a very small sample of data and provides little information beyond

suggesting at least one mode in the vicinity of 2.5 Hz.
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Figure 4-5 Agricultural tractor seat motions measured in the field (note the different time
scales and durations). The top graphs of A, B and C show the acceleration on the seat
cushion. The middle graphs show the acceleration on the cab floor. The lower graphs show
the displacement of the seat suspension relative to the cab floor and the output signals from
switches detecting contact with the end-stop buffers. D shows the power spectral densities of
the data shown in A, B and C.

The variety of terrain encountered during the agricultural tractor field trials provided an
indication of the range of waveform shapes which might be encountered using off-

road vehicles in the field. The cab floor motions that caused end-stop impacts were
narrow-band and might be considered as ‘events’ which rise from and decay back to a

lower amplitude. The rise of the amplitude envelope of the motion varies considerably
between events but in many cases an exponential decay was discernable (Figure 4-5B

from 38 seconds and (Figure 4-5C from 47 seconds and from 49 seconds). This is
assumed to be the free response of the vehicle mass on the tyres. The event duration

also varied considerably from the 1.5 second event shown in (Figure 4-5A to the long

event of around 7 seconds duration shown in (Figure 4-5C between the times marked

as 41 to 48 seconds).



4.4.3.2 Earthmover

Figure 4-6 shows data obtained using the earthmover at three speeds over the
Macadam track. The data shown are the mean of four test runs using a lightly
damped seat, one run with each driver with and without a seat belt. The vehicle
initially contacted the obstacle at the point marked (). The seat struck the top stop (ll),
severely contacted the bottom stop (lll) then the top stop (IV). It was estimated from
the vehicle speed and wheelbase that the vehicle rear wheels struck the obstacle at
around (V). This reduced the seat displacement magnitude. Several top and bottom

impacts occurred after this but were not as severe as the initial impacts.

The spectra (Figure 4-6D) seem to show a vehicle mode close to 2.5 Hz at all speeds,
another at around 2.1 Hz at vehicle speeds of 2.3 ms™ and 2.7 ms™ (Figure 4-6B and
3C) and a third mode at 1.3 Hz at 2 ms™ (Figure 4-6A). Examination of the zero
crossing times of the cab floor acceleration time histories suggests that the 2.1 Hz
motion is responsible for the more severe end-stop impacts. The 2.5 Hz motion
becomes more apparent at lower magnitudes later in the motion. The peaks visible in
the spectra may be caused by amplitude-dependant non-linearities in the vehicle-tyre

system or different vehicle vibration modes.

The seat movement, as shown by the relative displacement during the initial part of
the motion (between | and V), is similar at all speeds and all the cab floor acceleration

data show an exponentially decaying amplitude envelope (Figure 3A, 3B and 3C).

The acceleration waveform recorded on the cushion differs between top and bottom
impacts. A severe bottom-stop impact causes a peak in the waveform as the cushion
and the bottom buffer are compressed. A severe top-stop impact causes a negative
peak closely followed by a positive peak as the driver parts company with the seat and
returns. This was positively identified later from laboratory tests described in Chapter
5 as an artefact of the measurement method. During a severe top-stop impact, the
waveform shows the acceleration experienced by the SAE pad, not necessarily that

experienced by the cushion or the driver.
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Figure 4-6 Mean of four earthmover seat motions measured in the field. The top graphs of
A, B and C show the acceleration on the seat cushion. The middle graphs show the
acceleration on the cab floor. The lower graphs show the displacement of the seat
suspension relative to the cab floor and the output signals from switches detecting contact
with the end-stop buffers. In all cases the dashed lines indicate +1 standard deviation.

Graph D shows the power spectral densities of the data shown in A, B and C.

4.4.3.3 Forestry Forwarder

Figure 4-7 shows data obtained using the forestry forwarder at three speeds over the

test obstacle. The data were obtained using two drivers of 55 kg and 94 kg and a

relatively light seat suspension damper. Figure 4-7A is the average of 5 runs, Figure
4-7B the average of 7 runs and Figure 4-7C the average of 3 runs. Each graph shows
a transient event (l) as the first pair of wheels passed over the obstacle sometimes
leading to a bottom stop end-stop impact (Il). The second event (lll) was caused by
the second pair of wheels. This motion also caused bottom stop end-stop impacts
(IV). These were patrticularly severe with the vehicle travelling at the highest speed of

1.39 ms™ (Figure 4-7C). The motion caused by the first of the two pairs of trailing

4-8



wheels is also visible on graph C. The trailing wheels caused lower magnitude cab

floor accelerations than the leading pairs.
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Figure 4-7 Mean forestry forwarder seat motions measured in the field. The top graphs of
A, B and C show the acceleration on the seat cushion. The middle graphs show the
acceleration on the cab floor. The lower graphs show the displacement of the seat
suspension relative to the cab floor and the output signals from switches detecting contact
with the end-stop buffers. In all cases the dashed lines indicate +1 standard deviation.

Graph D shows the power spectral densities of the data shown in A, B and C.

4.4.4 End-stop impact occurrence data using the earthmover seat

The earthmover field trials used microswitches to detect contact with either the top or
bottom end-stop buffers and involved test runs with and without seat belts and with
different driver weights. It was therefore possible to investigate the effect of these
factors on the occurrence of end-stop impacts, while recognizing that the results were

obtained with a single specific combination of terrain, vehicle and seat.
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Figure 4-8 compares the effect on the number of end-stop impacts of wearing a lap
belt. Both drivers and top and bottom stops are considered separately. Statistical
treatment was not used as there was only a single test run for each condition, but

there does not appear to be a large difference between runs with a seat belt and runs

without.

Figure 4-9 compares the effect of driver weight on the number of end-stop impacts
(with and without seat belt) recorded at each stop. At the top stop for four out of the
seven speeds the heavier driver experienced a greater number of end stop impacts,
while at the bottom stop for three out of the seven speeds the lighter driver
experienced more impacts. In only two cases is the difference greater than 2.0
recorded impact events. lt is possible that the seat was not adjusted to the same mid-
ride position for both drivers although efforts were made to ensure that consistent seat
adjustment settings were used and that the mid-ride positions were close to the mid
point of the seat free travel. It was tentatively assumed that driver weight does not

have a large effect on the occurrence of end-stop impacts pending further information.

Figure 4-10 compares the number of end-stop impacts recorded at each buffer for all
conditions (both drivers with and without seat belt). At all vehicle speeds apart from
1 ms” (the slowest, no impacts recorded) and 2.7 ms™ (the fastest), there are more
bottom stop impacts recorded than top stop impacts at all except the highest vehicle
speed. There are a number of possible reasons for this asymmetry including the
characteristics of the motion at the seat base, non-linearity of the seat components,

the seat adjustment or non-linearities due to the vehicle operator.

Figure 4-11 shows the total recorded end-stop impacts with increasing vehicle speed.

The number of impacts recorded shows a sequential and almost linear rise with

increasing vehicle speed.
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and bottom (down) buffers. Both drivers and without seat belt.

weights with and without seat belts included.

4.4.4.1 Summary of the earthmover end-stop impact occurrence data

The following observations were made from the limited amount of data available:

e The occurrence of end-stop impacts was not strongly affected by the

wearing of a seat belt.

e The occurrence of end-stop impacts may be affected by the weight of the

driver, but this effect is not obvious from the data available.

e More impacts occurred at the bottom stop than at the top stop at most

speeds.

e The total number of end-stop impacts increased sequentially with

increasing vehicle speed.

4.5 Requirements of a standard cab floor motion

There are a number of required and desirable features of an input motion for testing

suspension seats in the laboratory for end-stop impact performance.

4.5.1 Means of definition
An input motion may be defined as a mathematical function of time, as a

mathematical function of frequency, or point by point as a time history.
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The use of filtered random motions defined in terms of filter functions in the frequency

domain is not desirable for this test. A short test for a non-linear system requires a

repeatable time history.

Defining the motion as a time history would require that the time history can be
supplied to test laboratories in a useable format. This would allow the use of complex
motions such as digitised field measurements. Supplying the data on paper (as in
78/764/EEC, 1999) is possible, but requires each laboratory to manually enter the
data values. Supplying the time history as a standardised electronic format is a more
convenient alternative but the electronic form of the input signal must be made

available, requiring additional administration.

Defining the motion as a function of time allows a test laboratory to exactly generate
the input motions. However, a complex input motion is likely to require a complex

equation.

4.5.2 Shaker performance

Suspension seat test stimuli in some current standards have peak displacements of
approximately 55 mm (ISO 7096:2000 Class 1) and peak accelerations of
approximately 8 ms? (ISO 5007:1990 Class 1). Test laboratories have equipment

capable of reproducing these motions.

Electro-hydraulic shakers are driven using displacement or acceleration waveforms,
but any given shaker may not be configured to accept both. It is therefore desirable to

define an input signal in terms of acceleration and displacement to ensure that it can

always be input directly.

4.5.3 Realism

The cab floor motion ‘events’ that caused seat suspension end-stop impacts in the
field appear to be similar on repeated runs over a single obstacle. However, the
tractor data suggest that considerable variation in amplitude envelope might be

expected in operational conditions.

Interaction between motions caused by consecutive pairs of wheels only appeared to
be an issue with the earthmover motions. The tractor motions do not show obvious
effects of two pairs of wheels and the forwarder motions due to each pair of wheels
are well separated. The most severe end-stop impacts occurred during the initial part
of the earthmover floor motion. The later part of the motion during and after the

vibration as the second pair of wheels contacted the obstacle is therefore of less

importance.
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Analysis of the field data suggests that a suitable signal would be narrow-band, or
sinusoidal, close to the main vehicle resonance frequency. A signal might be between
1 and 7 seconds in duration, depending on the vehicle and terrain and modulated by a
suitable rising and falling envelope to fit vehicle motions which can lead to severe end-
stop impacts. The falling envelope as seen on the field data was often an exponential
decay. However, end-stop impacts did not occur during this part of the motion so it
does not appear to be essential to reproduce this part of the motion exactly at the

expense of other factors.

4.6 A possible input motion
An input motion is suggested using the following equation:
d* x(t _ _ f.
——EP(—) =-A- Sln(2-7[ - f- t)- sm[” f tj Equation 4-1
n

over the range t=0 to t=n/f where A is the peak acceleration, fis the frequency of the

sinusoid in Hz, n is the number of cycles of the sinusoid within the envelope and tis

time.

The motion consists of a sinusoid of a specified number of cycles modulated by a
half-sine envelope and an exact equation can be obtained for the equivalent
displacement waveform. The number of cycles should be chosen as n=m+0.5 where
m is a positive integer (e.g. n=1.5, 2.5, 3.5...). If this condition is satisfied, the
displacement, velocity and acceleration waveforms will start and end at zero, as
shown in the following equations. The motion can therefore be reproduced repeatedly
on a shaker without the need to include high pass 'washout’ filters or reset the shaker

platform position after each motion.

The displacement can be obtained from integrating the acceleration twice with respect

to time:

Tr . [ 7ft
x(t)= “H S'n(Z”ﬂ)S'n[';')dtdt Equation 4-2

Using the trigonometric identity 2sin AsinB=cos(A — B)—-cos(A+ B), the

displacement becomes:

x(t)=- ﬁ%[oos{zm - %} - 005[ 2t + —?}zﬂdtdt Equation 4-3
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- x(t)= --é- I [cos(m‘f( 2- %D = cos{nﬁ( 2+ %Mdtdt Equation 4-4
] sin(yzf{z - %D ] sin(m‘l[z ¥ %D .,

Ty Equation 4-5
2 mf(z_i] nf(%i}
n n
: cos(m‘ﬂ[ 2 - l]] cos(m"( 2+ ln
n n
- x(t)= -5~ + +Ct+ D Equation 4-6

) )

Substituting for an initial condition of x(1)=0 at =0 gives a value for C of zero and a

value for D of:

1

1
b= 7 z
2 1 o #fl 2 + 1 Equation 4-7
n n
This constant can be included within the displacement equation:

: cos(ﬂﬁ[2+—1~n—1 cos(mﬁ(z—}-j)—l

x()= 5| T e

) )

n n

At r=n/f, the numerator cosine functions become cos(27zni7z) which are equal to 1 if

Equation 4-8

a half-integer value of » is used. This gives a value of zero for the displacement at this
time.

Three test motions were used in the laboratory, with values for n of 1.5, 4.5 and 11.5.
These values were chosen to give similar waveform shapes as observed for the
forwarder, earthmover and agricultural tractor field trials respectively and to give a
range of input durations for use in the remainder of the thesis ranging from a short,
shock-like motion to a more steady state motion. The three motions are shown in

terms of acceleration and displacement in Figure 4-12.
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Figure 4-12 The time histories of the 1.5, 4.5 and 11.5 cycle duration input motions
shown in terms of acceleration, velocity and displacement with an arbitrary 1 ms®
peak acceleration at 2 Hz.

4.7 Comparison of laboratory and field data

Motions were generated using Equation 4-1 and reproduced in the laboratory using
the 1m vertical shaker. The seats were the units that had been used in the vehicles
the field trials and accelerometers were positioned at the seat base and on the seat
surface with an LVDT to measure the seat suspension displacement. The data shown

are from tests using a 78 kg 1.78m subject.

Figure 4-13A compares a 2.5 Hz 11.5 cycle motion with sample 2 from the agricultural
tractor field trials. The laboratory motion is of a slightly higher frequency that the field
data and a severe top stop impact at around t=5.5 seconds does not occur in the
laboratory due to differences in the automatic stroke length adjustment featured on
this model of seat which was disabled during the laboratory tests. The waveforms are

otherwise similar.

Figure 4-13B compares a 2 Hz 4.5 cycle motion with data from the earthmover at
2.3 ms™. The waveforms are similar up to the point where the rear wheels contacted
the obstacle and acted to reduce the amplitude of the field data (f = 8.4 seconds).
Local maxima and minima occur at the same times in the laboratory and the field and

the waveform shapes around the severe bottom and top buffer impacts are similar.
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Figure 4-13C compares a 3.15 Hz 1.5 cycle motion with data from the forestry
forwarder field trials shown in Figure 4-7C. The severe bottom stop impact observed

in the field is reproduced well in the laboratory.

A: Comparison of tractor field and lab motions

B: Comparison of earthmover field and lab motions
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Figure 4-13 Comparison of laboratory and field measurements. The field data are
shown as dotted lines, the laboratory data as solid lines.

4.8 Conclusions

This study was based on data obtained using a small sample of vehicles and terrains.
However, it was possible to make some observations that may be generally

applicable.

The cab floor motions which caused end-stop impacts were narrow-band and ‘events’
could be identified where the amplitude envelope of the acceleration time history was
higher than adjacent sections. Events of between 1 and 7 seconds were observed in
field data. The rise of the envelope varied from several cycles seen in some examples
of the agricultural tractor data to within one cycle of motion for the forwarder. An

exponential decay envelope was often seen in the cab floor motions of all three
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vehicles. It may be that the rise was influenced primarily by the terrain, with an area of
rough ground causing the relatively slow rise seen on the tractor and a sudden drop
causing the rapid rise seen on the forwarder. The envelope decay may have been
primarily influenced by the free response of the vehicle mass on the tyres and end-
stop impacts were not usually found to occur during this section of the motion. Results
from one vehicle suggested that the occurrence of end-stop impacts was not strongly

affected by the driver weight or by the wearing of a lap belt.

The test motions do not include higher frequency components which might be caused
by other sources of vehicle vibration besides the oscillation of the vehicle on the tyres,
such as the engine attached implements such as excavating buckets, spray booms,
etc. These higher frequency motions are more easily isolated by suspension seats
and were not observed to be responsible for the large seat displacements that might
lead to end-stop impacts. A benefit of using a simple signal as the input to a non-
linear system is that visual examination of the resulting time histories produced by the
system can provide useful clues to the details of the system behaviour. Visual
examination of the motions produced in response to a band-limited pseudo-random or
other multi-frequency motion would be less informative than visual examination of the

system response to a simple, sinusoidal input.

The suggested motions are simple to generate and capable of producing similar seat
behaviour in the laboratory as seen in the field. Three motions are suggested as
possible input motions for testing three types of vehicle. However, it would be
beneficial to investigate more field data in order to specify suitable motions for a wider
range of vehicles and terrain. The three durations of motion used in this experiment
were all considered realistic while providing a range of test conditions from a shock-
like input (1.5 cycles) as might be caused by the vehicle falling off the edge of an
obstacle to a more steady state (11.5 cycle) input representative of a vehicle on a

rough track.
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5 Suspension seat performance with three loading methods

5.1 Introduction

The first objective of this chapter was to compare the performance of suspension seats
using three different loading conditions over a realistic range of frequencies and
magnitudes of input vibration. The three loading conditions were human subjects, an
anthropodynamic dummy designed to simulate the apparent mass of a seated human and
a semi-rigid mass consisting of bags of lead shot within a rigid shell. It was hypothesised
that the seat performance would be independent of the type of load used and that the

seat performance would depend on the mass of the subjects.

The second objective for this chapter was to obtain a comprehensive and systematic set

of laboratory data for later comparison with the mathematical model.
5.2 Method

5.2.1 Overview

A series of tests was carried out on three seats using the three input motions defined in
Chapter 4 (1.5 cycle, 4.5 cycle and 11.5 cycle windowed sinusoids shown in Figure 5-1)
with three loading conditions, a semi-rigid mass, an anthropodynamic dummy and twelve
human subjects. The seats were tested at five frequencies from 1.25 Hz to 3.15 Hz. The
lowest frequency was lower than would be expected on the cab floor of a wheeled off-
road vehicle and the highest frequency would not be expected to cause end-stop impacts
on an off-road vehicle suspension seat within the range of motions that can be safely
reproduced in the laboratory. The inputs were reproduced using the 1m vertical stroke
electo-hydraulic shaker, described in Chapter 3, at magnitudes that resulted in W,-

weighted VDVs at the seat base of between 0.5 and 4 ms™",
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Antropometric data for the 12 human subjects that took part in this experiment are shown

in Table 5-1. Subjects were selected to provide a mass distribution centred close to the

77 kg equivalent static mass of the anthropodynamic dummy. No other selection criteria

were used except for the safety and ethics procedures relating to human subject testing

as described in Chapter 3.

Table 5-1 Human subject anthropometric data

Subject number | 1 2 3 4 5 6 7 8 9 | 10 | 11 ] 12 | mean
Sex (m/f) f m f m f m f m m|m|m|m -
Mass (kg) 68 | 70 | 58 | 87 | 70 | 78 | 56 | 98 | 81 | 88 | 82 | 76 76
Stature (m) 1.68(1.71{1.65/1.83{1.65[1.81{1.70/1.83|1.78|1.90/1.80|1.81| 1.77
Age (years) 26 1 431 24 | 321 24 { 28 ] 19 | 51 31 ] 23| 63| 27 33

5222

The anthropodynamic dummy

Anthropodynamic dummies are mechanical devices intended to simulate some aspect of
the dynamic response of the human body. The specific device used in this thesis was
designed to simulate the impedance of the seated human body at the point of contact with

the seat cushion when exposed to vertical vibration. This device allows seat testing to be

performed without the need to expose human subjects to vibration and avoids the

associated inter- and intra-subject variability issues. This is of particular interest to
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suspension seat testing as the magnitudes of vibration found on suspension seats can
easily exceed the suggested maximum daily vibration dose value of 15 ms™7”® (BS6841,
1987).

The specific device used in this experiments for this chapter of the thesis was described
by Lewis (1998) and is shown photographically and schematically in Figure 5-2. This
device was developed from an initial prototype described by Mansfield and Griffin (1996).
The device contacted the seat cushion using a SIT-BAR indenter (Whitham and Giriffin,
1977). A second SIT-BAR was used to contact the backrest. This backrest indenter was
attached to the backrest and articulated to allow the dummy to move freely in the vertical

direction.

m; =45.6 kg
k =45000 J c=1360
N/m L’_' Ns/m
m, =6.0kg

B

Figure 5-2 Photograph and schematic of the anthropodynamic dummy described by Lewis
(1998). The schematic is taken from that publication. Note that the dummy configuration
as used in the thesis had a case mass of 10 kg and an upper mass of 46 kg.

The apparent mass of the theoretical anthropodynamic dummy system as compared with
the normalised apparent masses of 60 subjects (measured by Fairley and Griffin, 1989) is
shown in Figure 5-3. The measured response of the dummy is shown in Figure 5-4. The
anthropodynamic dummy was used in this configuration for the tests described in this

chapter.

5-3



2.00
mean

8 I —— mean - SD
g 150 L mean + SD
E L = = = = single dof model
c
e
(3]
& L
& 1.00
S N
[0}
R
Tés L
5 0.50
= L

0.00 PV S W ST W YOO SN S | 1

Freguency [Hz]

Figure 5-3 The normalised apparent mass of a single degree-of-freedom mechanical
system compared to the mean apparent mass of sixty seated human subjects + 1

standard deviation (from Lewis, 1998, after Fairley and Griffin, 1989).
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Figure 5-4 The measured apparent mass of the anthropodynamic dummy at three
magnitudes of vibration (from Lewis, 1998)

The centre of mass of the dummy was located on the seat surface 40 mm forwards of the
seat index point (SIP). This point is defined by ISO 5353 (1999) and is shown in Figure
5-5. The dummy rested against the backrest using an articulated indenter to allow the
dummy to move unimpeded in the vertical direction. The backrest indenter plate was

fastened by adhesive tape to the backrest so that the indenter could compress the
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backrest foam but not lift free of the foam or move translationally across the backrest

surface.

Central vertical ptane

SiP

Example of measuring
point, side 2

Example of measuring
" point, side 1

Example of
fixing point

P

Figure 5-5 The seat index point (SIP) as defined by ISO 5353(1999). The dimensions of
the device shown on the seat surface are defined by the standard.

v

5.22.3 The semi-rigid mass

The semi-rigid mass consisted of the H-point measurement device described in ISO 5353
(1978) without additional leg or masses. This device was ballasted with lead shot in 10 kg
bags up to a total mass of 54 kg, statically equivalent to a 76 kg human if 71% of the body
mass is supported on the seat (Lowe, 1972). The upper part of the device designed to
contact a backrest was fixed at an angle 10° forward of the vertical, out of contact with the

backrest of the test seats. The cenire of mass of the device was 40 mm forwards of the
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seat index point. The ballasted H-point device was positioned on the seat surface with
approximately 5 mm clearance between the load and the seat backrest, avoiding any
shear-like interaction between the mass and the backrest. Figure 5-6 shows the semi-rigid

mass positioned on one of the test seats.

Figure 5-6 Views of the H-point device shell ballasted with lead shot bags.

5.2.3 Data acquisition

Data were acquired at 1000 samples per second via a 330 Hz anti-aliasing filter using an
HVLab data acquisition and analysis system. Data were acquired from 0.5 seconds
before the start of the motion to 1 second after the end of the motion. The following

channels were acquired:

1. The vertical acceleration at the interface between the seat cushion and the seat

load.

2. The vertical acceleration at the top of the seat suspension mechanism,

underneath the cushion.
3. The vertical acceleration at the base of the seat.

4. The relative vertical displacement between the shaker platform and the top of the

suspension mechanism using the LVDT described in Chapter 3.
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The vibration experienced by the subjects was measured according to 1ISO10326-1 (1992)
using a semi-rigid disk containing an accelerometer positioned between the seat cushion
and the ischial tuberosities. The vertical vibration on the semi-rigid mass was measured
using the disk containing an accelerometer securely attached to the underside of the
mass, vertically in line with the SIP. The vertical vibration on the dummy was measured
using an accelerometer attached to the upper surface of the seat indenter plate. The
accelerometer attached to the base plate of the dummy was in the order of 20 mm
forward of the SIP. The base plate rotation of the dummy was locked once the dummy
had been positioned on the seat so the accelerometer position was not expected to affect

the results in comparison with the other loading conditions.

The acceleration at the base of the seat was measured using an accelerometer
positioned within 10 cm of the SIP as projected vertically onto the shaker platform
surface.

The relative displacement between the suspension mass and the shaker platform was
measured using the LVDT described in Chapter 3. The LVDT was mounted vertically on
the shaker platform with the sensing rod connected to a horizontal L-section aluminium

bar attached to the upper part of the seat suspension mechanism.

Methods of detecting the contact between the suspension and the end-stop buffers using
microswitches or foil contact switches were found to be unreliable. Foil contact switches
placed between the end-stop buffer and the suspension mechanism did not survive the
experiments and the sensing arms of microswitches positioned so as to detect a light
impact did not survive a series of severe impacts. End-stop buffer contact was instead

deduced from the measurement of the relative displacement of the suspension.

Figure 5-7 shows schematically the locations of the transducers when testing with the

anthropodynamic dummy.



Anthropodynamic
dummy R

LVDT

Cushion

Accelerometers

Spring

Damper

End-stop buffers

Figure 5-7 Transducer locations

5.2.4 Experimental procedure.

The seat was mounted on the shaker with a footrest positioned to comply with the
recommendations of the agricultural tractor seat test standard 78/764/EEC (1999). One
seat was mounted on the shaker at a time. Subjects were instructed to maintain a relaxed
posture while seated with their feet on the footrest and their hands in their laps holding an
emergency stop button (see Figure 5-8). A seat belt was provided with fixing points on the
shaker platform. The belt was fitted so as not to interfere with the motion of the subject
even in the case of severe top stop impacts. The VDV experienced by the subjects was
monitored throughout the experiment to ensure that the exposures did not approach the
suggested action level of 15 ms™’® (BS6841, 1987). Each subject was tested once for
each combination of seat, waveform, frequency and magnitude. The tests with the dummy

and the semi-rigid mass were repeated five times for each test condition.



The seat suspension preload was adjusted
so that the suspension was at a point 10 mm
below the mid point of the free travel
between the end-stop buffers using a +1 mm
4 Hz sinusoid to 'buzz' the suspension in
order to cause the seat to break away from
friction. This position was estimated to be
close to the mid point of the total available
travel as the lower bump stop on all three
seats was thicker and softer than the top
stop. The subject, dummy or mass occupied
the seat for 3 minutes before the test
commenced, inclusive of the time taken to

adjust the suspension preload in order to

allow the cushion to become accustomed to

the load (see Chapter 6 for measurements of  Figure 5-8 A subject on the earthmover

) seat
the time constant of one of the test

cushions). The test motions were output to the shaker with a pause of approximately 5

seconds between each motion.

The presentation of seat, waveform and frequency to the subject was randomised. Each
session consisted of tests on a randomly chosen seat. All three waveforms were tested
during the session in a randomly chosen order. For each waveform the order of
presentation of the five frequencies was also randomised. The amplitudes were presented
in sequentially increasing order for the reasons described below. The range of test

conditions is illustrated schematically in Figure 5-9.

The combinations of frequency, amplitude, signal, seat and load that would cause severe
impacts could not be identified before the experiment began as the exact dynamic
response of the seats was not known. The safety of the human subjects was essential so
the experimental procedure was designed to carefully control the vibration exposure of
each subject. The input motions for each frequency and waveform were generated at
sixteen equally spaced magnitudes with a Wy-weighted vibration dose value from
0.5 ms™” up to 4.0 ms™®. The cumulative VDV for the subject during each session was

calculated after each motion and the tests at for a particular frequency were discontinued
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. Figure 5-9 Schematic showing the range of
5.2.5 Data analysis test conditions

5.2.5.1 The SEAT value

The results obtained for all frequencies and magnitudes for each combination of seat,
input waveform and load were expressed in terms of the difference in SEAT value
obtained between the subjects and the dummy and the subjects and the semi-rigid mass.

The SEAT value is defined as:

VDV
SEAT (%) = seat _load

Vseat _base

with the vibration dose value (VDV) defined by
4 /4
VDV = |[a,* (t)at

where &, is the BS 6841 (1987) W,-weighted acceleration.



5.2.5.2

Grouping by suspension seat 'stage’

Due to the non-linear behaviour of the suspension seat-load system, a direct comparison

of results between different frequencies or magnitudes was not possible. Efforts were

made to divide the

data into relevant
groups within which
the system behaviour  peak ampiitude for Stage 12
was sufficiently similar
for comparisons to be

made.

The results for each
test were grouped in
terms of the stages of
suspension seat
performance in the amplitude domain
suggested by Wu and Griffin (1996) and
described in Chapter 2 and summarised in
Table 5-2. For this study, these five stages
were compacted into three, defined as

follows and illustrated in Figure 5-10:

e Low magnitude seat motions with

Peak amplitude for Stage 4/5 — Pl T__T4

Peak amplitude for Stage 3 —]

Peak amplitude for Stage 3

Peak amplitude for Stage 4/5 —#
Maximum travel
v

Top end-stop buffer

Free travel

Suspension 'mean ride' position as
used in the laboratory experiments

Bottom end-stop buffer

Figure 5-10 The amplitudes of seat suspension motion used to
classify seat motion

Table 5-2 A method of characterising
suspension seat behaviour with changing
input magnitude, summarised from Wu and
Griffin (1996)

Stage 1 | Low magnitudes with the seat
suspension friction locked

Stage 2 | 'Breaking away' from friction

Stage 3 | Moving relatively freely but not
contacting the end-stop buffers

Stage 4 | Mild to moderate end-stop impacts

Stage 5 | Severe end-stop impacts

the suspension moving over less than +15 mm. This arbitrary value represents

about half of the free travel of the seat with the shortest stroke. The suspension

friction is unrelated to the stroke of the seat so the same +15 mm was used as the

low magnitude region for all three seats. This region was intended to encompass

stages 1 and 2 where the seat was friction locked or breaking away from friction.

e Medium magnitude seat motions with the peak suspension displacement greater

than £15 mm but without contact with the end-stop buffers. This was intended to

encompass stage 3 where the seat was moving comparatively freely.

e High magnitude seat motions with the seat contacting the end-stop buffers on one

or more occasions, corresponding to stages 4 and 5.




Each seat was considered separately but the results from the three waveform durations

were grouped together.
5.2.6 Selection of data

5.2.6.1 Overview

Not all of the acquired data were found to be useful. Data were disregarded either due to
electrical noise contamination (Section 5.2.6.2), severe impacts (Section 5.2.6.3) or to
reduce bias caused by the lack of heavy subject data at high magnitudes (Section
5.2.6.4). Approximately 8000 tests were conducted during this experiment with each test
producing 6 channels of acquired data. Each time history was visually inspected to check

weather the data were acceptable.

5.2.6.2  Electrical noise

Due to an electrical problem caused by electrical noise from another piece of apparatus it
was expected that some data would be discarded. The noise spikes were of less than
1 ms duration and contaminated approximately three percent of the acquired data with the
spikes occurring on all channels simultaneously. Where possible the contaminated data
were repaired. Each time history was examined visually and where the spike was in a
relatively non-transient part of the motion (i.e. not coincidental with an end-stop impact or
a friction jolt) the section of data including the spike was replaced. The time history was
low pass filtered at 20 Hz using a zero-phase filter and the relevant section from this

filtered time history was used to replace the contaminated section of the unfiltered data

without introducing any discontinuity.

If the noise contamination was too severe to be corrected, or coincided with transient

data, the measurement was discarded.

5.2.6.3 ‘Impact’ noise

The impact noise occurred during severe top-stop impacts. It was not anticipated before
the experiment began that difficulties would occur in the measurement of top-stop
impacts. Preliminary tests had been made using the anthropodynamic dummy and these

tests had not resulted in misleading measurements.

The data obtained during severe end-stop impacts, in particular top-stop impacts, was
sometimes not useful due to interaction between the load and the transducer. The severe
top-stop impacts could cause the load or the subject to be thrown clear of the seat
surface. In the case of human subjects, once the subject was clear of the seat surface
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there was no longer any force holding the transducer against the ischial tuberosities so
some separation tended to occur. When the subject returned to the seat surface, the

impact between the subject and the transducer could result in a misleading transient

Time histories obtained with the dummy and with one subject of similar equivalent mass
(subject 8, 78 kg) are shown in Figure 5-11. The majority of the waveforms, in particular
the peaks due to contact with the bottom stop (at 1.7 and 2.2 seconds), are similar. There
is a difference in waveform shape in the vicinity of the relatively severe top stop impacts
at 1.9 seconds, with the subject showing a greater magnitude of the transient event than

the dummy.

Examination of the time histories obtained with all subjects indicated that the top stop
transient tended to be of greater magnitude with heavier subjects. In the case of subject 7
(95 kg), the portion of the waveform from 1.8 to 2 seconds was responsible for an

increase in VDV from 3 to 5 ms™"7.
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Figure 5-11 Acceleration on the SAE pad with a 78 kg subject (top graph), on the dummy
cushion indenter plate (middle graph) and at the base of the seat (bottom graph) at 7
magnitudes of input motion. Also shown are the signals from microswitches detecting seat
suspension top and bottom end-stop buffer contacts.
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A better experimental arrangement would have been to secure the semi-rigid disk in some
way to the subject. ldeally the transducer would be attached rigidly to the skeleton but this
is impractical. The accepted procedure for taking measurements with human subjects on
seats as described in 1ISO10326 (1992) specified that the semi-rigid disk should be loose
between the subject and the seat, but this does not appear to be sufficient for
measurements involving top-stop impacts. Any seat load time history acquired during this
experiment showing the distinctive transient caused by an impact between the subject
and the transducer was discarded as misleading. The SEAT values for human subjects

used in this thesis are therefore for situations that do not involve severe top end-stop
impacts.

For tests with the mass and the dummy, the transducer was attached directly fo the
structure of the device. This arrangement apparently produced more appropriate results in
severe impact situations, but some severe impacts could cause the component parts of
the semi-rigid mass to separate or the dummy to exceed its available stroke. In these
situations an impact could occur within the load and was detected by the load
accelerometer as a short burst of high amplitude wide-band acceleration. Any

measurement showing this effect was also discarded.

5.2.6.4 Data missing due to safety limitations

Finally, the safe operation of the experiment as described in Section 5.2.4 required the
tests to be halted before results were obtained for all 16 magnitudes of vibration for each
condition if the cumulative vibration dose value experienced by a subject was too high.
Heavier subjects tended to reach the safety cut-off level at a lower magnitude than lighter
subjects. This resulted in incomplete sets of data at the higher magnitude due to the
absence of results from the heavier subjects. It was expected that subject mass would
correlate with the SEAT value at some magnitudes, so these incomplete datasets were
expected to become increasingly biased as the number of measurements decreased
leaving a set of subjects with a lower mean mass.

The median SEAT values were calculated from a minimum of 3 measurements with the

semi-rigid mass or the dummy and a minimum of 10 measurements with subjects. if

insufficient measurements were present then a mean SEAT value was not calculated.



5.3 Results

5.3.1 Overview

The results are displayed in terms of the SEAT value and relative suspension
displacement in Appendix 2 and the results are discussed in the following sections. An
example showing the results obtained with the 4.5 cycle test motion using the earthmover
seat shown in Figure 5-12. The SEAT value calculated from the VDV measured at the
load and the VDV at the base of the seat for each of the five test frequencies is shown in

the left hand column and the peak suspension displacement (upwards and downwards) is

shown in the right hand column.
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Figure 5-12 Mean SEAT values obtained with 12 subjects and 5 repeat tests with the
anthropodynamic dummy and the semi-rigid mass for the earthmover seat with the 4.5
cycle input motion. The error bars indicate the inter-quatrtile range in the x and y axes.
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5.3.2 The relationship between SEAT value and subject mass

5.3.2.1 Spearman’s correlations

Spearman’s Rho was used to test for a correlation between the subject mass and the
SEAT value for each test condition. A heavier subject results in a lower resonance
frequency for the system and so it was expected that there would be a negative
correlation between SEAT value and subject mass for stage 3 motions (greater than
30 mm peak-to-peak suspension motion without end-stop impacts) at higher frequencies
with the heavy subjects benefiting from better vibration isolation. 1t was also expected that
there would be a positive correlation for situations involving end-stop impacts as better
vibration isolation implies a greater relative displacement across the suspension
mechanism causing end-stop impacts at lower magnitudes compared to lighter subjects.

The results are shown in Appendix 3.

The obvious trends were for significant positive correlations at low frequencies where
49% of a total of 43 tests for all seats and test conditions at 1.25 Hz showed significant
positive correlations (Spearman, p<0.05). At higher frequencies the opposite was found.
At 3.15 Hz, 71% out of a total of 129 for all seats and test conditions showed significant
negative correlations between SEAT value and subject mass (Spearman, p<0.05). The
negative correlations at high frequencies corresponded to conditions where the heavier
subjects would be expected to cause greater vibration isolation by lowering the resonance
frequency of the seat-load system. The positive correlations at low frequencies may be
due to the heavier subjects causing greater movement of the suspension with the seat-
load system being exited at a frequency close to resonance, or may be due to the heavier
subjects suffering more severe end-stop impacts. Of a total of 21 significant positive
correlations at 1.25 Hz (Spearman, p<0.05), 57% occurred in situations without impacts

and 43% in situations with impacts.

There was no statistically significant evidence for a transition from a negative correlation
to a positive correlation with increasing input vibration magnitude for any one combination
of seat, waveform or frequency. This situation might be expected as the seat-load system
moves from isolating the vibration with the heaviest subjects benefiting most, to end-stop
impact situations with the heavier subjects experiencing the most severe impacts. There
were non-significant trends pointing to this effect. The forestry forwarder seat with the
11.5 cycle motion at 2 Hz showed significant (p<0.05) negative correlations before the

occurrence of end-stop impacts and a non-significant positive correlation (p=0.072) with
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end-stop impacts. However, there were also circumstances involving end-stop impacts
showing a significant negative correlation between SEAT value and subject mass (the

earthmover seat with the 4.5 cycle motion at 2 Hz).

5.3.2.2  Skewed distributions

A preliminary examination of the distribution of the SEAT values obtained with the twelve
subjects for some test conditions showed one or two outlying values and a more closely
bunched main group. This effect occurred in test conditions where some of the subjects
were just experiencing end-stop impacts while other subjects were not. This effect was
investigated further by evaluating the skewness of all results to identify conditions that

showed a strongly skewed distribution and examining these test conditions in more detail.

A criterion for a skewed distribution has been suggested as where the absolute value for
the skewness is less than twice the corresponding standard error (Brown, 1997). Of the
377 test conditions with human subjects, 90.7% were not classed as skewed using this
criterion and 5.0% showed a value for the skewness up to three times the corresponding
standard error so were classified as weakly skewed. The remaining 4.2% (16 test

conditions) showed a strongly skewed distribution. These conditions were observed to

corresponded to three situations:

Situation one: The agricultural tractor seat in end-stop impact situations (end-stop
impacts only occurred on this seat with the shortest, 1.5 cycle test motion). Twelve out of
fifteen test conditions showed skewed distributions. Examination of the SEAT values
obtained for individual subjects showed the heaviest subject with a substantially higher

SEAT value as shown in Figure 5-13.

Examination of the time histories corresponding to this result indicated that only the
heaviest subjects were impacting the end-stop buffer and that the data did not appear to
be faulty. Example time histories for three subjects, the two heaviest (subject 8, 98 kg and
subject 10, 88 kg) and one close to the mean subject mass (subject 7, 76 kg) are shown
in Figure 5-14. Although the heaviest subject shows a severe impact, an impact is also

visible for the 88 kg subject.
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Figure 5-13 Scatterplot of subject mass and
SEAT value for the agricultural tractor seat
with the short (1.5 cycle) input motion in an
end-stop impact situation (1.25 Hz with a seat
base VDV of 1.9 ms™7)
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Figure 5-14 Time histories recorded at the
subjects for subject 8 (98 kg), subject 10 (88 kg)
and subject 7 (76 kg) for the agricultural seat
with the 1.5 cycle input motion at 1.25 Hz with a
seat base VDV of 1.67 ms™’°. The highest peak
accelerations correspond to the highest subject
mass.

Situation two: The forwarder seat at the transition between medium (no impact) and

high (end-stop impact) situations. Of the 112 test conditions with human subjects using

the forwarder seat, 10 were found to skewed. Of these 10 conditions, 8 occurred within

one input magnitude of the transition between medium and high magnitude situations.

The strongest effects (highest skewness and kurtosis) were at 1.25 Hz and 2.0 Hz with

the 11.5 cycle waveform, but weak non-normal behaviour was observed with all three

waveforms. These two most severe conditions are shown in Figure 5-15 and Figure 5-16.
It can be seen that the SEAT value due to one subject is substantially different from the

remainder.
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Figure 5-15 Scatterplot of subject mass and
SEAT value for the forwarder seat with the long
(11.5 cycle) input motion at the transition
between medium and high magnitude seat
behaviour (1.25 Hz with a seat base VDV of
0.97 ms™7®)
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Figure 5-16 Scatterplot of subject mass and
SEAT value for the forwarder seat with the long
(11.5 cycle) input motion at the transition
between medium and high magnitude seat
behaviour (2.0 Hz with a seat base VDV of 1.43
ms‘1.75)

Situation three: The earthmover seat at low frequencies and magnitudes. The long
(11.5 cycle) waveform showed skewed behaviour at 1.25 Hz and 1.6 Hz and the medium
(4.5 cycle) input waveform at 1.25 Hz for the lowest input magnitude. The results at
1.25 Hz for both waveforms are shown in Figure 5-17 and Figure 5-18. It can be seen that
again one or two subjects returned a SEAT value substantially different from the

remainder of the group.

The time histories corresponding to these two conditions are shown in Figure 5-19. The

situations with more suspension displacement correspond to the greater SEAT values.

The skewed distribution in these situations appears to be due to one or two subjects

causing the seat suspension to break away from friction more (or less) than the remainder

of the group.
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Figure 5-17 Scatterplot of subject mass and
SEAT value for the earthmover seat with the
long (11.5 cycle) input motion at the lowest
magnitude at 1.25 Hz (seat base VDV of
0.5 ms™")
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Figure 5-18 Scatterplot of subject mass and
SEAT value for the earthmover seat with the
medium (4.5 cycle) input motion at the lowest
magnitude at 1.25 Hz (seat base VDV of
0.5 ms™7®)
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Figure 5-19 Time histories corresponding to the most extreme outliers from Figure 5-17
and Figure 5-18 (Subject 11, 82 kg and subject 10, 88 kg, respectively) as solid lines
compared with results from a subject more representative of the remainder of the group

(subject 12, 76 kg) shown with dotted lines.
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5.3.3 The differences in SEAT value between the loading conditions grouped in
terms of magnitude
The difference in SEAT value for each test condition (seat, waveform, frequency and
maghnitude) was explored initially using a Mann-Whitney U test. These results, shown in
Appendix 4, give a detailed analysis of which individual test conditions showed statistically
significant differences between loading methods. Due to the narrow distributions observed
for many test conditions, there are statistically significant differences between loading
conditions in many situations. It should be noted that a statistically significant difference

does not directly indicate a large difference.

The difference between the SEAT values obtained with the human subjects and those
obtained with the other two loading conditions are summarised in Table 5-3. The median
SEAT values obtained with each loading condition were compared using Wilcoxon's
matched-pairs signed ranks test (the results with each load for each test condition were
averaged and these averages were compared within each magnitude group). It can be
seen that although there were significant differences, none of the groups (low, medium or
high magnitude) showed a consistent trend across all three seats for the alternative loads
to under- or over-estimate the SEAT value compared with the subjects.

Table 5-3 The median difference in SEAT value between the subjects and the other two

loading conditions. Positive values indicate that the alternative loads showed greater
SEAT values than the subjects.

Seat Magnitude Median difference in | Median difference
SEAT value between in SEAT value
the subjects and the between the
dummy. subjects and the
semi-rigid mass.
Agricultural tractor Low (stage 1/2) +2.6 +2.2°
Medium (stage 3) -5.9” -3.17
High (stage 4/5) 95" 6.1
Forestry forwarder Low (stage 1/2) -6.0° -1.7
Medium (stage 3) -11.47 +1.7
High (stage 4/5) -8.8 +17.27
Earthmover Low (stage 1/2) +3.2° +0.5
Medium (stage 3) +2.7° +3.0°
High (stage 4/5) +7.0 +18.0°

indicates that the difference is significant at p<0.01 (Wilcoxon)
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5.3.4 The variability of the SEAT values obtained with each loading condition

The range of SEAT values obtained for each test condition with each loading method is
summarised in Table 5-4. The subjects were statistically compared with the other two
loading conditions using Wilcoxon’s test by comparing the median ranges obtained for

each test condition across each magnitude group.

It can be seen that for most situations the alternative loads returned significantly smaller
ranges of SEAT values for each test condition compared to the human subjects. It can
also be seen that the variation obtained with the dummy and the semi-rigid mass was not
significantly different for the majority of groups and that for the three test groups where
there was a significant difference, two showed a smaller range with the dummy and one

showed a smaller range with the mass.

Table 5-4 Summary of the variation in SEAT value for the three loading conditions
expressed in terms of the median range, where the range of SEAT values is the
maximum SEAT value minus the minimum SEAT value for a single test condition.

Magnitude | Subjects | Dummy | Semi- | Subjects | Subjects | Dummy
= rigid vs. vs. Mass | vs. Mass
$ mass Dummy
_ Low 23.7 111 12.6 ** * -
S _| (stage 1/2)
£ £ Medium 22.8 11.4 7.2 ** ** **
L ®| (stage 3)
27| High 78.4 19.4 26.5 ** * *

(stage 4/5)

Low 7.4 3.0 2.5 ** ** -
> o| (stage 1/2)
7 S| Medium 12.5 3.4 8.3 = = *
o S| (stage 3)
L2 High 35.4 22.3 20.8 ** ** -

(stage 4/5)
= Low 4.5 5.2 4.9 - - -
2 (stage 1/2)

2 Medium 3.9 2.4 3.1 w - -
£ (stage 3)
N High 11.6 6.2 7.4 x> ** -

(stage 4/5)
indicates that the difference was significant at p<0.01
(Wilcoxon)
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5.4 Discussion and Conclusions

Heavier subjects showed poorer seat performance compared to lighter subjects at
frequencies close to the main resonance frequency of the seat-subject system. The
heavier subjects showed better seat performance at higher frequencies where the seat

was acting as a vibration isolator.

The median difference in SEAT value between the subjects and the dummy was less than
12% for all groups of data, but some larger differences were observed for individual test
conditions. There were no consistent trends in the tendency to over-estimate or under-
estimate the SEAT value when all results for a particular seat, test waveform, or

frequency were considered together,

The median difference in SEAT value between the semi-rigid mass and the subjects was
comparable to that obtained with the dummy in most situations, with median differences
between the mass and the subjects of less than 7% across all test conditions. Again there
was little consistency in the tendency to over-estimate or under-estimate the SEAT value.
However, at high magnitudes the semi-rigid mass overestimated the SEAT value by an
average of 17% with the forwarder seat and 18% with the earthmover seat. The
agricultural tractor seat did not show this effect, but there were fewer high magnitude
results available for this seat (12 comparisons as opposed to 45 with the forestry
forwarder seat and 49 with the earthmover seat). The indications are that the semi-rigid
mass will result in an over-estimate of the SEAT values as compared to human subject for
a test condition resulting in high magnitude seat behaviour using this type of input motion.
In other test conditions either the dummy or the semi-rigid mass would be expected to

give a reasonable estimate of the SEAT value.

The anthropodynamic dummy and the semi-rigid mass both showed significantly less
variation in SEAT value than the human subjects. The variability obtained with the dummy

was similar to that obtained with the semi-rigid mass.

Finally, a revision of the existing methods of measuring suspension seat acceleration with
human subjects may be necessary, precisely specifying some manner of attaching the
transducer to the subject to reduce the effect spurious top-stop impact transients. The
time histories recorded with the subjects and the mass suffered distortion during top stop

impacts due to impacts between the load and the transducer and there were indications
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that the semi-rigid mass tended to overestimate the SEAT value at high magnitudes. The
time histories obtained with the dummy will therefore be used for comparison with the
mode! during the remainder of this project.
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6 Measurement of seat component parameters

6.1 Introduction
This chapter describes the experiments that were conducted to quantify the dynamic
characteristics of the seat components. Each seat was considered in terms of the

following components:

e The cushion

e The suspended mass, including the cushion and backrest and the moving

parts of the suspension mechanism
e The suspension spring
e The friction in the linkage mechanism
e The suspension damper, including the geometry of the fixing points

e The end-stop buffers including the geometry of the parts of the suspension

linkage that contacted the buffers

All measurements were conducted on the assumption that motion of the seat base
and the load would be non-rotational and confined to the vertical direction (z-axis).
The intention was to quantify the dynamic properties of each seat component in terms

relating to displacement, velocity or acceleration in the time domain.

Details of the shakers, transducers and data acquisition systems used in these tests

can be found in Chapter 3.

6.2 The cushion

6.2.1 Introduction

The methods described by Fairley and Griffin (1986) and developed by Wei and
Griffin (1998) were used to obtain linear coefficients for the suspension seat cushions.
This dynamic method of determining the damping coefficients is linearly equivalent to
the method of estimating the damping from the hysteresis curve from one cycle of
sinusoidal vibration as used by Hilyard (1982), Rakheja et al. (1994) and others. The
dynamic method of determining the stiffness accounts for in-phase dynamic effects

present in the cushion that are not apparent from quasi-static measurements.

The “quasi-static” stiffnesses of the cushions were also measured for comparison with

the dynamic measurements.
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6.2.2 The low velocity (“quasi-static”) cushion force-deflection characteristic

6.2.2.1 Method

Each cushion was detached from the suspension mechanism and was compressed
manually by an indenter at a constant velocity of 1.5 mms™ until the compressive
force exceeded 2 kN and then released at the same rate. The force applied to the
cushion by the indenter and the displacement of the indenter were both recorded.
Three repeat measurements were made on each cushion and one cushion was tested
at three velocities to confirm that the cushion characteristics were relatively insensitive

to velocity for the test conditions used.

6.2.2.2 Apparatus
Measurements were made on each of the seat cushions using an indenter rig (Figure
6-1). This rig had a steel box section frame mounted over the VP85 electro-dynamic

shaker. The shaker was not used during these tests and the top plate of the shaker

was clamped to the shaker body to ensure that the compliance of the shaker

suspension did not affect results.

Handle

Displacement sensor

(LVDT) \7 ' . Threaded rod

Sample Force cell
|

(e.g. cushion)
L L+— Indenter plate

Accelerometer —{|

T~ Shaker top plate

7T Shaker

Figure 6-1 Structure of the indenter rig used for quasi-static cushion force-deflection tests

A force was applied to the cushion via an indenter plate attached to a threaded rod
passing through a bearing on the frame. The indenter plate was a 25 cm radius disk
as shown in Figure 6-2. The indenter vertical displacement was adjusted by rotation of

the handle. Figure 6-3 illustrates the displacement of the indenter for one test.
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Figure 6-2 Geometry of the indenter plate
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Figure 6-3 Example time/displacement data for a single quasi-static cushion indenter test

The displacement of the indenter plate was monitored using the LVDT and the applied
force was measured using the Kistler force cell (Both described in Chapter 3). The
vertical force at the indenter plate and the displacement of the indenter plate were
acquired digitally using an HVLab data acquisition system at 200 samples per second

via a 66 Hz low pass analogue anti-aliasing filter. The acquired displacement and
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force time histories were digitally filtered using a 5 Hz 8-pole zero phase low pass
Butterworth filter to remove high frequency noise. The filtered force and displacement
vectors were plotted against each other with the origin of both axes adjusted to the

point at which the indenter contacted the cushion causing the acquired force to

increase.

6.2.2.3 Results
Figure 6-4 shows the force deflection characteristic of the earthmover seat cushion
tested at compression rates of 0.75 mms™, 1.5 mms™ and 3 mms’. Two

measurements are shown for each compression rate. The results at all compression

rates were similar.
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Figure 6-4 Quasi-static force-deflection charachterisitc of the earthmover seat
cushion tested at 0.75 mms”, 1.5 mms’' and 3 mms' showing 2 repeat
measurements at each compression rate

Figure 6-5 to Figure 6-7 show the measured quasi-static force-deflection
characteristics of the earthmover, forwarder and agricultural tractor seat cushions

respectively at a compression rate of 1.5 mms”.

An 8" order polynomial (see below) was fitted to the mean of the compression and

extension curves for each of the cushions. The polynomial was constrained to zero at
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zero displacement. The compression and extension curves were averaged to obtain a
lossless estimate, shown as the solid line on Figure 6-5 to Figure 6-7. The curve-fit is

shown as the dashed line and was usually indistinguishable from the lossless curve.

The coefficients are listed in Table 6-1.

f(x)=ax* +a,x +ax* +ax +ax'+ax’ +ax +ax
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Figure 6-5 Quasi-static force-deflection characteristic of the earthmover seat cushion
tested at 1.5 mms”, showing measured (dotted), averaged (solid) and curve-fit

(dashed) data.
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Figure 6-6 Quasi-static force-deflection characteristic of the forwarder seat cushion
tested at 1.5 mms”, showing measured (dotted), averaged (solid) and curve-fit

(dashed) data.
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Figure 6-7 Quasi-static force-deflection characteristic of the agricultural tractor seat
cushion tested at 1.5 mms™, showing measured (dotted), averaged (solid) and

curve-fit (dashed) data.
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Table 6-1 Quasi-static cushion force-deflection polynomial curve fit coefficients

Earthmover seat Forwarder seat Agricultural tractor
seat
a, 6.36x 10™ 1.47 x 10" 4.78 x 10"
a, -1.14x 10" -3.47 x 10" -9.43x 10"
as 7.83x 10" 3.21x10™ 7.20x 10™
a, -2.32x 10" -1.40 x 10" -2.50 x 10"
a; 1.56 x 10° 2.66 x 10° 3.09 x 10°
as 4.77 x 107 -7.43x 10° 1.75x 10
a, -7.22x 10° -7.26 x 10° -1.09x 10°
as -1.32 x 10° 1.07x 10° 5.32 x 10°

The measured lossless force-deflection characteristic was differentiated numerically in

order to obtain an estimate for the cushion stiffness as shown in Figure 6-8 to Figure

6-10. The polynomial curve fit function was differentiated exactly and is shown as the

dashed line.
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Figure 6-8 Cushion stiffness varying with overall cushion compression displacement
estimated from the differentiated mean force-deflection characteristic of the
earthmover seat cushion.
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Figure 6-9 Cushion stiffness varying with overall cushion compression displacement
estimated from the differentiated mean force-deflection characteristic of the
forwarder seat cushion.
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Figure 6-10 Cushion stiffness varying with overall cushion compression displacement
estimated from the differentiated mean force-deflection characteristic of the
agricultural tractor seat cushion.



6.2.2.4 Summary of quasi-static measurements

The cushions were found to have stiffnesses in the constant stiffness region (results
are at 30 mm compression) of 25.0 kNm™, 13.3 kNm™ and 17.3 kNm™ for the
earthmover, forwarder and agricultural tractor seat respectively using this
measurement method. All three cushions clearly showed the quasi-linear, constant
stiffness and exponentially increasing stiffness stages as described in Chapter 2
Section 2.5.11. The forwarder seat cushion showed a less pronounced constant

stifiness region as compared with the other two cushions.

6.2.3 Dynamic cushion measurements

6.2.3.1 Theory
Assuming that the cushion can be approximated to a parallel linear spring and damper
arrangement, the stiffness and damping coefficients for an angular frequency, w, can

be calculated as follows (adapted from Wei and Griffin, 1998)

Flw)=k-x(v)+c- x(w) Equation 6-1
- Flw)= (-—a;k? - JZ)EJ - X(w) Equation 6-2

where k is the cushion stiffness, ¢ is the cushion damping, x is the motion across the

cushion and w is the angular frequency.

Using the apparent mass, a complex quantity defined as the force transmitted through

the cushion divided by the acceleration,

F(w) .

M(a)) = M Equation 6-3
k j-c ,

M(w) = " 17 Equation 6-4

Gives the linear cushion stiffness and damping in terms of the apparent mass as:

k= —Re(M(w))- w? Equation 6-5
c= —!m(M(a)))- a) Equation 6-6

A measure of the apparent mass of the cushion therefore allows the linear stiffness

and damping to be estimated.
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6.2.3.2 Preloading method
It is known that some dynamic characteristics of open-cell foam cushions have time
constants in excess of a minute. In order to develop a suitable preloading method,

these long time constant effects must be allowed for.

Before beginning the measurements, the agricultural tractor seat cushion was
compressed over approximately 5 seconds to preloads of 380N, 580N and 765N in
turn with a 30 minute interval between each test. The static compression
displacement was kept constant for a 5 minute period. The agricultural tractor seat
cushion was chosen as preliminary tests showed that this cushion took the longest to
approach an equilibrium condition. The variation in the force exerted by the cushion

on the indenter plate over this period was measured and is shown in Figure 6-11 to

Figure 6-13.
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Figure 6-11 Change in force over 5 minutes of constant displacement compression
of the agricultural tractor seat cushion starting at 380N
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Figure 6-12 Change in force over 5 minutes of constant displacement compression
of the agricultural tractor seat cushion starting at 580N

800 ' ' T T !

2 RTINS R MR NS " S—
] SEC SEREREY TR FITRSTRREIS B EERTPIPRRRRLY FERIRERPIEITTS -
7408 1

720

680}
660f -
640k
620
600
0 50 100 150 200 250 300
Time (s)

Figure 6-13 Change in force over 5 minutes of constant displacement compression
of the agricultural tractor seat cushion starting at 765N



In all three cases, a reduction in cushion force of around 25 % was observed over the
5-minute period (27%, 25% and 25% in order of increasing starting force). However, a

reduction of approximately 20% occurred in the first minute (20%, 19%, 19%), while

the last minute showed a change of less than 1% in all cases. It was concluded that a

5 minute settling time would be sufficient. As a result of these tests, a simple

procedure for obtaining a stable preload was developed:

1.

Begin with the indenter plate clear of the cushion and the force cell charge
amplifier set to a range of at least £1500 N and set to the ‘long time constant'
setting (minimum time constant quoted as 16 minutes 40 seconds)

Compress the cushion to a preload of approximately 25% greater than that

desired.

Allow the cushion to ‘settle’ for 5 minutes.

Check the preload is within 5% of the desired value. If not, adjust the indenter
displacement until an acceptable force measurement is obtained.

Wait for 1 minute.

Iterate steps 4 and 5 as necessary, observing that the charge amplifier time
constant will start to affect results after around 10 minutes from the start of this
process.

Switch the charge ampilifier to the ‘short time constant' setting (quoted maximum

time constant of 50 seconds) and a smaller range (selected according to the input

signal magnitude and cushion compression, both of which increased the

transmitted force).

Proceed with the test.

6.2.3.3 Test method

Each cushion was tested with preload forces of 100 N, 300 N, 500 N, 700 N and
900 N. A motion was applied to the base of the cushion and the force and

acceleration were acquired. Two input waveforms were used:

¢ Constant displacement amplitude swept sine wave swept from 1 Hz to 10 Hz over

100 seconds at a constant rate of change of frequency, with an additional 5

seconds of linear ramp up or down on each end. Peak-to-peak amplitudes of

2 mm and 4 mm were used.
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¢ Uniformly distributed random motion with a constant acceleration spectrum
characteristic, bandpass filtered at 1 Hz and 10 Hz using 6 pole Butterworth filters.

The higher magnitude used the same waveform as the low magnitude motion with

a gain of 2.0.

The input motions were reproduced at two magnitudes as shown in Table 6-2. These
values are the mean values on the shaker platform for all measurements. The
acquired data were filtered using a 30 Hz 8 pole low pass Butterworth filter to

attenuate the predominantly 50 Hz noise present on the acquired acceleration signals.

Table 6-2 Mean r.m.s. acceleration measured on the shaker platform. Errors are * 1
standard deviation.

Low High

Random 0.169 + 0.036 ms™ 0.285 + 0.030 ms™

Sinusoidal | 0.658 + 0.012 ms™ 1.294 + 0.015 ms™

Nominal 2 mm peak-to-peak 4 mm peak-to-peak

amplitude

The acceleration at the shaker plate and the force transmitted through the cushion
were acquired at 200 samples per second via a 66 Hz low pass analogue anti-aliasing

filter using an HVLab data acquisition system.

6.2.3.4 Methods for calculating the apparent mass

The apparent mass is defined as the ratio of the applied force to the acceleration
measured at the point of application of the force and can be calculated from the
transfer function between the acceleration and the force. The methods used to

estimate the apparent mass were different for the two input motions used as

discussed in the following paragraphs.

The apparent mass for the tests using the random motion was estimated using
Welch’s averaged periodogram method as described in Chapter 3. This method is not
suitable for use with a swept sine time history. The process of dividing the sinusoid
into sections can introduce unwanted artefacts. Instead, a single ‘raw’ transfer
function estimate was obtained by taking the PSD or CSD of the complete time
histories and using the cross-spectral density method to calculate the transfer

function. The transfer function was then smoothed using a 10-point moving average.
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6.2.3.5 Apparatus
The test rig was as described in Section 6.2.2.2. The shaker platform was free to

move and the indenter was clamped in place before vibration was applied.

The vertical force at the indenter plate and the acceleration on the indenter plate were
acquired digitally using an HVLab data acquisition system at 200 samples per second

via a 66 Hz low pass analogue anti-aliasing filter.

6.2.3.6 Results

Figure 6-14 to Figure 6-16 show the linear stiffness and damping estimates for the
three seat cushions using both high magnitude input signals. The coherence refers to
the random motion and is consistently high across the frequency range from 1 to

10 Hz for all seats. The coherence for the low magnitude input motions was also

consistently high.

damping (Ns/m)

coherency

0 L : :
1 2 3 4 5 6 7 8 9 10
Frequency (Hz)

Figure 6-14 Estimated linear dynamic stiffness and damping with 5 preloads
increasing linearly from 100 N to 900 N and with random (solid) and sinusoidal
(dashed) input waveforms using the earthmover seat cushion. Stiffness and damping

both increase with increasing preload.
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Figure 6-15 Estimated linear dynamic stiffness and damping with 5 preloads
increasing linearly from 100 N to 900 N and with random (solid) and sinusoidal
(dashed) input waveforms using the forwarder seat cushion. Stiffness and damping
both increase with increasing preload.
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Figure 6-16 Estimated linear dynamic stiffness and damping with 5 preloads
increasing linearly from 100 N to 900 N and with random (solid) and sinusoidal
(dashed) input waveforms using the agricultural tractor seat cushion. Stiffness and
damping both increase with increasing preload.
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The artefact visible on the results for the agricultural tractor seat between 7 and
9.5 Hz was probably due to a resonance of the backrest that was visible during
measurements. The difference between the swept sine and random results in this
region may have been due to the backrest being at a slightly different angle for the
two tests. Apart from this feature, all the data show smooth and gradual changes
across the frequency range. The following features are apparent from studying the

results for all three seats:

e Both the cushion stiffness and damping increase with increasing preload at all
frequencies.

e The ‘swept sinusoid’ method gives slightly lower estimates for the cushion
stiffness than the ‘random’ method at any preload and frequency. The magnitudes

of the input motions are shown in Table 6-2 and it can be send that the r.m.s.

acceleration magnitude of the sinusoidal motion is substantially higher than the

random motion.

e The stiffness estimates using both methods increase with increasing frequency.

Stiffness estimates for a given preload were found to increase by between 10%

and 20% from 1 to 10 Hz.
e The damping estimates were similar using both sinusoidal and random inputs.

e The damping estimates decreased exponentially with increasing frequency,

approaching a non-zero asymptote.

The effect of vibration amplitude on the linear estimates is shown in Figure 6-17 to

Figure 6-22.
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Figure 6-17 Estimated cushion linear dynamic stiffness at 5 preloads and both

magnitudes (low-solid, high-dashed) using the random input motion with the
earthmover seat cushion
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Figure 6-18 Estimated cushion linear dynamic damping at 5 preloads and both

magnitudes (low-solid, high-dashed) using the random input motion with the
earthmover seat cushion.
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Figure 6-19 Estimated cushion linear dynamic stiffness at 5 preloads and both

magnitudes (low-solid, high-dashed) using the random input motion with the forwarder
seat cushion
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Figure 6-20 Estimated cushion linear dynamic damping at 5 preloads and both

magnitudes (low-solid, high-dashed) using the random input motion with the forwarder
seat cushion.
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Figure 6-21 Estimated cushion linear dynamic stiffness at 5 preloads and both

magnitudes (low-solid, high-dashed) using the random input motion with the
agricultural tractor seat cushion
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Figure 6-22 Estimated cushion linear dynamic damping at 5 preloads and both

magnitudes (low-solid, high-dashed) using the random input motion with the
agricultural tractor seat cushion.
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6.2.3.7 The dynamic cushion damping

6.2.3.7.1 Overview

The damping estimates were almost identical for both waveforms and both amplitudes
of motion and showed an exponential decrease with increasing frequency. This could
be represented by a displacement-proportional component in the overall damping
force. The asymptote towards which the damping estimate decayed at high
frequencies (and therefore low displacements) would be the velocity-proportional
viscous component. However, this explanation does not seem to agree with other
models for the behaviour of foam that suggest that foam damping should be

described by a viscous and a velocity squared term (Patten ef al, 1998).

6.2.3.7.2 Extraction of displacement- and velocity-proportional damping
coefficients
Separate coefficients for the displacement- proportional and velocity-proportional
damping can be extracted using the following procedure. If it is assumed that the
damping force consists of a velocity and a displacement proportional component, the
damping force might assumed to be
F=cx+c,x
Where ¢, is the viscous damping coefficient and ¢, is the displacement proportional
component. If all elements of the damping force are in phase then the damping force

becomes:

Fz(cv +fi]x
@

This would show a decay towards an asymptote as seen in the data. Multiplying
through by the angular frequency (o) gives converts the damping force from constant
velocity to constant displacement, with the form
F=cw+c,

Therefore, the gradient of the damping force in the frequency domain expressed in
terms of constant displacement gives the velocity-proportional damping force and the
zero intercept gives the displacement proportional damping force.

These values were extracted from the data by applying a least-squares straight line fit
to the measured constant displacement magnitude damping force for frequencies at

which with coherence was above 0.95. The data from the high magnitude random
input tests are shown in Figure 6-23 to Figure 6-25 and the damping values are

summarised in Table 6-3.
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Figure 6-23 Linear damping coefficient estimates for the earthmover seat cushion
expressed in terms of velocity- and displacement-proportional coefficients. Data are
shown for all five preloads and the high magnitude input. The line fits used to estimate
the damping coefficients are also shown.
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Figure 6-24 Linear damping coefficient estimates for the forwarder seat cushion
expressed in terms of velocity- and displacement-proportional coefficients. Data are
shown for all five preloads and the high magnitude input. The line fits used to estimate
the damping coefficients are also shown.
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Figure 6-25 Linear damping coefficient estimates for the agricultural tractor seat
cushion expressed in terms of velocity- and displacement-proportional coefficients.
Data are shown for all five preloads and the high magnitude input. The line fits used to
estimate the damping coefficients are also shown.
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Table 6-3 Estimated velocity- and displacement-proportional damping coefficients
using the medium magnitude random input

Preload Tractor seat Forwarder seat Earthmover seat
(N)

o< X o X o< X oc X < X oc X

(Nsm™) (Nm™) (Nsm™) (Nm™) (Nsm™) (Nm™)

100 68 6918 72 6304 95 6533

300 129 11365 120 8336 159 13186

500 430 11949 203 10067 208 14619

700 678 18131 282 14941 238 18650

900 891 24634 406 20764 306 24643

6.2.3.7.3 The variation in dynamic damping with cushion compression

The estimated damping values for all cushions and all input magnitudes using the
random input are shown in Figure 6-26 and Figure 6-27. As mentioned, the damping

forces were similar with all magnitudes of random and sinusoidal motion.
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Figure 6-26 Estimated velocity-proportional dynamic damping coefficients for all
cushions and magnitudes of random input motion
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Figure 6-27 Estimated displacement-proportional dynamic damping coefficients for all
cushions and all magnitudes of random input motion

The variation in damping coefficient with cushion compression can be expressed in
terms of polynomial curve fit coefficients. Figure 6-28 shows the dynamic velocity-
proportional damping coefficients for the high magnitude random motion varying with
the compression of the cushion due to the preload. The figures also show a least-
squares 3" order polynomial fit to the data, extrapolated for high preloads and

confined to zero at zero preload. The curve fit equation was:

c,(X)=ax +ax’+ax Equation 6-7
where a,, &, and &, are the curve fit coefficients and ¢, is the velocity-proportional

damping coefficient varying with cushion compression x. The curve fit coefficients

are shown in Table 6-4.
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Figure 6-28 Cushion velocity-proportional dynamic damping coefficients mesured
with the high magnitude random motion and fitted with a 3"-order polynomial
(dashed line). Coefficients are for the forwarder, earthmover and agricultural tractor
seat cushions in order of increasing damping at 0.04 m compression.

Table 6-4 Cushion viscous damping 3™ order polynomial curve fit coefficients to
dynamic measurements

Earthmover seat Forwarder seat Tractor seat
a 1.07 x 10° 2.72x10° 1.49 x 10°
a, -1.18 x 10° -1.73x 10° 2.25x10°
a, 8.74x 10° 5.63x10° 1.26

Figure 6-29 shows the change in displacement-proportional damping with cushion
compression. A 4™ order polynomial was fitted to the dynamic displacement-
proportional damping coefficients according to the following equation. The figure
shows the curve fit function extrapolated for high preloads and restricted to zero at
Zero compression.

c,(x) =bx* +b,x° + bx* + b,x Equation 6-8

where b;, b,, bz and b, are the curve fit coefficients and ¢, is the displacement-
proportional damping coefficient varying with cushion compression x. The curve fit

coefficients are shown in Table 6-5.
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Figure 6-29 Cushion displacement-proportional dynamic damping coefficients
mesured with the medium magnitude radom motion and fitted with a 4"-order
polynomial (dashed line). Coefficients are for the forwarder, agricultural tractor and
earthmover seat cushions in order of increasing damping at 0.04 m compression.

Table 6-5 Cushion hysteretic damping 4™ order polynomial curve fit coefficients to
dynamic measurements

Earthmover seat Forwarder seat Tractor seat
b, 2.22x10" 6.17 x 10° 9.43 x 10°
b, -1.93x 10° -6.29 x 10° -5.29 x 10°
b, 4.65x 10 1.71 x 10 -1.19x 10°
b, 2.50x 10° 1.34 x 10° 6.14x 10°
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6.2.3.7.4 An overall damping coefficient

Previous investigations (Wei and Griffin, 1998) used a single coefficient to represent
the damping by taking a mean value over a range of frequencies. These studies were
concerned with seat cushion simulation for automotive applications where the input
motion has energy at frequencies up to 20 Hz. Unfortunately at the low frequencies (2
to 3 Hz) found on the cab floor of the off-road vehicles used for this thesis the
damping shows a distinct frequency dependence as can be seen in Figure 6-14 to

Figure 6-16.

An overall damping coefficient for each cushion was obtained by taking the value at
2 Hz, which was the median frequency used in the laboratory experiments described

in Chapter 5. These coefficients are shown in Table 6-6.

Table 6-6 Estimated coefficient for the overall cushion damping at 2 Hz using the
medium magnitude random input and a 500 N preload

Preload Tractor seat Forwarder seat Earthmover seat
(N) (Nsm™) (Nsm™) (Nsm™)
100 619 574 615
300 1033 783 1208
500 1381 1004 1371
700 2121 1471 1722
900 2851 2058 2267

6.2.3.8 The dynamic cushion stiffness

The dynamic stiffness coefficient for each cushion was defined using the same
conditions as used to define the dynamic damping coefficient. The stiffness coefficient
was the value obtained at 2 Hz using the high magnitude random motion (see Figure
6-17, Figure 6-19 and Figure 6-21).

The variation in cushion stiffness coefficient with increasing cushion compression for
all cushions and random input magnitudes are shown in Figure 6-30. The values

corresponding to the medium magnitude input are shown in Table 6-7.
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Figure 6-30 Estimated linear dynamic stiffness values for all cushions and all
magnitudes of random input motion

Table 6-7 Estimated cushion dynamic stiffness using the medium magnitude random

input motion
Preload Cushion stiffness (kNm™)
(N)
Tractor seat Forwarder seat Earthmover seat

100 4902 46.8 45.0

300 70.8 61.2 87.9

500 86.4 84.0 92.1

700 118.1 121.7 114.6

900 179.0 172.3 157.5

The variation in dynamic cushion stiffness with preload can be defined using
polynomial curve fit coefficients. Figure 6-31 to Figure 6-33 show the dynamic cushion
stiffness as a function of cushion compression. The quasi-static stiffnesses are also
shown for comparison. The dashed lines show the 8" order polynomial function fitted
to the low velocity stiffness coefficients (see Section 6.2.2.3) and a 4" order

polynomial least squares fit applied to the dynamic stiffness coefficients according to:

k(x)=dx*+d,x* +d,x* +d,x Equation 6-9
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where d,, d,, d, and d, are the curve fit coefficients and k is the dynamic stiffness

coefficient varying with cushion compression x. The polynomial functions were

restricted to zero at zero compression and are summarised in Table 6-8.

It can be seen that the cushion stiffness determined dynamically was approximately 4
times the value determined using the quasi-static test for all three seats. The trends
for changes in stiffness with cushion compression are similar using both
measurement methods. The differences in stiffness coefficient magnitude may have
been caused by the different behaviour of the air trapped within the foam structure as
described by Hilyard (1982).
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Figure 6-31 Earthmover seat cushion stiffness with cushion compression
displacement estimated from quasi-static (lower curve) and dynamic measurementsﬁ
The dashed lines are polynomial fits to the data (quasi-static: 8" order, dynamic: 4'
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displacement estimated from quasi-static (lower curve) and dynamic measurements.
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Table 6-8 Cushion stiffness 4" order polynomial curve fit coefficients to the dynamic
stiffness coefficients using the medium magnitude random input motion.

Earthmover seat Forwarder seat Tractor seat
d 1.80x 10" 3.10x10™ 8.35x 10"
d, -1.96 x 10'° -2.33x10° -5.60 x 10°
ds 4.58 x 10° 2.20x 10’ 5.89 x 10
d, 7.69 x 10° 2.63x10° 3.74x10°

6.2.4 Summary of the cushion

The cushion measurements conducted during this study indicated that:

1. The dynamic cushion stiffness and damping increased with increasing

preload.

2. The dynamic cushion stiffness increased in a linear manner by between 10

and 20% over the frequency range from 1 to 10 Hz.

3. The dynamic damping decreased exponentially towards a non-zero

asymptote with increasing frequency.

4. The random and sinusoidal input motions resulted in similar dynamic

stiffness and damping coefficients.

5. The input magnitude was found to have little effect on the dynamic

stiffness and damping coefficients.

6. The dynamic stiffness was in the order of a factor of 4 greater that the
static stiffness for all cushions and all compressions but showed the same

trends with increasing compression.

7. The displacement-proportional dynamic damping coefficients showed

similar trends to the stiffness coefficients with increasing preload.

Coefficients have been determined to describe the following dynamic properties of the

three seat cushions involved in this project:
1. The static stiffness varying with cushion compression.

2. The dynamic stiffness varying with cushion compression determined at

2 Hz.

3. The component of the damping force proportional to the velocity across the

cushion varying with cushion compression.
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4. The component of the damping force proportional to the displacement

across the cushion varying with cushion compression.

5. The overall damping force varying with cushion compression determined at

2 Hz.

6.3 The suspended mass

6.3.1 Introduction

The suspended mass included the mass of the cushion, the backrest, the seat pan,

any seat attachments (armrests, headrests, seat belt anchorages, etc.) and the

moving parts of the suspension mechanism. By treating the individual masses of

these components as a single lumped mass the dynamic behaviour of the suspension

and the cushion could be considered in terms of massless elements, considerably

reducing the complexity of the model.

6.3.2 Method and results

The moving mass of the suspension mechanism was estimated for each seat using

the following technique:

1.

The cushion or seat pan and backrest assembly were removed from

the suspension and weighed separately.

The dampers were disconnected to reduce the friction and weighed

separately.

The coil springs were removed from the earthmover seat and weighed
separately. The springs were mounted in the upper part of the
suspension on this seat and therefore contributed to the suspended
mass. The exhaust valves to the air springs on the other two seats,

effectively removing the suspension stiffness to zero.

A spring balance was attached to the centre of the top suspension
mechanism of each seat and the suspension was lifted using the

balance to a point close to the centre of the free travel.

The force required causing the suspension to break away from friction

upwards and downwards at this point was measured.

The mean of the upward and downward force was taken to be the
weight of the moving mass of the suspension mechanism. It was

assumed that the friction force was equal in the upward and downward
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directions. The masses of any removed components were added to

this to give an estimate for the total suspended mass.
The results are shown in Table 6-8.

Table 6-9 Suspension moving mass (kq)

Tractor Forwarder Earthmover

Moving mass 36 kg 21 kg 27 kg

6.4 The suspension spring and the linkage friction

6.4.1 Introduction
The suspension stiffness and the linkage friction were determined from the quasi-
static force-deflection characteristic of the suspension mechanism. The indenter rig as

used to test the cushions in Section 6.2.2 was used.

The suspension damper was removed from the suspension to be tested separately
and the seat assembly (the cushion, backrest, armrests, etc.) was removed to prevent

the compliance of the cushion from affecting the results.

6.4.2 Pre-loading conditions
The suspension mechanisms were tested with seat loading forces of 370N, 550N and
740N. The weights of any parts of the cushion and backrest assembly that had been

removed were added to each of these preloads.

In order to adjust the seat to this preload, the mechanisms were compressed using
the indenter until the suspension reached a point 10 mm below the centre of the free
travel. The suspension spring mechanism was adjusted until the measured force
corresponded to the desired preload. The spring was adjusted either by altering the
preload on the coil springs on the earthmover seat or altering the pressure in the air

springs for the forwarder and agricultural tractor seats.

Once the suspension preload was adjusted the suspension was released before
beginning measurements. Any self-levelling devices present on the air suspension
seats were disabled so that the quantity of air in the spring did not vary during the

measurements.

6.4.3 Measurement method

The quasi-static force-deflection characteristics of suspension mechanisms were
measured by compressing and releasing the mechanism at a velocity of 1.5 mm per

second. Each suspension unit was placed on the shaker top plate and the plate was
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secured so that the compliance of the shaker would not influence the results. The

VP85 shaker was not used for these measurements.

The indenter plate was positioned so as to be not quite in contact with the top of the
suspension. The point of application of the indenter force was positioned close to the
centre of the mechanism top plate. The suspension was compressed at 1.5 mm per
second until a force of approximately 2000N was recorded. The indenter was then
moved back up to the starting position at the same rate with no pause between
compressing and releasing the mechanism. The displacement of the indenter plate
and the force applied to the test item were acquired at 200 samples per second using
an HVLab data acquisition system via a 66 Hz anti-aliasing filter. Each measurement

was repeated three times.

6.4.4 Results
The quasi-static force-deflection characteristics of the three suspension mechanisms

are shown in Figure 6-34 to Figure 6-36.

The initial rise visible in all the plots was due to the top end-stop buffer. The force-
deflection plots then reach an approximately linear region due to the suspension
spring. The rapid rise at high displacements was due to the bottom end-stop buffer.

The losses were due to friction in the linkage mechanism opposing the motion.

The behaviour of the steel coil spring mechanism (the earthmover seat, Figure 6-34)
was noticeably more linear than the air sprung mechanisms of the other seats (Figure
6-35 and Figure 6-36). The force-deflection gradients (and therefore spring rates) of
the air sprung mechanisms tended to increase as the mechanism becomes more
compressed. The difference between the compression and extension forces at any
displacement, indicative of the friction force, tended to decrease with greater

compression of the air sprung mechanisms.
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Figure 6-34 The quasi-static force-deflection characteristic of the earthmover seat
suspension mechanism
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Figure 6-35 The quasi-static force-deflection characteristic of the forwarder seat
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Figure 6-36 The quasi-static force-deflection characteristic of the agricultural tractor
seat suspension mechanism

6.4.5 The suspension stiffness

The free travel compression and extension sections of the force-deflection data were
extracted for each of the three seats and preload conditions. A least squares linear fit
over the suspension free travel was used to estimate a value for the spring rate in
compression and extension. Figure 6-37 to Figure 6-39 show the results obtained.

The spring rate was taken as the mean rate in extension and compression for each
preload as shown in Table 6-10.

These stiffness values were those seen by the suspension moving vertically, not
necessarily the stiffnesses of the individual springs. In the case of the earthmover
seat the springs were substantially stiffer than the value measured by the force-

deflection test and were connected to the suspension via a cam arrangement.
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Figure 6-38 The approximate linear spring rate of the forwarder seat suspension
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Figure 6-39 The approximate linear spring rate of the earthmover seat suspension

Table 6-10, Estimated linear suspension spring rates, in Nm”'

370 N preload 550 N preload 740 N preload
Comp | Ext | Mean | Comp | Ext | Mean | Comp | Ext | Mean
i) U n U n

Tractor 2037 | 3760 | 3349 | 3381 | 4008 | 3694 | 4543 | 4450 | 4497

Forwarder 3301 | 4235 | 3768 | 3850 | 4579 | 4215 | 4356 | 4586 | 4471

Earthmover | 3640 | 4872 | 4256 | 4149 | 4999 | 4574 | 4234 | 4717 | 4475

6.4.6 Linkage friction force

The friction force was estimated as half the mean difference between the
compression and extension data over the suspension free travel. The extracted
compression and extension data were resampled against a constant increment
displacement vector and a mean difference was obtained from the average of the
differences at each increment. The friction force was taken as half this difference
value on the assumption that the friction force acted with the same magnitude with the
suspension moving upwards and downwards. Figure 6-40 shows mean estimates for
the friction force. The friction forces averaged over 3 repetitions of each measurement

are shown in Table 6-11

The friction force increased with increasing preload for all three seats. The agricultural
tractor seat had a higher friction force for all preloads, but the increase with preload
was less than with the forwarder and earthmover seats. The increase in friction with
increasing preload may have been due to the increased loading on the bearings and

joints in the seat.
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Figure 6-40 The linkage friction force for all suspension mechanisms

Table 6-11, Estimated suspension linkage friction force

370N preload 550N preload 740N preload
Tractor 95 N 104 N 115N
Forwarder 59 N 73 N 95 N
Earthmover 55 N 74 N 90N

6.5 The suspension damper

6.5.1 Measurement of the damper dynamic characteristics

6.5.1.1 Introduction

The approach adopted for this project was initially to use a commercial damper test
device that outputted a force-velocity characteristic and a Coulomb friction
component. Simulations conducted using the results from this device were
disappointing and a global parametric optimisation indicated that the coefficients
describing the damper were substantially (between 1.5 and 2 times) greater than

optimal.

Further tests on the damper were conducted using a different apparatus in order to
examine the dynamic damper behaviour in more detail. Revised values for the force-
velocity and Coulomb friction coefficients were obtained using sinusoidal input
motions between 1 and 5 Hz. However, the discrepancies between the results from
the two sets of test apparatus led to the numerical estimates of the damper dynamic

characteristics as described in Chapter 9.

Both sets of apparatus used an actuator to apply sinusoidal motions to the damper

and measured the applied velocity and the resulting force.
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6.5.1.2 The need to extrapolate

The laboratory seat tests conducted in the laboratory indicated that the highest axial
velocity experienced by the suspension dampers during this project were up to
0.38 ms" for the earthmover and forwarder seats and up to 0.51 ms” for the
agricultural tractor seat. These values were obtained by differentiating the measured
relative suspension displacement and allowing for the angled damper mounting for a

number of high magnitude test conditions according to the following calculation:

4 =max az, cos| arctan H Equation 6-10
dmax p Viz, quation 6-

where Z_ is the relative vertical displacement and velocity and displacement across

the suspension mechanism as measured using the LVDT and H and V are
respectively the horizontal and vertical distances between the damper mounting points

at mid ride (determined in Section 6.5.3).

This range of velocities was not investigated using the damper test equipment, firstly
because the required range of velocities was not known at the time the initial
measurements were made and secondly and more significantly because the test
apparatus actuators were not capable of a sufficient range of velocities at the
frequencies and displacements of interest. It was therefore necessary to extrapolate
outside the range of the available data. More powerful damper test equipment would

be required to measure the seat dampers over a more complete range of velocities.

6.5.1.3 Tests using a commercial testing device

6.5.1.3.1 Method

The suspension damper units were tested by a member of the TESTOPS consortium
using a commercially available damper testing device. The damper was mounted
vertically in the device with the same polarity (head up or head down) as it would be
mounted in the seat. Depending on the method of construction of each damper, the
measured damping forces might not be representative if the damper were tested
inverted. The device then applied two swept frequency sinusoids of 30 mm peak-to-

peak displacement amplitude to the damper.

The first sinusoid increased from peak velocities of zero to 130 mms”. The peak
velocity was plotted against the corresponding damper force to obtain a force-velocity

characteristic for the damper. The damper force in compression and extension were

extracted.
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The second sinusoid increased from zero to peak velocities of 4 mms™. This low-
velocity force-velocity characteristic of the damper was used to obtain an estimate of
the friction force. Again, the compression and extension forces were considered
separately. The friction force was estimated as the zero—velocity intercept of a least-

squares linear fit to the measured data.

6.5.1.3.2 Resulis

6.5.1.3.2.1 Force-velocity measurements

Figure 6-41 to Figure 6-43 show the force-velocity characteristics of the damper units
fitted to the three seats with the effect of friction removed (i.e. with the force tending
towards zero at zero velocity). A two-stage 3" order polynomial fit was applied to each

compression and extension curve according to the following formula:

GE [ a|d+a)|d +a4 f b(4- Z)+b Qz[ Zf +b Gzl ZJ + (a12+ a,z’ +a323)]
Equation 6-11
where a;, a; and as are the coefficients of the first stage of the fit for velocities across

the damper (z) between 0 and Z and b;, b, and bs are the coefficients for the second

stage fit for velocities greater than Z. The coefficients are summarised in Table 6-12

Force (N)

Velocity (m/s)

Figure 6-41 Compression and extension force-velocity characteristic of the
earthmover seat suspension damper where a positive velocity indicates extension of
the damper. The two-stage polynomial curve fit is shown as a dotted line.
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Force (N)

Velocity (m/s)

Figure 6-42 Compression and extension force-velocity characteristic of the forwarder
seat suspension damper where a positive velocity indicates extension of the damper.
The two-stage polynomial curve fit is shown as a dotted line.
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Figure 6-43 Compression and extension force-velocity characteristic of the agricultural
tractor seat suspension damper where a positive velocity indicates extension of the
damper. The two-stage polynomial curve fit is shown as a dotted line.
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Table 6-12 Curve fit coefficients obtained from the force-deflection

obtained using the commercial apparatus

characteristics

Earthmover Forwarder Agricultural tractor

a; 0 0 3220

a, 0 0 0

as 0 0 0
Compression Z oms™ oms™ 0.041 ms™

b, -107 3020 7370

b, 6320 7300 36600

b; 0 0 125000

a; 0 0 3700

a, 0 0 0

as 0 0 0

Extension V4 0.045 ms™ oms™ 0.038 ms™

b, 61.6 1290 11600

b, 10300 16800 0

b; 0 0 0

6.5.1.3.2.2 Friction measurements

The friction forces in extension and compression were obtained by extrapolating a

series of low-velocity force-velocity measurements to obtain an estimated force at

zero velocity. The results are shown in Figure 6-44 to Figure 6-46 and are

summarised in Table 6-13.
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Figure 6-44 Low velocity force-velocity characteristic of the earthmover seat ‘light’
damper used to determine friction
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Figure 6-45 Low velocity force-velocity characteristic of the forwarder seat damper
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Figure 6-46 Low velocity force-velocity characteristic of the tractor seat damper used

to determine friction

Table 6-13 Damper friction measurements from low-velocity tests using the

commercial apparatus

Earthmover seat friction

(N)

Forwarder seat friction (N)

Agricultural tractor seat

friction (N)

Compression

Extension

Compression

Extension

Compression

Extension

64 173

8

114

45

18
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6.5.1.4 Further tests using alternative test apparatus

6.5.1.4.1 Apparatus

The alternative damper test apparatus is shown in Figure 6-47. Each damper was
mounted using the same orientation and method of attachment as used in the seat.
The damper temperature was monitored using a thermocouple attached to the
damper case. A damper case temperature of 30°C * 2.5°C was maintained for all
tests. The dampers were warmed when necessary by cycling with a £ 10 mm 2 Hz
sinusoid. This motion was applied for 5 minutes in order to run in the damper on first
attaching it to the test apparatus. Cooling was applied to the case during this run in

process if the measured case temperature exceeded 35°C.

Preload adjuster

LvDT

Force cell

Seat suspension damper
Accelerometer

VP85 Electrodynamic
shaker

\

Figure 6-47 The damper test apparatus

The frictional component of the damper was determined from a low velocity force-
deflection measurement. Each damper was compressed and extended using the
preload adjustment at a rate of 1.5 mms”' with the position of the force cell measured

using the LVDT.

The force-velocity characteristics of the dampers were measured using sinusoidal
motions at 1.25 Hz, 2 Hz and 3.15 Hz at a displacement amplitude of £ 10 mm. The
motions were limited to five seconds duration to reduce the effect of changes in
temperature.

The force-displacement-velocity surfaces were determined using an input motion
consisting of the sum of ten sinusoids with different phase relationships between

1.25 Hz and 3.15 Hz as listed in Table 6-14. This form of motion was referred to by
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Duym (1997) as a 'multisine’ but will be referred to here as a quasi-random motion.
The phase relationships were chosen to provide an approximately even coverage of
the velocity-displacement space as shown in Figure 6-48. The velocity was
determined numerically by differentiating the measured displacement after applying a

4" order zero-phase Butterworth bandpass filter between 1 and 10 Hz.

All measurements made with this apparatus use a positive velocity to indicate damper

extension. This is the same as the results using the commercial apparatus.

Table 6-14 The components of the quasi-random motion used to obtain the damper
force-velocity-displacement surface

Frequency (Hz) Phase (degrees relative

to an arbitrary reference)
Component 1 1.25 279
Component 2 1.45 248
Component 3 1.65 316
Component 4 1.85 187
Component 5 2.05 27
Component 6 2.25 275
Component 7 2.45 163
Component 8 2.65 285
Component 9 2.85 192
Component 10 3.05 154
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Figure 6-48 The velocity-displacement surface coverage measured using the quasi-
random motion input
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6.5.1.4.2 Results

6.5.1.4.2.1 Friction measurements
The quasi-static force-deflection characteristics of the three seat dampers are shown
in Figure 6-49 to Figure 6-51. Friction forces were extracted as the mean force in

compression and extension over the complete damper stroke. These results are

summarised in Table 6-15.

Force (N}

Displacement (mm)

Figure 6-49 Quasi-static force-deflection characteristic of the earthmover seat damper

100

B0 e L

Force (N}

Displacement (mm}

Figure 6-50 Quasi-static force-deflection characteristic of the forwarder seat damper
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Force (N)

Displacement (mm)

Figure 6-51 Quasi-static force-deflection characteristic of the agricultural tractor seat
damper

Table 6-15 Friction values extracted from the low velocity force-deflection
measurements using the alternative apparatus

Earthmover seat friction Forwarder seat friction (N) Agrlcultgrgl tractor seat
(N) friction (N)
Compression | Extension | Compression | Extension | Compression | Extension
80 60 23 18 42 33

6.5.1.4.2.2 Single frequency force-velocity measurements
The force-velocity characteristics of the dampers obtained using sinusoidal input

motions are shown in Figure 6-52 to Figure 6-54.
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Figure 6-52 The force velocity characteristic of the earthmover seat damper measured
using £10 mm peak-to-peak sinusoidal input motions. Positive velocity corresponds to

extension of the damper.
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Figure 6-53 The force velocity characteristic of the forwarder seat damper measured
using £10 mm peak-to-peak sinusoidal input motions. Positive velocity corresponds to

extension of the damper.
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Figure 6-54 The force velocity characteristic of the agricultural tractor seat damper
measured using 10 mm peak-to-peak sinusoidal input motions. Positive velocity

corresponds to extension of the damper.

The force-velocity characteristics showed substantial non-linearities. The amount of
hysteresis-like behaviour generally increased with increasing magnitude, in particular
with the agricultural tractor seat damper. The force-velocity characteristic obtained at
all magnitudes, ignoring the hysteresis losses, appeared to follow a similar path. This
suggested that for the frequency ranges investigated a single frequency sinusoidal
measurement with a suitably high peak velocity might give a reasonable estimate for

the non-hysteretic damper force-velocity characteristic.

6.5.1.4.2.3 Force-velocity-displacement surfaces

The force-velocity-displacement surfaces for the three dampers are shown in Figure
6-55 to Figure 6-57. The surface was obtained by binning the measured forces
according to the corresponding velocity and displacement and using the mean force
within each bin as the force value for that grid node. This was a simpler approach to
that adopted by Duym (1997) who obtained coefficients from curve-fits to the data
within each bin. The surfaces showed that the damper force with the velocity and
displacement in phase was generally greater than with the velocity and displacement

out of phase. This suggested that a greater force was required to move the damper
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away from the mean position towards a peak displacement than was required to

return it to the mean position.
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Figure 6-55 Force-velocity-displacement characteristic of the earthmover seat damper
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Figure 6-57 Force-velocity-displacement characteristic of the agricultural tractor seat
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The force-velocity-displacement surfaces include the effects of stiffness, viscous
damping and friction. However, Coulomb friction is defined as a constant force
opposing the motion, or a force sufficient to prevent movement. An implementation of
a damper using such a surface would not exhibit the correct friction-locking behaviour

at low magnitudes. It is therefore of interest to exiract the friction force and treat this

separately.

Figure 6-58 to Figure 6-60 show part of the force-velocity characteristic of the seat
dampers measured in response to the quasi-random motion. The effect of friction can
be seen as a change in the force as the velocity passes through zero. The friction in
compression and extension was extracted from the mean force for all displacements
at velocities of between 0 and 0.01 ms™ for the forwarder and agricultural tractor seats
and 0.02 and 0.03 ms™ for the earthmover seat. These velocities were sufficiently low
to minimise the effect of the velocity-proportional viscous force, but sufficiently high to
avoid the discontinuity as the velocities passed through zero for the earthmover seat.
These friction forces were extracted to give a force-velocity-displacement surface
independent of friction and a value for the friction in compression and extension. The

friction forces are shown in Table 6-16.
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Figure 6-58 Low velocity force-velocity data for the earthmover seat damper as
measured (left) and after removing the friction force (right) in response to the quasi-
random motion input. Positive velocity corresponds to damper extension.
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Figure 6-59 Low velocity force-velocity data for the forwarder seat damper as
measured (left) and after removing the friction force (right) in response to the quasi-
random motion input. Positive velocity corresponds to damper extension.
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Figure 6-60 Low velocity force-velocity data for the agricultural tractor seat damper as
measured (left) and after removing the friction force (right) in response to the quasi-
random motion input. Positive velocity corresponds to damper extension.

Table 6-16 Damper friction forces determined from the force-velocity-displacement
characteristic in response to the quasi-random motion input

Earthmover seat friction Forwarder seat friction (N) friction (N)

(N)

Agricultural tractor seat

Compression | Extension | Compression | Extension | Compression | Extension

47 16 39 22 22 2
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6.5.2 Discussion

6.5.2.1 Force-velocity characteristics

The force-velocity characteristics obtained using sinusoidal motions with the
commercial and alternative apparatus are shown in Figure 6-61 to Figure 6-63. The
results for the alternative apparatus were those obtained using the 3.15 Hz input
motion in order to show the greatest range of velocities. The force-velocity
characteristic using the alternative apparatus was adjusted to remove the friction force
using the friction values obtained from the quasi-random motion test (Table 6-16).

The commercial apparatus automatically corrects for the friction force.

The alternative apparatus returned a shallower force-velocity characteristic for the
forwarder and agricultural tractor seat dampers but was similar to the result from the
commercial apparatus for the earthmover seat damper. A simple force-velocity curve
such as that produced by the commercial apparatus does not include the hysteresis-

like behaviour of the damper. Discounting this effect could lead to substantial errors in

the prediction of the damping force.
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Figure 6-61 The force-velocity characteristics of the earthmover seat damper obtained
with sinusoidal inputs using the commercial (solid line) and alternative (dotted line)
apparatus with both results adjusted to remove friction. Positive velocity indicates

damper extension.
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Figure 6-62 The force-velocity characteristics of the forwarder seat damper obtained
with sinusoidal inputs using the commercial (solid line) and alternative (dotted line)
apparatus with both results adjusted to remove friction. Positive velocity indicates

damper extension.
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Figure 6-83 The force-velocity characteristics of the agricultural tractor seat damper
obtained with sinusoidal inputs using the commercial (solid line) and alternative
(dotted line) apparatus with both results adjusted to remove friction. Positive velocity

indicates damper extension.

6-56



6.5.2.2 Friction measurements

The values measured for the damper friction force are summarised in Table 6-17. It

can be seen that there are substantial differences between the values measured

using different methods.

Table 6-17 Measurements of the damper friction in compression, extension and the
total friction (compression + extension) measured using different apparatus

Earthmover seat Forwarder seat Agricultural tractor
friction (N) friction (N) seat friction (N)

Com | Ext | Total | Com | Ext | Total | Com | Ext | Total

(A) Low velocity

IEescler et EG 64 | 173 | 237 | 8 | 114 | 122 | 45 | 18 | 63

commercial

apparatus

(B) Low velocity

force/de:flectlon, 80 60 140

alternative

apparatus

(C) Derived from

tl'.le force-velocity- 47 16 63

displacement

surface

The differences between the results may have been affected by off-axis loadings due

to differences in the geometries of the damper mounting clamps in the test apparatus,
or by changes in the damper characteristics over time. The results labelled set A were

obtained after the seats were involved in the field trials but before any laboratory
experiments while set B and set C were obtained after all laboratory experiments were

complete. The damper mounting arrangements in set B and set C were identical and

held the damper in place without applying a strong compressive force to the damper
itself as illustrated in Figure 6-64. The tests used to obtain set A used a stronger force

to hold the damper in place.
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Figure 6-64 Detail of the damper mounting method showing where the clamping force
may have been greater for the test conducted with the commercial apparatus to

produce the set ‘A’ results.

The results obtained for the damper friction suggest that methods of measuring the
friction present in suspension seat dampers and the manner in which damper friction
changes with time both require further investigation if reliable and repeatable damper

friction measurements are to be obtained.

6.5.3 Damper mounting geometry

The dampers were all mounted at an angle between the base and top plates of the
suspension mechanism so the viscous damping and friction forces due to the damper
change with the suspension mechanism displacement. It is necessary to know the
relative positions of the damper mounting points at a known suspension position in

order to define the relationship between damper force and suspension displacement.

The suspension linkages confine the suspension mechanisms to move in the vertical
direction only. The fore and aft suspension present on the agricultural tractor seat was
disabled for all measurements and tests. The horizontal distance between the damper

mountings therefore remains constant and was measured for all three seats using a
tape measure.
The vertical distance between the damper mounting points was measured with the

suspension mechanisms just in contact with the top end stop. The free travel,
measured previously, was then used to obtain the vertical distance between the

mounting points at the midpoint of the free travel.
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Table 6-18 The relative location of the damper mounting points (mm)

Tractor Forwarder Earthmover
Horizontal distance 145 mm 128 mm 150 mm
Vertical distance at the 92 mm 83 mm 111 mm
midpoint of the free travel

6.6 The end-stop buffers

6.6.1 The geometry of the linkage
Measurements of the linkage geometry were required in order to convert the vertical
movement of the suspension mechanism into movement along the axes of the end-

stop buffers.

The linkage and buffer positions of the earthmover seat are shown in Figure 6-65.
The distance Il is the linkage arm length and is constant. The distances /v and /h are
the distances between the linkage arm mounting points at the mid ride position. The
distances the suspension must move vertically before contacting the top or bottom
stop are known from the measurement of the suspension free travel and the offset of

the mean ride position from the mid-point of the free travel.

Two top and bottom buffers were present on the earthmover seat, one of each on
each side of the suspension mechanism. The bottom buffers were attached to the
base of the suspension and acted against a plate attached to the top of the
suspension. The top buffers acted horizontally against one of the suspension linkage

cross-members.
The forwarder seat has an equivalent layout with the two bottom buffers mounted on

the top of the suspension and acting on a plate attached to the bottom of the
suspension. Two top buffers acted horizontally against one of the suspension cross
members.

The agricultural tractor seat had the bottom buffer attached to one of the linkage arms
acting downward onto the base of the suspension. However, this linkage arm was
almost horizontal when the buffer contact began so it was reasonable to approximate
the axial compression of the buffer to the vertical movement of the suspension

mechanism. A single top buffer acted against the centre of one of the suspension

cross members.

The geometric measurements for the three seats are shown in Table 6-19.
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Bottom stop

Figure 6-65 Schematic of the Earthmover seat linkage and buffer layout

Table 6-19 Suspension linkage measurements

Ih Iv
Earthmover seat 295 mm 150 mm
Agricultural tractor seat 270 mm 250 mm
Forwarder seat 280 mm 160 mm

6.6.2 The suspension free travel

The free travel of each suspension mechanism was measured on the indenter rig.
The displacement of the suspension mechanism was measured using the LVDT while
the mechanism was compressed from a position just in contact with the top stop to

just in contact with the bottom stop. The results are shown in Table 6-20.

Table 6-20, Suspension free travel (mm)

Tractor Forwarder Earthmover

Suspension free travel 156 mm 85 mm 68 mm

6.6.3 The buffer dynamic characteristics

6.6.3.1 Method

End-stop buffer measurements were carried out by a member of the TESTOPS
consortium using commercially available materials testing apparatus. The
measurement data was made available to the project. The buffer force-deflection

characteristics were obtained by compressing the buffer along its axis. The end-stop
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buffers were mounted in jigs to simulating the real environment. Top stop buffers were
confined if necessary to simulate the mounting position within the seat guide rails. The
buffers were compressed by an indenter with the same geometry as found on the
seat. The bottom stop buffers were compressed with a flat plate while top stop buffers

were compressed with a rounded indenter to simulate the suspension cross member.

6.6.3.2 Resulis

6.6.3.2.1 Buffer stiffness

The force-deflection characteristics of individual earthmover seat top and bottom end-
stop buffers are shown in Figure 6-66 and Figure 6-67. The characteristics of the
bottom buffers from the Forwarder and Agricultural tractor seats are shown in Figure
6-68 and Figure 6-69. The top buffer characteristics of these seats were not supplied.
A 5" order least-squares polynomial fit was made to the data in order to quantify the
curve for use in the model. A lower order fit appeared sufficient for some of the
buffers, but some, such as the top stop, showed a ‘two-stage’ stiffness. This buffer
had an approximately linear stiffness over the first 3 mm, then an increasing stiffness
as compression continued. It was considered more versatile to quantify this buffer by
a higher (5‘“) order polynomial fit rather than a composite curve consisting of a linear
and exponential regions. The same order fit was applied to the remaining buffers. The

curve fit coefficients are shown in Tabie 6-21 to Table 6-23.
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Figure 6-66 Earthmover seat single top end-stop buffer force-deflection characteristic
(solid line) with 5™ order polynomial fit (dashed line)
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Figure 6-67 Earthmover seat single bottom end-stop buffer force-deflection
characteristic (solid line) with 5" order polynomial fit (dashed line)
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Figure 6-68 Forwarder seat single bottom end-stop buffer force-deflection
characteristic (solid line) with 5 order polynomial fit (dashed line)
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Figure 6-69 Agricultural tractor seat single bottom end-stop buffer force-deflection
characteristic (solid line) with 4™ order polynomial fit (dashed line)

Table 6-21 Least squares polynomial 5th order fit coefficients to the Earthmover seat

buffer force-deflection characteristic

Earthmover seat buffer
force/deflection

Top stop

Bottom stop

coefficients
buﬂ;mpremn X 5.4778 x 10'° 1.832x 10"
+ DU pression X -2.5734 x 10* 857 x 10
+DULF o ression X 2.5952 x 10° -4.45 x 10’
+ UL pression X 3.2737 x 107 1.5035 x 10°
+ DU pression X 1.34808 x 10° 7.6245 x 10°
+ 0 0

Table 6-22 Least squares polynomial 5th order fit coefficients to the Forwarder seat

buffer force-deflection characteristic

Forwarder seat buffer Top stop Bottom stop
force/deflection
coefficients
5 - 4.64 x 10"
buff compression X
10
+ buﬂc‘(impressi(m X i 221 X 1 O
3 R -5.23 x 10°
+ buﬂ‘ compression X
- 5.35 x 10°

2
+ b I/lﬁ compression X
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- 2.34x 10°
+ bu\[fcomprexxinn X

+ . 0

Table 6-23 Least squares polynomial 5th order fit coefficients to the Agricultural
tfractor seat buffer force-deflection characteristic

Agricultural tractor seat Top stop Bottom stop
buffer force/deflection
coefficients
5 - 0
buﬁ compression X
]
+ buﬁcimpl'ession X ) 562 X 1 O
3 - -8.93 x 10’
+ buﬁ compression X
2 - 1.58 x 10°
+ buj«‘f compression X
3
+ buﬁmmpressian X i 568 X 10
+ ] 0

The force-deflection polynomial fit was differentiated to obtain an estimated buffer
stiffness characteristic. This approach of differentiating the polynomial fit avoids the
problems associated with differentiating experimental data, but requires a good fit to
the data. In all cases, the R? value using a 5" order fit was greater than 0.999.

The curve fit was reduced to a lower order if the first (= X°) coefficient was a negative
value. The highest order polynomial below 5" for which the first coefficient was
positive was selected instead. The end-stop buffer should get progressively stiffer as
the compression increases. If the highest order coefficient is negative the force will
eventually decrease with increasing compression. It was considered preferable that
the function resulted in an incorrectly high value when extrapolating to high

compression values rather than a decreasing or negative vaiue.

The estimated buffer stiffnesses are shown in Figure 6-70 Figure 6-71. The
coefficients describing this buffer characteristic were obtained by exact differentiation

of the force-deflection polynomial and are shown in Table 6-24.
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Figure 6-70 Estimated Earthmover seat top buffer stiffness obtained using the
differentiated polynomial approximation to the force-deflection characteristic
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Figure 6-71 Estimated Earthmover seat bottom buffer stiffness obtained using the
differentiated polynomial approximation to the force-deflection characteristic
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Figure 6-72 Estimated Forwarder seat bottom buffer stiffness obtained using the
differentiated polynomial approximation to the force-deflection characteristic
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Figure 6-73 Estimated agricultural tractor seat bottom buffer stiffness obtained using
the differentiated polynomial approximation to the force-deflection characteristic
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Table 6-24 Earthmover seat estimated end-stop buffer stiffness characteristic

coefficients

Earthmov?fr seat buffer Top stop Bottom stop
stiffness
UL oression X 2.7389 x 10'® 9.16 x 10"
+ DULT o ression X -1.02936 x 10° -3.428 x 10°
+ DULF e pression X 7.7856 x 10° -1.335 x 10°
+ DU pression X 6.5474 x 10’ 3.007 x 10°
+ 1.34808 x 10° 7.6245 x 10°

Table 6-25 Forwarder seat

coefficients

estimated end-stop buffer stiffness characteristic

+

Forwarder seat buffer Top stop Bottom stop
stiffness
DU compression X - 2.32x107
DU pression X - 8.84x 107
DU pression X - 457x10°
+ DU s ompression X - 1.07 x 10
- 2.34x10°

Table 6-26 The agricultural

characteristic coefficients

tractor seat estimated end-stop buffer stiffness

Agricultural tractor seat
buffer stiffness

Top stop

Bottom stop

. : 0
buﬁ compression X
10
+ bl/lﬁ C?;mpressimz X - 2.25x10
; - 268 x10°
+ buﬂ compression X
[§]
+ buﬁcompr@ss[on X - 3.16 x 10
- 5.68 x 10°

+

The stiffness force was doubled within the model to account for the fact that there

were two end-stop buffers acting together during an impact, one on each side of the
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suspension mechanism. The only exception was the agricultural tractor seat top stop

that consisted of a single central buffer only.

The absence of test data for the top stop buffers of two of the seats is unfortunate but
not critical. As previously mentioned, a severe top-stop impact involves the
suspension coming to a sudden stop and the load mass continuing upwards. All three
seats used top-stop buffers of similar thickness so the range of displacements over
which the force exerted by the buffer would increase to a value capable of rapidly
reducing the velocity of the suspended mass to zero would be similar for all seats. It
was anticipated that the sensitivity analysis would show that the exact values of the

top-stop buffer coefficients were not critical.

6.6.3.2.2 Buffer damping
The damping characteristics of the end-stop buffers were provided in terms of loss

angle values (o). The damping force in terms of the loss angle is defined by

buff, . -k
velocity * "Mbuff Equation 6-12

w-tan(c)
where F,, is the damping force, buff,,,., is the buffer compression velocity, K,

chuff =

is the buffer stiffness, @ is the angular frequency and & is the loss angle. The loss

angles provided for the Earthmover seat buffers are shown in Table 6-27.

Table 6-27 Earthmover seat end-stop buffer loss angles
Top buffer Bottom buffer

Loss angle in radians 0.19199 0.05236
This method of describing the buffer damping results in an expression for the

damping ratio of a mass in contact with a buffer of:

_ Kputt '
2wtan(e ) Kpyym Equation 6-13

where w is the angular frequency, « is the loss angle, m is the mass and Ky« is the

buffer stiffness. This expression was derived by assuming a damping force linearly
proportional to velocity and substituting Equation 6-12 into the expression for the

damping ratio of a linear single degree-of-freedom system given by:

_ damping

;=
24 Ky em

A simple test was performed using the earthmover bottom buffer in contact with a

Equation 6-14

22 kg mass. The system was exited by an impulsive force and the acceleration of the
system was acquired as shown in Figure 6-74. This clearly shows as under damped
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system with a resonance frequency of approximately 6 Hz implying a stiffness of
30 kNm™. This stiffness is in agreement with the expected stiffness for this mass
loading (see Figure 6-67 and Figure 6-71). The damping ratio can be determined

using the logarithmic decrement method by:

n

47 1
w1 109{'—49] Equation 6-15

/1_§2 n A

where ¢ is the damping ratio and n is the number of cycles between a measurement
of the amplitude A, and a second measurement A,. The damping ratio calculated

using this method for the data shown in Figure 6-74 was (=0.0015.
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Figure 6-74 The impulse response of a 22 kg mass suspended on an earthmover seat
bottom buffer

The damping ratio calculated from the loss angle using the relevant equation above
for a 30 kNm™ stiffness and a 22 kg mass at 6 Hz with the relevant loss angle data for

the earthmover buffer was {=9.35 which is clearly unrealistic for a rubber component.

This loss angle method of quantifying rubber damping is not suitable for this
application. The end-stop buffers were implemented in the model as undamped
stiffnesses. It was not anticipated that the absence of the buffer damping would be
critical to the model performance due to the low damping of the material and the

relatively short period of time for which the suspension would contact the buffer.
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6.7 Conclusions

Parameter values have been obtained describing the dynamic characteristics of each
seat component and measurement techniques not previously applied to suspension
seat modelling have been investigated. The cushion and the suspension damper
showed complex dynamic behaviour and a range of measurements were obtained to
allow component models of varying complexity to be used within the dynamic model of
the seat. The only measurement that was not obtained was the value for the friction
present within the suspension damper. Different results were obtained for this
parameter using equivalent sets of apparatus. Alternative methods for estimating this

value are described later in Chapter 9.
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7. The suspension seat model structure

7.1 Introduction

Suspension seats lend themselves well to lumped parameter modelling methods. The
seat can be divided into a number of discrete components, most of which can be
implemented as a small number of idealised elements. All previously published
suspension seat models have used this approach (Marsh, 1965, Rakheja et al, 1987,
Gouw et al, 1990, Boileau et al, 1993, Rakheja et al, 1994, Lewis, 1994, Wu and
Griffin, 1995) with the exception of Fairley (1990) who characterised the seat using
the measured apparent mass and Rebelle (2000) who optimised the parameters of a
Bouc-Wen characteristic to fit the measured seat suspension dynamic behaviour.
Fairley (1990) used linear techniques to describe the seat dynamics. The model
parameters were therefore relevant to the specific input motion used to determine the
suspension apparent mass but did not result in a general model of the seat. The
approach used by Rebelle (2000) accounted for the non-linearities in the seat
performance but did not attempt to relate the dynamic behaviour of the seat to the
physical properties of the individual component parts.

The intention of the present model was to improve upon the most advanced non-linear
lumped parameter suspension seat model as reported by Rakheja et al (1994),
continuing the approach of describing the seat in terms of non-linear coefficients
relevant to the individual component parameters. This chapter describes the
equations used for each seat component, the block diagram implementations of these
equations, the numerical techniques used to solve the block diagram and the overall

structure of the simulation software.

7.2 Software structure

7.21 The graphical user interface (GUI)

The model was activated from the Matlab command line, opening the graphical user
interface (GUI). The GUI, shown in Figure 7-1, allowed the user to enter coefficients
describing the component parts of a specific seat. These sets of coefficients can be
saved to an ASCII file for later retrieval. The name and location of the desired seat
base acceleration time history was specified from the GUIl. Parameters relating to the
equation solving routines used by Simulink also be set and the simulation of the seat

could be started. Each of the actions described by the GUI was performed by one or

more Matlab functions.
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The GUI was generated by two Matlab functions. The first generated the figure
window and the buttons and fields with the exception of the parameter value boxes
and their corresponding labels. These latter controls were generated individually with
reference to a separate file listing each of the parameter names. Adding a parameter
name to this reference file caused a labelled value field to be created in the GUI and
generated a global variable for the parameter to allow the current value to be passed

from the GUI to the model.

L 4 Seat mudol control pansl

Figure 7-1 The model graphical user interface (GUI)
7.2.2 Passing data to the model

The acceleration time history to be applied to the base of the simulated seat was read
from an HVLab format data file, any DC offset was removed and a 40 Hz low pass
zero phase 8-pole Butterworth filter was applied. The seat base motions found in
vehicles using suspension seats are usually dominated by frequency content below
10 Hz. This filter was present to remove predominantly 50 Hz noise introduced by the
data acquisition system when using laboratory measurements as the model input. The
input time history was interpolated to match the sampling interval to the time step size
of the Simulink differential equation solver.

The sets of parameter values describing each individual seat were stored in ASCII
format. Controls in the GUI allowed the parameter sets to be loaded, modified and
saved. On starting a simulation, the current values for each parameter as shown in



the GUI were passed to global workspace variables which could be accessed by the

Simulink model. The software structure is illustrated in Figure 7-2.
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Furctions linked to
GUI button controls
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(function)
Get the fist of
global parameters

I

|

Save parameters
{mguicode subfunction)
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functions to a .ixt file
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{mguicode subfunction)
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functions from a .t file

Read data
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Read the input time history, remove DC offset,
40 Hz LPF, pass to a workspace global

Run simulation
{mguicode subfunction)
Pass the varaiables from the GUl to the
workspace globals and run the simulation

Display graphs
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Load the predicted ime histories
and display as a figure

Display results
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Load the predicted $me histories, cakculale
the seat performance and save fo a .ixt file

|
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|

I

3032.dat
{HVLab binary file)
Seatbase acceleration
time history

TGSEATMODEL MDL
{simulink model)
Getvariables from the workspace,
run the simulation and store the results

Figure 7-2 The structure of the simulation software
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7.3 The model mathematical structure

7.3.1 Overview

Mathematical descriptions of the seat components were implemented as block

diagrams and are described in the following sections. A schematic of the model

structure is shown in Figure 7-3 and a list of symbols is shown in Table 7-1. The top
level of the Simulink block diagram is shown in Figure 7-4 and the complete Simulink
block diagram is included in Appendix 3. The equations shown in this chapter should

be assumed to apply to an instantaneous time t at which the model was evaluated

unless otherwise stated.

frict dup fric’tddn

Figure 7-3 A schematic of the suspension seat mathematical model

Table 7-1 List of symbols

Symbol Units Description
ais - Polynomial coefficients for the bottom buffer force-
deflection characteristic
ang - Multiplier applied to any force generated along the damper
axis to obtain the vertical component
bis - Polynomial coefficients for the top buffer force-deflection
characteristic
bbuffzompression m The instantaneous axial compression of the bottom end-
stop buffer.
Cy Nsm' | The human body model linear damping
C; Nsm™ | The linearised cushion damping
Cs Nsm™ | The damping coefficient of the suspension damper
Aok s The friction lock-up time constant
dh m The horizontal distance between the damper mounting
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[ points with the suspension at the mid-point of the free
travel between the end-stop buffers
dv m The vertical distance between the damper mounting points
with the suspension at the mid-point of the free travel
between the end-stop buffers
Flock N Force required to reduce the suspension relative velocity to
zero over the time period Afjq
Fious N Force due to the top end-stop buffer
Fx N The instantaneous force due to the component or
combination of components ‘X’
frictyan N The magnitude of the friction force from the damper acting
in compression
frictagn N The damper friction coefficient acting in compression
frictaup N The magnitude of the friction force from the damper acting
in extension
frictyup N The damper friction coefficient acting in extension
frictgain - Gain applied to all friction coefficients, determined in
Chapter 9
frictioffset - Value between —1 and 1 to defining the proportion of the
total friction force acting in compression and extension
fricty N The suspension linkage friction coefficient
frictota N The instantaneous total friction magnitude
g ms® | The acceleration due to gravity
Ky Nm™ The human body model linear stiffness
Kppus Nm’ The (non-linear) bottom buffer stiffness
k. Nm™ | The linearised cushion stiffness
Ky Nm’ Stiffness caused by the damper gas loading
K Nm” The equivalent vertical stiffness of the suspension spring
Kivur Nm’ The (non-linear) top buffer stiffness
h m The instantaneous horizontal distance between the ends of
the suspension linkage arm which contacts the top end-
stop buffer
Rmig m The horizontal distance between the ends of the
suspension linkage arm which contacts the top end-stop
buffer with the suspension at the mid-point of the free
travel
i m The length of the suspension linkage arm which contacts
the top end-stop buffer
Wiig m The vertical distance between the ends of the suspension
linkage arm which contacts the top end-stop buffer with the
suspension at the mid-point of the free travel.
my kg The lower mass of the human body model, or the total load
mass if a rigid seat load were used.
my kg The upper mass of the human body model
ms kg The mass of the suspended part of the seat, including the
seat pan, cushion, backrest, armrests and the upper parts
of the suspension.
offset m The initial position of the suspension mechanism relative to
the offset between the mid-point of the free travel.
t s The instantaneous time
tbuffzompression m The instantaneous axial compression of the top end-stop
buffer
o radians | The instantaneous angle between the suspension linkage
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arm which contacts the top end-stop buffer and the
horizontal plane

radians | The angle between the suspension linkage arm and the
horizontal plane at the point of contact with the top stop
buffer

Ohmid radians | The angle between the suspension linkage arm which
contacts the top end-stop buffer and the horizontal plane
with the suspension at the mid-point of the free travel.
travel m The vertical free travel displacement between the end-stop
buffers

x, ms? The instantaneous vertical acceleration of the mass ‘my/

X ms” The instantaneous absolute vertical velocity of the mass

060/7?301

m The instantaneous absolute vertical displacement of the
mass ‘my’

1] toseatmodel
Fle Edt View Simulation Formal

Total force
acting on
mass m0
Total force s Dummy 3—

acting on . mO and cushion

mass ms il g
i N '™ Dl mi
7 ms and suspension oree : midisp g P foron on Output
L i msdisp [—pimsdisp movel —— 1m0y
rbbasuﬁsp
Displacement msvel —p» L force on m
\klocity | —rPejpasevel

Toroe on ms:

delay ——1DELAY

seat base

Figure 7-4 The top level of the SIMULINK block diagram

The model calculated the force acting on each mass within the system and
determined the acceleration of the mass according to Newton’s second law
(F =m.X). The acceleration was integrated to obtain the instantaneous velocity of
each mass and again to obtain the instantaneous displacement. The relative velocity
or displacement between each pair of adjacent masses was used to calculate the
force generated by the components connecting them and the forces due to each of
the connecting components were summed to determine the total force acting on each
mass. The model then advanced one time step and repeated the process.

The equations were solved at each time step using a 4" order Runga-Kutta ordinary
differential equation (ODE) fixed-step algorithm. Simulink had available a number of
fixed and variable step ordinary differential equation (ODE) solvers, but preliminary
investigations using the various variable step solvers intended for both stiff and non-
stiff systems were not productive. The indications were that the solvers could provide
efficient and accurate results for an initial condition problem but caused the simulation

to fail with a continuously varying base motion in the presence of a friction force.

7-7



7.3.2 The load mass

Field studies of off-road vehicles invariably have a human vehicle operator on the
seat. Laboratory experiments allow simpler and more consistent loading methods to
be used, such as simple masses or anthropodynamic dummies. The model should
ideally be able to predict the motion of a suspension seat using any of these loading
methods. However, at frequencies below approximately 3 Hz the impedance of the
human body approximates that of a rigid mass. The equations describing these loads

are shown in Figure 7-5 and Figure 7-6.

ES Fino = Mo %y Equation 7-1

Figure 7-5 A simple, rigid load mass

F., = m,.X, Equation 7-2

ij F. = m,. )‘&1 Equation 7-3
F.,=c.(% —)'(0) Equation 7-4

_XO_T Fo = k.(x, = X,) Equation 7-5

Figure 7-6 The anthropodynamic dummy / human body model

7.3.3 The cushion

A seat cushion as used on a suspension seat is generally foam with a fabric or plastic
covering. The modelling of foam cushions is of considerable interest to the automotive
industry. Several methods of measuring and modelling foam cushion performance
have been suggested (e.g. Wei and Griffin, 1998; Patten et al., 1998). However, few
investigations have been concerned with the high accelerations experienced on
suspension seats during end-stop impact events. The time domain investigation of
seat end-stop impact performance by Wu and Griffin (1998) involved measurement at
the suspension top but did not include measurements of the vibration transmitted
through the cushion.

The cushion was initially modelled as a parallel linear spring and linear viscous
damper with a force-limiting term to prevent the cushion applying a downward
acceleration to the load of greater than 1g. This model was known to be a

considerable simplification. A more advanced cushion model is investigated in

Chapter 11.
The equations describing the cushion used in the model up to Chapter 11 were:
F, =-c.(x, - x,) Equation 7-6
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F,=-k.(x,—x,) Equation 7-7

Fos=F.+F, where (F,+F,)>-(g(m,+m)), Equation7-8
otherwise
Fousn = ‘(Q'(mo +m, )) Equation 7-9

7.3.4 The suspension linkage

The suspension linkage confined the suspension motion to the vertical direction and
provided the basic structure to which the seat components were attached. The linkage
was implemented as a mass and a friction element.

The mass of the linkage mechanism was lumped as a single value consisting of the
masses of other seat components that move with the linkage. This included the
cushion and backrest, a part of the suspension damper, part or all of the suspension
spring and any of the seat fore-and-aft, height, rotation and inclination adjustment
mechanisms mounted on or above the suspension top plate.

The friction present in the linkage was modelled as a Coulomb friction element acting
between the suspension linkage mass and the base of the seat. The friction force was
assumed to be constant for all displacements and velocities and no distinction was
made between static and dynamic friction. The friction force due to the linkage was
implemented as a part of the total friction force, as described below in Section 7.3.8.

7.3.5 The suspension spring

The suspension stiffness is usually provided by a pair of steel coil springs acting in
tension, or an air-filled diaphragm acting in compression. The model assumed the
spring to be a simple, linear stiffness element. This was likely to be a close
approximation in the case of the steel springs, but air springs may change in stiffness
with displacement or have other non-linear characteristics. The stiffness element in
the model acted in the vertical direction, irrespective of how the spring was mounted
in the suspension mechanism. Non-linear effects due to the geometry of the spring
mounting were assumed to be small relative to the effect of other uncertainties and

were ignored. The suspension stiffness force was described by:
F. =k.(x, - Xb) Equation 7-10

7.3.6 The suspension damper
A damper used in an under-seat suspension mechanism is usually mounted at an
angle between the top of the suspension mechanism and the base of the seat. This

was the configuration for all three of the seats used in this project. The damping force



is therefore greatest when the damper is closest to the vertical, when the suspension
is at the highest point of its travel.

The effect of damper angle was accounted for as shown in Equation 7-11. The
damper force-velocity characteristic was initially modelled as a 2-stage 3"-order
polynomial as described in Chapter 6, but discrepancies between damper
measurements taken on different apparatus resulted in the development of a revised
model of the damper as described in Chapter 9.

av + (x, - x, )B Equation 7-11

ang = sin arctan
dh

7.3.7 The end stop buffers
The end stop buffers were modelled as non-linear stiffness described in terms of 5"

order polynomials as described in the following sections.

7.3.7.1 Bottom buffer
The vertical movement of the suspension corresponded directly to the axial

compression of the buffer. The compression of the bottom buffer was:

travel
BOUTE,rassion = —(Xs = xb)—[ — offset} Equation 7-12

. ravel
for conditions where (— (XS - xb)—(t 7 + offsetD >0 and

bbUFf opiression = 0 for all other situations. Equation 7-13
where (xs - xb) is the displacement across the suspension mechanism relative to the

mean ride position. The mean ride position is described by the free vertical travel of
the suspension mechanism (travel) plus the offset from the mid point of the free
travel (offset).

The force generated by the compression of the end-stop buffer was defined by a 5"
order polynomial function as shown in Equation 7-14. The coefficients were defined in

Chapter 6 from least squares curve-fit to the measured force-deflection characteristic

of the end-stop buffer.

5 - 4
ﬁ)buff =F= al bb Uf f compression + az b b Uf f tompression +
3 2 ‘ Equation 7-14
33 b b Uf f compression + 34 b b Uf f compression + as b b Uf f compression
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7.3.7.2 Top buffer
The compression of the top end-stop buffers can be derived trigonometrically from the

suspension linkage geometry.
The angle described by the suspension linkage arm from the horizontal (6 ) at the mid

ride position is
v,
— ain~! id
Ormig = SIN (—,"; J Equation 7-15

where lv, ., is the vertical distance between the linkage arm mounting points at mid
ride and // is the length of the linkage arm. // is calculated from:

Il'= N WVag + Mg Equation 7-16
The angle between the linkage arm and the horizontal at any suspension

displacement is:

o= sin‘l( W + (X, = X, )+ offsetj

Il Equation 7-17

where ((xS - xb)+ offset) is the relative displacement of the suspension mechanism

from the mean ride position.
The horizontal distance between the suspension mounting points at any suspension

displacement is given by:
Ih=1l-cos(6) Equation 7-18

The top stop buffer is in compression if:
travel
5 offset |- (x, - x,) >0 Equation 7-19

and the angle between the linkage arm and the horizontal at the point of contact with

the top stop buffer is:
travel
lv

_ mid
Ocontact = SIN T

Equation 7-20

So the compression of the top stop buffer is
thffcompression =1 COS(6)— - COS(6contacI) Equaﬁon 7-21

where the angles 6 and 6,,,,, are as defined above and the end-stop buffer is in

compression. If the buffer is not in compression then

thffcompression =0 Equation 7-22



As with the bottom buffer, the force generated by the compression of the top end-stop
buffer was defined by a 5" order polynomial function as shown in Equation 7-23. The
coefficients were defined in Chapter 6 from least squares curve-fit to the measured

buffer force-deflection characteristic.
5 4
Ftbuff - F = bltb Uf fcompression + bztb Uf compression +

3 2 Equation 7-23
b 3 tb Uf f compression + b4 tb Uf f compression + b5 tb Uf f compression

7.3.8 Friction

The physical processes leading to the generation of a friction force are due to
interactions at the molecular level (Resnick et al, 1992) and as such are beyond the
scope of a lumped parameter suspension seat model. Some sources of friction within
a seat suspension mechanism are the bearings and joints in the linkage mechanism
and the oil seals within the damper unit. On a macroscopic level, friction can be
approximated by a Coulomb friction force, defined as proportional to the perpendicular
force between two sliding surfaces. Coulomb friction is usually defined in terms of two
coefficients usually having a greater magnitude when the surfaces are at rest
(coefficient of static friction) compared with the surfaces in motion (coefficient of
dynamic friction). The Coulomb friction force acts to oppose the motion of a mass
unless the forces acting on the mass are insufficient to overcome the friction force, in
which case the friction force acts to hold the mass stationary.

The primary difficulty in evaluating a numerical model involving a Coulomb friction
component is that the theoretical model of friction described above is discontinuous in
terms of acceleration. This discontinuity is illustrated in Figure 7-7 and Figure 7-8,
which show the displacement, velocity and acceleration of a moving mass with no

forces acting apart from a simple friction force which brings the mass to a halt.

o

Fricti
Mass riction

force

¢
©
o

Velocity (ms“) Acceleration (ms™?)

I

Initial positive velocity

N
T

Displacement {m)

(=]

o

o

-l .

3 R ERTREERE b Sh Ao
o

Time (s)

Figure 7-7 A moving mass Figure 7-8 The acceleration, velocity and
opposed by a friction force displacement of the system shown in Figure 7-7
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The numerical integration model was solved by approximation at discrete time
intervals, so the smallest time interval in which an instantaneous event could occur
was equal to the time step used by the numerical integration routine, so the
performance of the model was affected by the choice of integration time step.
Furthermore, discontinuities could interfere with the correct functioning of the
differential equating solving routine causing the simulation to fail.

A further complication involved in simulating friction in suspension seating was that
the input to the model was applied to the base of the suspension. As the suspension
became friction locked then the suspended seat mass must become stationary in the
reference frame of the seat base, rather than the gravitational reference frame. The
model was defined in the gravitational reference frame and the relative velocity across
the suspension was derived from the acceleration of the suspended seat mass. Some
method was therefore required to set the acceleration of the seat load mass to a value
that caused the relative velocity across the suspension to become zero when the
suspension was locked, applied a constant force opposing the motion when the
suspension was in motion and was able to switch between these two states.

Previous simulations (e.g. Rakheja et al.,, 1994) implemented the friction force as a
constant magnitude force acting to oppose the relative velocity across the suspension

mechanism as follows:

Ffrict[nn = friCttoml : Sgn(xs - xb) Equation 7-24

This form of friction model did not attempt to explicitly ‘friction lock’ the suspension for
low magnitude motions, but approximated the friction-locked situation by alternating
the direction of the friction force as necessary to reduce the velocity towards zero. If
the instantaneous velocity were of sufficiently low magnitude, the acceleration due to
the friction force (frict/ms) would cause the velocity to change sign before the next
numerical integration time step. The friction force at the next time step would
therefore be applied in the opposite direction and could also cause the velocity to
change sign by the subsequent time step, causing a further reversal of the friction
force. By this process the relative velocity across the suspension, obtained from the
integrated acceleration could be maintained at approximately zero.

Two difficulties were encountered with this approach. Firstly, the alternating friction
force naturally resulted in the load mass experiencing an alternating acceleration with
a magnitude of up to frict/ms. The acceleration at the seat surface was determined
from the velocity and displacement of the suspended seat mass and the integration

process used to obtain these values would smooth out the oscillation so evaluations
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of the model performance in terms of the acceleration at the seat surface were not
expected to be strongly affected. However, it would not be possible to examine the
acceleration of the suspended mass without processing this time history in some way
to remove the oscillating acceleration artefact. Secondly, the relative displacement
across the suspension was observed to ‘drift’ by a small amount (in the order of
2 mm, but dependant on a wide range of factors) when the suspension was in the
friction-locked state. This drift appeared to be proportional to the seat base
displacement. It appeared that the motion of the base was creating a condition
whereby the rapidly alternating acceleration was integrating to a small but consistently
non-zero value, resulting in a gradual motion of the ‘locked’ suspension. It was found
to be possible to reduce, but not eliminate, the drift by using the knowledge of the
base velocity at one integration step in the future. By this method, the friction would
act to set the relative velocity to zero at the impending time step rather than the
current time step where the relative velocity has already been calculated.

In order to eliminate these artefacts, a more advanced friction model was developed,
defined in terms of a locked and an unlocked state. In the unlocked state, the friction
was implemented as a constant force opposing the motion as defined in Equation
7-24 above. In the locked state, an acceleration was applied to the suspended mass
such that the velocity of the suspended seat mass would be equal to the velocity at
the seat base when the model was evaluated at the next time step as shown in
Equation 7-25. All other forces acting on the suspended seat mass due to the
remaining suspension components or the cushion were set to zero. This equation is
an approximate derivative of the relative velocity over the time interval Al If
adequate friction coefficient measurements were to be obtained then this time interval
could be removed from the model and replaced by a more numerically rigorous

derivative function in order to apply the measured friction magnitude coefficients with

the correct scale factor.

F — m (Xs (t)_ Xb (t + Al )) Equation 7-25
locked Af

lock

The locked or unlocked state was chosen by comparing the friction magnitude with
the force required to bring the relative velocity between the suspended seat mass and
the seat base to zero within an arbitrarily small time period, including the forces due to
the cushion and the remainder of the suspension mechanism, according to the
following equation:

frict e 2 Fiookea — (st + Fos + Fopurr + Fopur — Fcush) Equation 7-26



If this expression was true, then the friction considered locked and the force acting on

the suspended seat mass was defined by:
Fons = Fiockea Equation 7-27

Otherwise, the force acting on the suspended seat mass was defined by:
Fms = st + F;:s + Ftbuff + F;Jbuff - Fcush - friCttotal Equation 7-28
The arbitrarily small ‘lock-up’ time used in the model was 100 us which for most

simulations was equal to the numerical integration step size. The lock up time
constant was defined independantly of the integration step size so the friction model
would remain consistent for simulations using smaller integration time steps. The
assumption implicit in this friction model was that the forces acting on the mass would
remain constant until the next integration step. A small lock-up time would require a
large friction force, while a large lock-up time would require a small friction force as
the force could act for a longer time to negate the relative velocity. This presents a
difficulty if a measured friction magnitude value in terms of Newtons were to be used,
but in this thesis the friction magnitude was estimated from the model performance as
described in Chapter 9.

Discussion with damper manufacturers and experience of the dampers tested in
Chapter 6 suggested that the oil-seal within a damper unit can be fitted so as to exert
a greater friction force in compression than in extension. The model was therefore
designed so that the coefficient of friction could be defined in terms of the
components due to the suspension linkage and the damper and could have different
magnitudes for the damper friction in compression and in extension. The equations
defining the friction force magnitude were as follows:

If (X, - X,)>0, then

frict, (1 + frictoffset )+

Equation 7-29
frict .= frictgai
total 9 ﬂ(frict ap - @NG - (1+ frictoffset)

Otherwise

frict, (1 - frictoffset )+ Equation 7-30
frict,,, - ang - (1 - frictoffset)

frict, .= frictgain(

The coefficients frictgain and frictoffset were defined in Chapter 9, relegating the
friction magnitude coefficients that were unsatisfactorily measured in Chapter 6 (frict,,
fricta,, frictys,) to the status of arbitrary constants. The facility to allow different

coefficients of static and dynamic friction was temporarily included, but in the absence
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of suitably accurate measurements this was not used in this thesis and is not shown in

the model configuration shown in Appendix 3.

7.4 Selection of the step size

The model was implemented to use a fixed step fourth order Runga-Kutta ODE
solver. The choice of integrator step size was a key factor influencing the accuracy
and stability of the model and the time taken to evaluate the model for a given
duration of input signal. The step size must be sufficiently small so that consistent and
accurate results are obtained, but a very small step size can require considerable

processor power and/or time.

The response of the model was evaluated in response to fifty input motions selected
from the measured seat base accelerations reproduced on the shaker platform in
Chapter. Conditions involving end-stop impacts and conditions with the suspension in
an almost friction-locked condition were included. The simulation was configured to
model the earthmover seat. The damper force-velocity characteristic and suspension
friction coefficients were not known at this time, so arbitrary but realistic values were
used as the intention of this section was to investigate the performance of the
simulation software rather than a specific seat. The linear damper force velocity

coefficient was set to 900 Nsm™ and the overall suspension friction coefficient was set

to 100 N.

The seat response to each test motion was evaluated with integrator step sizes from
50 us to 10 ms. The root-mean-quad (r.m.q.) acceleration measured at the seat
cushion and on the suspension mass was evaluated at each step size. The
acceleration on the cushion was of more interest as a model output as this is
experienced by the vehicle operator. However the seat cushion acts as a mechanical
low-pass filter. The suspension mass acceleration was expected to be a more
sensitive measure of the consistency of the model operation. It was anticipated that
the results at both locations should converge towards a consistent result for each
motion as the step size decreased. The resuits for each test motion were normalised

by the value obtained at the smallest step size to allow the results from different test

conditions to be compared.

The results are shown in Figure 7-9. These results indicate that the error inherent in
the simulation software would be less than 1% at the seat surface and less than 5% at
the suspended seat mass if a step size of 1 ms were used. The simulation was
observed to run in approximately real time (1 second to evaluate a 1-second test

signal) using the computing facilities available. The sensitivity analysis calculations in
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Figure 7-9 Predicted r.m.q. acceleration varying with integrator step size normalized
with respect to the r.m.q. acceleration with a step size of 5x10™ seconds.

Chapter 12 would require approximately 6 hours to investigate the effect of each
suspension coefficient, which was considered acceptable. Reducing the step size
further to 100 us would result in a substantial increase in simulation time for a

comparatively small improvement in accuracy.

It should be noted that the effect of including an asymmetric friction force was not

considered at this stage. This is discussed later in Chaptér 9.

7.5  Conclusions

This chapter described the software and mathematical structure used in this thesis to
simulate a suspension seat and determined a suitable integration step size to obtain
an error in the r.m.q. acceleration at the seat surface of less than 1% for all results
from fifty test conditions. A force-limited cushion to allow the load to lift clear of the
seat and a method of explicitly defining the friction-locked state of the suspension
were also presented. More advanced methods of mathematical modelling of the
damper force-velocity characteristic and the cushion dynamic characteristics are

presented later in Chapters 9 and 11 respectively.



8 A method of estimating the suspension damper

characteristics

8.1 Introduction

Previous simulation studies discussed in Chapter 2 noted that the suspension damper
had a strong influence on the predicted seat performance. Accurate simulations of
suspension seat dynamic performance therefore require the suspension damping to
be accurately measured and modelled. However, the methods used for quantifying the
suspension damper characteristics (Chapter 6) were found to be insufficient for the
requirements of this thesis. The test apparatus used was not capable of exercising the
dampers over sufficiently high magnitudes and the measurements of the damper
friction made before and after the complete seat was tested in the laboratory were
found to give different values. Some method of estimating the seat friction and the

damper force-velocity characteristics at high magnitudes was therefore required.

An optimisation procedure might be used to estimate the damper characteristic from
the dynamic performance of the complete seat. Unknown parameters might be
estimated by minimising the difference between the predictions from the simulations
and the measured dynamic performance of the complete seat. As mentioned in
Chapter 2, the choice of optimisation method is highly dependent on the
characteristics of the function to be solved. Algorithms such as the Nelder-Mead
simplex (Nelder and Mead, 1965) and the search method used in the current study
attempt to locate the minimum of a function of n parameters by attempting to move
'downhill’ from a starting point. These methods can fail to locate the global minimum if
the function has more than one minima (i.e. is not 'convex’). In such cases alternative
approaches such as the genetic algorithms described by Holland (1975) and Goldberg
(1989) can be employed, but this can be at the expense of greater processing power

requirements (Seo, 2001).

The work reported in this chapter was undertaken to determine if a simple global
optimisation procedure could converge to a consistent prediction for the suspension
damper force-velocity characteristic and friction value by comparing the predicted seat
performance to the measured seat performance obtained in a limited number of test
conditions taken from the results presented in Chapter 5. The work reported in the
present chapter was also intended to determine if the damper characteristic obtained

by this method was similar to that obtained from laboratory tests of the damper in

Chapter 6.
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Table 8-1 Parameter values used to simulate each seat

Description Symbol Parameter values used for each seat
Earthmover | Forwarder Tractor

Load mass (kg) My 56 56 56
Cushion stiffness (kNm™) k. 92.1 88.9 91.6
Cushion damping (kNsm™) Cs 1.37 1.00 1.38
Suspended seat mass (kg) ms 27 21 36
Vertical suspension stiffness (kNm™") ke 4.57 4.22 3.69
Damper gas loading stiffness (kNm™) ky 2.32 0 0
Suspension free travel (mm) travel 64 85 156
Horizontal and vertical distances at mid free dh 150 128 145
travel between the damper mounting points av 111 83 92
(mm)
Horizontal and vertical distances at mid free h 295 280 270
travel between the ends of the suspension link
arm that contacted the top end-stop buffer v 150 160 250
(mm)
Coefficients of a 5" order polynomial fit b, 548 x10"° | 5.48x10" | 548x10"”
to the end-stop buffer force-deflection b, 258 x10*% 258x10* | -2.58 x10%
characteristic as described by: §' b 2.60x10° 2.60x10° 2.60 x10°
F=ax’+a,x*+ax +ax* +ax b, 3.27 x10’ 327 x107 | 3.27x10’
where F is the force corresponding to a bs 1.35 x10° 1.35 x10° 1.35 x10°
deflection x. a 1.83x10" 4.64 x10" 0

£ as -857x10” | 2.21x10"° | 5.62x10°

= as -4.45 x107 -5.23 x10° | -8.93x10’

o0 a4 1.50 x10° 5.35 x10° | 1.58x10°

as 7.62 x10° 2.34x10° | 5.68x10°
8.2 Method

8.2.1 Overview and seat model coefficients

The predicted seat suspension displacements were obtained from the response to two
magnitudes of input motion using theoretical models of all three seats. The input
motions were taken from the laboratory study described in Chapter 5. An iterative non-
linear optimisation process was devised and used to iteratively minimise the difference
between the predicted suspension displacement and that measured in the laboratory
with the same test conditions by adjusting the coefficients describing the suspension

damper.

The ‘optimal’ suspension damper

models obtained in this manner were

e
@

compared with the damper force-

Acceleration (ms™?)
e

velocity characteristics measured in
Chapter 6. The three seats were

simulated  using the  parameter

e
7

65 [ 15 2 25 E] 35

measurements obtained in Chapter 6 o : Tmet)

and summarised in Table 8-1.
Figure 8-1 The seat base acceleration

waveform
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8.2.2 Input motion Table 8-2 A method of characterising
. suspension seat behaviour with changing
The damper characteristics ~were jnpyt magnitude, summarised from Wu and

optimised using the measured seat Giriffin (1996)

Stage 1 | Low magnitudes with the seat

performance in response to two ¢ L
suspension friction locked

magnitudes of 4.5 cycle 2.0 Hz motion | Stage 2 | ’Breaking away’ from friction

. . . . Stage 3 | Moving relatively freely but not
obtained in Chapter 5 and illustrated in contacting the end-stop buffers

Figure 8-1. For the earthmover and Stage 4 | Mild to moderate end-stop impacts

Stage 5 | Severe end-stop impacts

forwarder seats, motion number one
involved moderate magnitude, 'stage 3’ seat motion (see Table 8-2) with the peak seat
suspension displacement within 5 mm of the end-stop buffers without striking and
motion number two was a high magnitude motion involving ’stage 4/5" seat behaviour
with end-stop impacts. In the case of the tractor seat, end-stop impact events were not
obtained with the higher magnitude due to the long suspension stroke, so both

motions were considered 1o result in ‘stage 3’ seat motion.

8.2.3 Theoretical seat model

The structure of the theoretical model used to describe the seats for this chapter was
as described in Chapter 8, using the rigid load in place of the two degree-of-freedom
human body model. The present study involved strong top stop impacts and the
simpler load model allowed the forces acting during a top stop impact as the load
becomes disconnected from the cushion to be simulated more simply. Some cases
were observed of the model becoming unstable during severe top-stop impacts when
using the human body model. The acceleration measured at the base of the seat in
the laboratory was used as the input fo the model and the load acceleration and

relative suspension displacement time histories were returned as the output.

8.2.4 Error function

An optimisation process attempts to locate the minimum value of an objective function.
The objective function used for project was the error between the predicted and
measured displacement across the suspension mechanism normalised by the root-
mean-square of the measured displacement as defined by Equation 8-1. The
displacement was chosen as this property was expected to be sensitive to the

suspension damping characteristics.

J %
li _f (Z predicted (t) - zmeasured (t))z d t:l

Equation 8-1

e =

U O(Zmeasu,ed o }%
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where the error e for a motion of duration T is in terms of the unweighted relative
displacement between the seat base and the top of the seat suspension underneath
the cushion obtained from the model (Zyedgicieq) @and from the laboratory measurements
(Zmeasured). The error e, for a motion of duration T is in terms of the unweighted

acceleration of the seat surface obtained from the model (&predictes aNd @measured)-

8.2.5 Friction symmetry 0s

Each evaluation of the error function 0398y
0.396+ +

required the model to simulate the 0.304
response to a specific input motion. This ~ _*** .
provided a predicted output that was m0°3:: ) .
compared with a target motion measured zz:j

in the laboratory in order to obtain the 0:382-

error. The model ran on an IBM PC with "% 02 04 e 08 1

a 750 MHz CPU and operated in
Figure 8-2 The effect of the friction

approximately real time (1 second to
simulate the response to a 1-second time

history) simulation when using a 100 us

symmetry on the accuracy of the model
evaluated in terms of the load mass
acceleration for the high magnitude of
motion with the earthmover seat. A value

of zero indicates 100% of the friction force
acting in compression with a zero friction
force in compression and a value of one
indicates 100% of the force acting in
extension.

integration time step. It was found that

forces

friction (greater

asymmetric
friction in compression than in extension
or vice-versa) required the model to use
a smaller integration time step to obtain consistent results so increasing the time

required to run each simulation.

Figure 8-2 shows the effect of friction on the model accuracy expressed in terms of
€acc for the higher magnitude earthmover seat test motion where a coefficient value of
0.5 indicates symmetrical friction. It can be seen that although the optimal friction
symmetry coefficient was 0.62 rather than 0.5, the variation in error on over the £80%
range investigated was less than 3% of the minimum and the difference in error
between the optimal coefficient value and a value of 0.5 was less than 0.5% of the
minimum. Similar results were found in other test conditions, so symmetrical friction

forces were used throughout this experiment.

8.2.6 Suspension damper model
The expression shown in Equation 8-2 was used to model the damper force-velocity

characteristic in terms of a small number of coefficients. The range of values used for

8-4



each coefficient during this experiment is shown in Table 8-3 and the characteristics

possible using this expression are illustrated in Figure 8-3.

The suspension linkage and suspension damper friction forces were initially
considered independently, but some preliminary tests failed to converge as the two
values were components of the overall friction force and the distribution of friction
between the linkage and the damper had minimal influence on the performance of the
model at some magnitudes. The friction forces were therefore optimised as a
combined variable with an arbitrary but not unreasonable distribution of 40% acting as
suspension friction and 60 % as damper friction based on the initial friction

measurements from Chapter 5.

F, = [ACMB‘ +C,|4z+ (D+E )J sign(z)

z<0
F, = lAe'ZIBe + CelZ]Z“L O+ E)J sign(2) Equation 8-2
z>0
F(.jamper = Fc + Fc-:‘

where Fumper i the total force generated by the damper exercised with an axial
velocity z, A and B are coefficients describing an exponential curve in compression
and extension, C is a coefficient introducing hysteresis-like behaviour to the force-
velocity characteristic and D and E are the magnitudes of the damper and seat

suspension friction forces.

Table 8-3 Starting and limiting ranges and optimisation step sizes for each coefficient

Coefficient Range of initial values Range of permissible Step sizes
(uniform distribution) values
Min. Max. Min. Max. Coarse Fine

Ag As (Nsm™) 1000 3000 0 10000 500 100
B, B 0.5 1.5 0 5 0.25 0.025
C., Cs (Nsm™) 5000 15000 0 30000 2500 250
D+E (N) 50 150 0 500 25 25

15001 Ac,Ae Bc,Be

3

3 o

: =

-1500

02 0 02 -02 0  Velocity(ms™") 0 02 02 0 02

Figure 8-3 The damper model as described by Equation 8-2 showing the force-velocity
characteristic described by the median of the range of initial values and the maximum
and minimum initial and permissible values for each coefficient.
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8.2.7 Optimisation procedure

A convex error in terms of each individual parameter does not necessarily indicate a
convex error space in terms of all parameters. The error space was investigated by
using the optimisation procedure shown in Table 8-4 (and listed in Appendix 6)
repeated 20 times using a range of randomised coefficients. The range of initial
starting values was +50% of a set of coefficients describing an arbitrary damper with a
linear force-velocity gradient, a 100 N friction force and a hysteresis loop similar to that
observed in laboratory damper measurements (Table 8-3). The starting values for
each parameter were selected from independent uniform distributions within this

range.

Two variations of the optimisation procedure were investigated. Method one used the
higher magnitude input motion to optimise all parameters. Method two used the higher
magnitude motion to optimise all the parameters except for the friction magnitude

(D+E), which was optimised using the lower magnitude motion.

Table 8-4 Summary of the optimisation procedure

1. The order of the coefficients was randomised

2. The model was evaluated in response to one of the two input motions using
the first coefficient at its current value and with the current value plus and
minus the coarse step size. Error vaiues (¢) were obtained for each case by
comparing the predicted suspension displacement with that measured in the
laboratory. The higher magnitude input motion was used in all cases except for
the friction coefficient with optimisation method two where the lower magnitude
motion was used.

3. If one of the two modified values showed a lower error than the current value
then the current value for that coefficient was adjusted to be the modified value
assuming that the value was within the permitted bounds and that the change
in error was greater than 0.001. Otherwise the coefficient was not modified.

4. The process was repeated from Step 2 using the next coefficient until all
coefficients had been tested.

5. If at least one coefficient was modified then the process was repeated from
Step 1.

6. The variation in parameter value was reduced to the fine step size and the
process was repeated from Step 1. The result of the process was the set of
coefficients obtained having reached a solution with this step size.
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8.3 Results

The coefficients that resulted in the minimum error (e in Equation 8-1) from 20 repeats
of the optimisation procedures (the 'minimum error result) and the median values
obtained for the 20 repeats are shown in Table 8-5. The maximum, minimum and
interquartile ranges of the error and the coefficients are shown in Figure 8-4,
normalised with respect to the median. The predicted damper characteristics are
shown in Figure 8-5 along with the damper characteristics measured in the laboratory.
The laboratory friction measurements were adjusted to match the median friction
returned by the model to allow the force-velocity characteristic to be directly
compared. The time histories for the high magnitude motion measured in the
laboratory and predicted using the 'minimum error’ characteristics from optimisation

method two are shown in Figure 8-6.

Table 8-5 The predicted damper coefficients that resulted in the lowest value for e. The median
values for all 20 repeats of the optimisation process are shown in brackets.

Seat and e Ac A B. B, C. Ce D E
optimisation method
Earthmover seat, 0.11 | 2030 2780 1.32 | 1.74 | 16600 1400 56.9 35.5
method 1 (0.14) | (1680) | (1900) | (1.17) | (1.53) | (13600) | (1350) | (58.1) | (36.3
Earthmover seat, 0.12 | 2370 1680 1.49 | 157 | 21200 2360 70.2 43.8
method 2 (0.13) | (1940) | (1500) | (1.27) | (1.47) | (11300) | (1370) | (64.8) | (40.5)
Forwarder seat, 0.26 258 3690 1.58 | 1.33 2300 27800 32.3 20.2
method 1 (0.27) | (1210) | (3190) | (1.56) | (1.24) | (1410) | (28800) | (30.5) | (19.0)
Forwarder seat, 0.27 226 2130 0.37 | 0.98 345 29400 6.72 4.2
method 2 (0.28) | (829) | (3090) | (1.54) | (1.23) | (1050) | (28700) | (25.7) | (16.0)
Tractor seat, 0.24 | 2010 1650 1.10 | 0.98 2470 24200 16.1 10.1
method 1 (0.25) | (1980) | (1770) | (1.06) | (0.98) | (2280) | (11600) | (18.9) | (8.7)
Tractor seat, 0.23 | 2450 1910 1.20 | 1.06 689 26800 12.5 7.8
method 2 {(0.25) | (2080) | (1840) | (1.09) | (1.01) | (B040) | (11400) | (12.2) (7.6)

8-7




Earthmover seat

g
)

N

L

Normalised value
=N
-

©
o w

e Ac Ae Bc Be Cc Ce D

Earthmover seat

Normalised value

€

Ac Ae Bc Be Cc Ce D

Normalised value

Normalised value

Forwarder seat

3
2.5
o
1.5 |
1+ — -
0.5 f
0 Tt
e Ac Ae Bc Be Cc Ce D
. Forwarder seat
2.5

€

Ac Ae Bc Be Cc Ce D

Tractor seat

o
o1

N

e
-

Normalised value

o
o o

|
1l

:

e Ac Ae Bc Be Cc Ce D

Tractor seat

Normalised value

I 1 i I 4

¢ Ac Ae Bc Be Cc Ce D

Figure 8-4 The maximum, minimum and inter-quartile error and damper coefficient values
obtained from 20 repeats of the optimisation process normalised with respect to the median
value using optimisation method one (top row) and method two (bottom row). The results for
parameter E were identical to those for D as they were optimised as a combined value.
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Figure 8-5 The damper characteristics obtained from optimisation method one (iop)
and method two (bottom) compared with the measured damper characteristic. The
thin grey lines are results from the optimisation process, with the characteristic that
produced the most accurate model behaviour shown in black. The thick lines are the
measurements obtained using the commercial damper test apparatus and the dotted
line shows the results of the earthmover damper re-test obtained after the seat tests

were complete.
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Figure 8-6 The measured time histories (solid lines) using the higher magnitude
motion compared with the predicted motions using the damper characteristic that
resulted in the smallest error when using optimisation method two (dashed lines).

8.4 Discussion

The damper characteristics obtained from 20 repeats of the optimisation procedures
resulted in a distribution of predicted forces for a given velocity of within 20% of the
minimum error result over most velocities, except in the case of the earthmover seat

damper using optimisation method one and the forwarder seat damper in compression

with both methods.

There were significant correlations between some of the damper coefficients obtained
for the twenty repeats of each optimisation method, in particular between the pairs Ac
and Bc and Ae and Be which showed significant positive correlations for all dampers
using both optimisation methods except for the seat two damper in compression
(Spearman, p<0.01). Similar damper characteristics might be obtained over a limited
range of velocities using different coefficients, so accounting for some of the variation
in coefficient values shown in Table 8-5. The variation in the characteristic shown in

Figure 8-5 is a better indication of the ability of the optimisation processes to converge

to a consistent result.

The force-velocity characteristic for the earthmover seat damper was within
approximately 60 N of the results obtained by testing the damper independently for all
velocities when using method two. The optimised characteristics obtained with the
other two seats showed more substantial differences. The relatively poor results
obtained with the forwarder and tractor seats could have been due to a number of

factors. The damper performance may have changed in some way due to a failed oil
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seal or other element between the measurements of the damper and the tests of the
seat performance with the damper fitted. Alternatively, the mathematical models of the
forwarder and tractor seats may have been missing some aspect of the seat dynamic
behaviour, such as non-linearities within the air spring, which was capable of
influencing the seat performance. Some support for this second hypothesis is provided
by the fact that the error in the prediction of the suspension displacement as indicated
by e in Table 8-5 was lower for seat one that that obtained with the other two seats by

a factor of in excess of 1.6.

The use of the additional low magnitude motion in optimisation method two resulted in
more consistent predictions for the friction coefficient of the earthmover seat (see
Figure 8-4 and Figure 8-5). No improvement was noticeable for the tractor seat and a
more consistent result was obtained for the forwarder seat using method one. This
latter result was contrary to expectations, but is not inconsistent with the hypothesis
that the mathematical model of this seat was lacking some necessary component.

Obtaining a consistent solution for two test conditions is more demanding than for a

single condition.

8.5 Conclusions

The optimisation process was found to converge to similar but not identical damper
characteristics from randomised starting conditions for most situations with all three
dampers. Noticeably more accurate predictions of the damper characteristic and of the
seat motion were obtained with the earthmover seat as compared with the other two
seats. The results suggested that the optimised models of the tractor and forwarder
seats might have been using incorrect physical mechanisms to arrive at the predicted
load motion. The work reported in the thesis was therefore continued using the results

with the earthmover seat only.

This method of determining the suspension damper characteristic from the motion of
the complete seat shows potential, as indicated by the results using the earthmover
seat. However, the greater error in the simulations and the differences between the
predicted and measured damper characteristics with the forwarder and tractor seats
indicate the need for further work to determine if improvements to the optimisation
method or the theoretical model itself are required for this method to be generally

applicable to suspension seating.



9 AQuantification of the model performance

9.1 Introduction

This chapter used the model as described in Chapter 8 to simulate the response of
the earthmover seat to the input motions measured in the laboratory in Chapter 5. The
predictions from the model were compared with the measured seat responses. The
differences between the model predictions and the laboratory measurements were
quantified in terms of the difference in SEAT value and the root-mean-square error

between the predicted and measured load acceleration.

The intention of this chapter was to obtain quantitative measures of the differences
between the model performance and the laboratory measurements over a range of

frequencies, magnitudes and durations of input motion.

9.2 Choice of the error function

9.2.1 Overview
The requirements of an error function were reviewed and a number of possible

functions were considered. The error function was required to:

1. detect some difference between the behaviour of the real and simulated system

responding to an identical input stimulus
2. express the difference as a single, real value

3. return a minimum value only when the real and simulated model outputs are

identical
It was also deemed to be beneficial if the error function:
4. account for the sensitivity of the seated human body
5. could detect if the prediction was an underestimate or an overestimate

6. could be used to directly compare the response to input motions with different

frequencies, durations and magnitudes

7. could be selectively biased toward a particular aspect of the model behaviour, for

instance the brief, high magnitude shocks produced by end-stop impact

Some of the possible methods for quantifying the difference between the measured

and predicted seat performance were considered in the following sections.
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9.2.2 Ratio of vibration dose values or SEAT values
The ratio of the VDV at the seat load predicted by the model to that measured in the

laboratory as given by:

t=T 7]
[ f aw ” predicted4 (tb t
t=0 J

-4 Equation 9-1

t=T
{ J. aw_ measured4 (t)dt
=0 ]

e=

The vibration dose value applies a weighting filter to the acceleration time history and
uses a fourth power sum to emphasise the frequencies and magnitudes of vibration to
which the human body is most sensitive.

An advantage of the method are that errors produced using signals of different

duration can be compared directly as the waveform length does not affect the ratio-

based calculation. The function can also discriminate between an over-estimate and
an under-estimate in the vibration prediction.

The main disadvantage of this method is that there are an infinite number of
acceleration time histories that will produce the same VDV. A perfect result (e=1.0 for

Equation 9-1 as shown above) does not necessarily mean that the predicted

acceleration time history is similar to the laboratory measurement.

There is no difference to the equation if the SEAT value were used in place of the
seat surface VDV as the base motions are identical for the prediction and the

measurement and so cancel out.

9.2.3 Difference in vibration dose values or SEAT values
The difference between the predicted and measured vibration dose value at the seat

load as given by:

t
e =
t

This approach shares the advantages of the VDV ratio approach with the added
advantage that identical VDVs would result in e=0 rather than e=1.0 and the

magnitude of the error for a 10% underestimate would be the same as for a 10%

1§

T

T % ! %
4 4 .
aw_ predicted (t ﬁt - ’: aw,measured (t M[} Eq uation 9‘2
0 t

0

overestimate.



A disadvantage is that the error obtained with a long duration waveform would not be
comparable with a short duration waveform. The accumulative nature of the VDV
means that if the model time history had a greater magnitude than the measured time
history then the error would increase with increasing waveform duration. Also, as with

the VDV ratio method there are an infinite number of waveforms that could return a

difference in VDV of zero.

The SEAT value could be used in place of the VDV to obtain a result normalised to
the input motion. This would allow the result to be compared between different
durations and magnitudes of input motion but would still not result in a specific
measure.

1

t=T . % {' t=T . 4
li J. aw _ predicted (t)d t] - ' J. aw _ measured (th t ‘{
=0 i t i

=0

=T \ Ja
[ J. aw _seat _ base (t)dt:I
t=0

e =

Equation 9-3

9.2.4 The root-mean-square error
The square root of the sum of the squared difference between the measured and
predicted acceleration time histories at the cushion surface, divided by the duration of

the motion as given by:

[ %

€= ?[ J.(apredicted T Qreasured )zdt:{ Equation 9-4
t=0

The root-mean-square (rms) error is the simplest and most commonly used method of

quantifying the differences between two time histories. The function returns a value of

zero if the waveforms are identical and a positive value if there are differences. It

cannot by itself differentiate between an under- and an over-estimate of the vibration.

Comparison of errors from different duration input motions is possible as the error
function includes a division by time so long as the amplitude distribution is similar for

the different motions. Zero-padding would cause the error to decrease.

This is a difference method, so will return a higher error for a 10% difference in
waveform magnitude at high a magnitudes as compared to a low magnitudes. Also, a

phase difference between low frequency components of the predicted and measured



acceleration time histories will tend to result in a high error even if the waveforms are

otherwise identical.

9.2.5 Root-mean-quad error
The fourth root of the sum of the fourth power of the difference between the measured
and predicted acceleration time histories at the cushion surface, divided by the

duration of the motion as given by:

T Y

€= }—[ f(apredicted L — )4‘”} Equation 9-5
t=0

This technique is identical to the rms error function except for the use of a higher

power. This exponent is identical to that used by the VDV to account for the

disproportionately greater sensitivity of the human body to increasing vibration

magnitude.

9.2.6 Difference in Maximum Transient Vibration Value (MTVV)

The error is given by:

oo

% r %
17 t—t 1% , it
€ =max {;ja»u_measuredz(t)exp'[_‘;“ddt] —max (:;J.aw_predicted (t)exp——————[ - O]dtJ

Equation 9-6
using a recommended integration time of 1 second.
An output of 0 indicates there is no difference in MTVV, implying that the highest
amplitude event is of similar size in both the predicted and measured acceleration
time histories. A negative result indicates that the predicted MTVV is too high and a

positive result indicates that the predicted MTVV is too low.

This value is a possible alternative to the VDV for determining the severity of a
vibration. The MTVV assumes that the highest magnitude shock is the dominant part
of a vibration affecting the human body. It takes a running average of the acceleration
time history and extracts the maximum value. The result is entirely dependent on the
highest amplitude event. This method provides information on the relative value of the
highest amplitudes, such as might be caused by end-stop impacts, but no information
on the remainder of the time history. This method can differentiate between a high
and a low prediction, but the VDV can emphasise high amplitudes without discounting
the rest of the signal. There seems to be no advantage to using the MTVV over the

VDV.



9.2.7 Difference or ratio of the peak of the power spectrum

This quantity is non-specific in that an infinite number of waveforms could produce the
same spectral peak. It is particularly unsuitable for the present study as the input
motions used in the laboratory tests were effectively sinusoidal so providing little

frequency domain information.

The power spectrum on the seat surface is dependant on the input motion. The
transfer function between the predicted and measured cushion surface accelerations
has the potential to provide a more detailed description of the seat performance with
less reliance on the input motion and is widely used for comparing the differences
between automotive seating.. However this method cannot be used in the present
application due to the substantial non-linear components present in suspension

seating which result in poor coherence and hence an unreliable transfer function.

9.2.8 Final choice

It was decided to adopt two complementary measures to assess the performance of
the model.

The root-mean-square error (Equation 9-4) was selected as a well-understood and
specific method for quantifying the difference between waveforms. A normalising
element was introduced to express the error as a ratio of the magnitude of the target
motion. This permitted the direct comparison of errors due to motions of any duration,
frequency or magnitude and could be applied to the suspension displacement just as

easily as to the load acceleration.
=7 b
’: j (apredicted — 8 peasured )2 dt :}

t=0
t=T VA
{ fa__ dtJ
t=0

Equation 9-7

The second measure chosen for use in this chapter was the difference in SEAT value.
This measure quantifies the performance in terms of the reduction (or increase) in
discomfort achieved by the seat and was therefore considered to be the most relevant
measure of seat performance. As this measure was non-specific (i.e. different
waveforms can have the same SEAT value), it was considered to be more informative
to overlay the measured and predicted SEAT values (Equation 9-8) graphically rather
than to calculate the error as defined in Equation 9-3. The SEAT value was calculated

9-5



using Equation 9-8 such that a value of 1.0 indicated that the vibration at the seat
base and at the seat surface resulted in the same discomfort, rather than expressing
the SEAT result as a percentage value. This approach was adopted in order to avoid
potential confusion in the results and discussion arising from discussing the

percentage error between SEAT values which were themselves expressed as

percentages.

=T ) Vi
f aw_ seat _ surface (t)d t:‘

SEAT = L"

=T , )i
li ~[.aw_seat_base-:‘ (t)dtj!
t=0

Equation 9-8

9.3 Experimental procedure

The seat parameters were determined as described in Chapter 6 and used the
damper characteristics determined in Chapter 9. The input motions measured at the
base of the seat for each of the earthmover seat tests with the anthropodynamic
dummy described in Chapter 5 were used as the input to the model. The tests
therefore involved five frequencies, three waveforms and up to 16 magnitudes with
five repeat tests for each condition. The parameters used in the model are shown in

Appendix 7.

The seat load accelerations predicted by the model and measured in the laboratory
were normalised to remove any DC offset and low pass filtered at 40 Hz using a 6"
order zero-phase Butterworth filter. The filtered data were used to calculate the
predicted and measured Wy-weighted SEAT value and the r.m.s. error between the

measured and predicted seat load motion (Equation 9-7and Equation 9-8).

9.4 Results

The figures on the following pages show the measured and predicted SEAT values
and the r.m.s. error values (es) for five repeat tests of all magnitudes, frequencies
and durations of test motion. Also shown are the predicted and measured seat load

acceleration and suspension displacement time histories obtained for the third repeat

of each test condition.
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SEAT and error values for the 1.5 cycle test motion with varying magnitude
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Figure 9-1 The predicted and measured SEAT values and the root-mean-square error
between the load acceleration time histories using the 1.5 cycle test motion for all
frequencies and magnitudes and all repeat tests.



Measured and predicted time histories using the 1.5 cycle test motion
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Figure 9-2 The predicted and measured load mass acceleration and relative suspension
displacement time histories using the 1.5 cycle test motion for the third repeat test for

all frequencies and magnitudes.
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Figure 9-3 The predicted and measured SEAT values and the root-mean-square error
between the load acceleration time histories using the 4.5 cycle test motion for all
frequencies and magnitudes and all repeat tests.
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Figure 9-4 The predicted and measured load

mass acceleration and relative suspension

displacement time histories using the 4.5 cycle test motion for the third repeat test for

all frequencies and magnitudes.
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Figure 9-6 The predicted and measured load

mass acceleration and relative suspension

displacement time histories using the 11.5 cycle test motion for the third repeat test for

all frequencies and magnitudes.



9.5 Discussion

B
o

9.5.1 Overall performance - | .

N=673

n
=3

Of the 673 comparisons between the

o
S

©
=3

measured and predicted motions, 81% of

Count per bin
o
Q

predictions were found to be within 15%

of the measured SEAT value sof
The median difference between the “r %
—%0 —4‘0 -3¢ -20 -10 o 10 20 30 40 50

measured and predlCTed SEAT ValueS Percentage difference in SEAT value

was 1.2% of the measured SEAT value
Figure 9-7 The distribution of the between

with 25" and 75" percentiles of -7.0% and  the measured and predicted SEAT value
as expressed as a percentage of the

8.4%. Positive values indicate that the
measured value

model overestimated the SEAT value and
vice-versa. The distribution of differences between the predicted and measured SEAT
values is shown in Figure 9-7. The magnitude of the median difference was 7.8% with

25™ and 75" percentiles of 3.5% and 13.1%.

The r.m.s. error between the measured and predicted time histories was found to
have a median value of 0.27 with an interquartile range of 0.04. The Spearman’s
correlation coefficient between the r.m.s. error and the difference in SEAT value over

all conditions was 0.28 and was significant at p<0.01. This relationship is shown in

Figure 9-8.

9.5.2 Test conditions that resulted in higher errors

The time histories for all test

conditions that returned error %

values or differences in SEAT 0 °
value in the upper quartile were
visually examined. Some %
common features were observed
20

and are summarised in the

following sections.

Difference in SEAT value (%)

9.5.2.1 Low magnitude 4.5

cycle motions

R.m.s. error (e)

The r.m.s. error (e) for the lowest
Figure 9-8 The correlation between the r.m.s.

magnitude 4.5 cycle motions error and the difference in SEAT value



showed substantial variation for the
five repeat tests at all frequencies 8 ' ' '

Predicted
(Figure 9-3). The corresponding 1

SEAT values showed minimal

placement (mm)

variation for the same test
conditions. This effect could also be

observed with some other test

Relative suspension dis|

conditions such as using the 1.5

cycle motion at 2.5 Hz (Figure 9-1). s
it was found from visual

Time (s)

examination of the time histories Figure 9-9 Measured and predicted suspension

that although the simulated seat displacements for the five repeat tests at the
began each motion at the correct lowegt magnitude .Of. 4-5 .cycl_e_j.25 Hz mot!on
showing the variation in initial suspension

ride position for every test, the seat position for the seat in the laboratory

as measured in the laboratory did not. An example of this effect is shown in Figure
9-9. The variation in r.m.s. error was therefore at least partly due to the laboratory test
method rather than the model. This problem might be partially alleviated by ’buzzing’
the suspension with a comparatively high frequency low magnitude sinusoid (perhaps

5 Hz £1mm) before each test motion to overcome the suspension friction and allow

the suspension to return to the correct position.
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9.5.2.2 Low frequency 4.5 and 11.5

cycle motions

The second set of test conditions to be
investigated corresponded to conditions
with the 4.5 and 11.5 cycle motions that
involved end-stop impacts at 1.25 and 1.6
Hz (Figure 9-3 and Figure 9-5). Several
of these test conditions showed errors in
the upper quartile and the SEAT values
were underestimated with a median
12.8% the

measured and predicted SEAT values for

difference of between

these conditions expressed as a

percentage of the measured value. The
error values and SEAT values were
for each test

relatively  consistent

1.25 Hz, base VDV of 1.25 ms™7®

2.5 Hz, base VDV of 3.1 ms™"7®

A——

Load acc. (ms"z)

Wh filtered (ms™2)

1.5 2 25 3

Time (s)

Figure 9-11 The cumulative seat load
VDV at the highest magnitude of 4.5 cycle
2.5 Hz motion showing the overestimation
of the vibration due to top end-stop
impacts
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Figure 9-10 The cumulative VDV for two time histories of low frequency 4.5 cycle

motion involving end-stop impacts
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condition, so the time histories obtained from the third repeat for each test condition

were considered representative and examined in more detail.

The measured and predicted load acceleration time histories for two test conditions
are shown in Figure 9-10. The effects on the time histories of applying the "Wy’
frequency weighting filter are also shown, along with the cumulative VDV calculated
using the frequency-weighted time histories. It can be seen from these results that the
model has a tendency to underestimate the severity of the bottom end-stop impacts
resulting in a lower predicted VDV. The difference in VDV tended to lessen at the
higher magnitude as the model overestimated the severity of the load returning to the
seat after the top end-stop impact. The time histories shown are typical of the results

obtained with other test conditions of this type.

9.5.2.3 Thed4.5 and 11.5 cycle motions at 2.0 and 2.5 Hz

The model overestimated the SEAT value at the highest two magnitudes with the 4.5
and 11.5 cycle motions at 2.0 and 2.5 Hz and an increase in the r.m.s error for these
conditions was observed relative to lower magnitudes. Examination of the time
histories for these conditions showed that the model was slightly underestimating the
severity of the bottom end-stop impact, but was overestimating the vibration due to
the top stop impact as shown in Figure 9-11. The measured seat load acceleration
showed three positive peaks during each cycle with the third corresponding to the
impact with the bottom end-stop. The predicted motion showed this bottom end-stop
impact peak but with only one, broader peak preceding it. This difference in motion
immediately following the top end-stop impact was responsible for greater increases

in predicted VDV as compared with the measured VDV.
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Force (N)

It was suspected that the differences in dynamic behaviour might have been due to
the non-linear properties of the cushion. In order to investigate this the linear cushion
stiffness used in the model was replaced by a simple non-linear stiffness
characteristic according to Equation 9-9.

chush = ((0006 —;)z((;gén_ 0.006 )mog | EQUation 9-9

where the stiffness force generated by the cushion (Fi.usn) was determined from the
displacement across the cushion relative to the static equilibrium position (z)
expressed in metres raised to a power n and multiplied by the static force on the
cushion surface m,g. The compression of the cushion at equilibrium was chosen as 6
mm 1o give the same linear stiffness as used previously in the model. This model
resulted in an increasing stiffness when the cushion was compressed beyond
equilibrium and a lessening stiffness as the load on the cushion decreased. The range

of cushion characteristics corresponding to values for n from 1 to 3 are shown in

Figure 9-12.

The load mass accelerations produced in response to the test condition shown in
Figure 9-11 using the cushion stiffness characteristics shown in Figure 9-12 are
shown in Figure 9-13. The non-linear cushion stiffness was found to result in the
‘three peak’ behaviour shown by the seat measured in the laboratory. The magnitudes

of the peaks were not identical to the laboratory resuits, but this was expected using a
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Figure 9-12 The simple non-linear
cushion stiffness model with values for n
from 1 to 3. Negative relative
displacement corresponds o
compression of the cushion resulting in
an increased upwards force on the load.

Figure 9-13 The variation in load acceleration
using non-linear cushion stiffness exponents (n)
of 1, 2 and 3 in response to the 4.5 cycle 2.5 Hz
motion with a base VDV of 3.1 ms™"®



simple model with arbitrary coefficient values. The results were sufficient to suggest

that improved model performance might be obtained in some situations with a non-

linear cushion.

9.6 Conclusions

The predicted SEAT values for all tests were within 15% of the measured SEAT
values in 81% of cases with a median r.m.s. error of 0.27. Closer examination of test
conditions that resulted in larger errors or differences in SEAT value showed that the
model tended to slightly underestimate the severity of bottom end-stop impacts and
overestimate the severity of vibration immediately after top stop impacts, but
otherwise showed similar dynamic behaviour to the measured system. A simple
theoretical investigation suggested that a non-linear cushion stiffness might allow the
accuracy of the seat load acceleration predictions to be increased in the vicinity of the

top stop impacts. A more advanced non-linear cushion model is investigated in the

following chapter.

The difference in SEAT showed a significant, but low, positive correlation with the
r.m.s. error. This low correlation, along with examination of the time histories,
indicated that a good prediction of the SEAT value does not necessarily correspond to
a strong similarity in waveform shape and that similar waveform shapes, especially in
situations involving end-stop impacts, may not result in accurate predictions of the
SEAT values. The use of the normalised root-mean-square error provides a useful,

additional measure to evaluate the performance of seat simulations.
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10 The effect of cushion linearity on the model performance

10.1 Introduction

The cushion model was originally implemented using the assumption that the cushion
stiffness was so much greater than the suspension stiffness that the cushion
displacements would be small enough for equivalent linear coefficients to be used.
This approach was similar to that used in previous suspension seat cushion models

(e.g. Rakheja et al, 1994).

However, it was apparent during the implementation of the cushion model that a
mechanism was required to simulate the load lifting off the cushion as observed in the
laboratory. This was achieved by limiting the maximum downward force that the
cushion could exert on the load mass as described in Chapter 8. The seat model
including this force-limited linear cushion was assessed in Chapter 10 and results of a
preliminary study described in that chapter suggested that a more complex cushion

model might result in improved model performance.

The present chapter describes a cushion model with stiffness and damping
coefficients that vary with cushion compression displacement. The intention of this
chapter was to quantify any differences in seat-load system performance when using
cushion models with and without compression-varying characteristics in comparison

with the seat-load performance measured in the laboratory.

10.2 The cushion models

10.2.1 The ‘force-limited linear’ model

The force limited linear

model is the model of the Y-S B :
cushion as used in this @ ob..... L SIS UVUROI SOUPRN EUUURS TUUPPROE SOE SURN
CICJ : : :
thesis to t sent E 1o i -
up he prese s ~ :
point. It consists of a linear g 4000 N ; ? ; ; ;
. ) 2 . Stiffiness and damping coefficients at 2 Hz :
spring and damper in = : : : : - : :
2000 : :
parallel with coefficients of g I
© ;
92.1 kNm™ and Tz ? g _—
[ o :
1.37 kNsm™ respectively 5 ]
50.5 ................ L L LTS T TR EE
. . Q :
determined from linear © :
O i
measurements of the 1 2 3 4 5 6 9 10
Frequency (Hz)

cushion apparent mass

Figure 10-1 Linear cushion stiffness and damping
measured from the cushion preloaded with a 500 N
force and exposes to a 1 to 10 Hz random motion
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measured at 2 Hz with a



500 N preload (Figure 10-1). The maximum downward force that this cushion can
exert on the load was limited such that the downward load mass acceleration cannot
exceed the acceleration due to gravity. The cushion model was implemented as

shown by Equation 10-1 to Equation 10-4.

Fee = _Cc'(XO - Xs) Equation 10-1
Fi = _kc'(XO ’Xs) Equation 10-2
Fcush :'ch+Fcc where (ch+Fcc)>"(g(mO +m1)), Equation 10-3
otherwise

Frusn = ~(g(my +m,)) Equation 10-4

10.2.2 The ‘compression-varying’ model

10.2.2.1 Overview

The compression-varying cushion model was developed from the measurements of
the cushion taken in Chapter 6, including stiffness and damping coefficients that

varied with varying cushion compression.

10.2.2.2 The cushion stiffness

The non-linear model stiffness was developed using the following assumptions:

e The cushion was assumed to be loaded with a rigid mass of 56 kg which
resulted in a cushion compression of approximately 30 mm, calculated from
the quasi-static measurements obtained in Chapter 6 (Figure 10-2). This mass
was the same as the total mass of the anthropodynamic dummy used on the

seat in the laboratory.

e The maximum cushion

2500

compression was
assumed to be 60 mm. 2000
Precise measurements of

. . Z1500
the cushion stiffness were Q
complicated by  the 2,4,
contouring of the cushion
surface, but the value was 500

estimated to be within 3

O 3 : 1
mm of the actual value at 0 10 custidn compressiof (mm)>° %
the seat index point Figure 10-2 Quasi-static force-deflection
characteristic of the earthmover seat cushion

(1IS05353, 1999). tested at 1.5 mms™, showing the measured
(dotted) and mean (solid) characteristic
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e The maximum permitted

downward force between the _ 200000
cushion and the load was § 150000 -~ ----- oo H
equal to the force caused by gwoooo S R g _-_—_ﬁ.—-—'—'-zf ———————

(= .’
the acceleration of the load £ 50000 +---- el
mass due to gravity. The load @ 0 . .
is not attached to the cushion 0 20 40 80
so the cushion cannot pull Cushion compression (mm)
the load down. Figure 10-3 The cushion stiffness coefficients

measured in the laboratory using dynamic

e The cushion stiffness testing methods

coefficient should be as

obtained using dynamic rather than quasi-static measurements. The cushion
stiffness coefficients calculated in Chapter 6 from the apparent mass of the
cushion when exposed to random vibration with a range of preload forces is

shown in Figure 10-3.

The cushion stiffness was modelled by curve fitting to the measured cushion stiffness
characteristic obtained dynamically. A 5" order polynomial combined with a tan
function used as shown in Equation 10-5 and Equation 10-7. This form of equation

results in an infinite cushion stiffness at maximum compression.

k.(z,)= Re[K1 -tan[—é;—;f-}:;&-%n+ K, -(~z,)+K,(z)+

Equation 10-5
K4(_ 20)3 + KS(_ 20)4 + K6(" zc)5

for values of z, where z, < (ﬂ —;g). Otherwise:

k, (Zc)= 0 Equation 10-6

F (Zc )= z, -k, (Zc) Equation 10-7
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where k; is the cushion stiffness

as a function of the displacement

Z, about the equilibrium cushion
compression displacement 7;
magnitude f, expressed relative ‘Zg'
to the cushion surface, with an %
initial compression distance y

where the cushion stiffness was
approximated to zero. The total

cushion thickness was ¢ . All

w

N
&

n

-
%))

-

o
O

0 ;
-30 -20

-10 0 10

20 30

Cushion compression rel. to equilibrium (mm)

displacements were in metres Flgur_e. 10-4 The measureq cushion stlffnegs
coefficient measured dynamically compared with

and were absolute values with the non-linear

stiffness  model

where zero

. displacement is the equilibrium condition with the
the exception of z, where cushion loaded with a 56 kg load and positive

positive displacements indicated values indicate increased compression

movement towards the cushion

surface.

The coefficients were obtained by a least squares fit to the measured cushion dynamic
stiffness values and are shown in Table 10-1. The sum of the squared difference
between the measured stiffness and the model at the five measurement points was

negligible (<1x107"°N°m™). The coefficients describe the compression-varying stifiness

of a 60 mm deep cushion with negligible forces over the first 8 mm and an equilibrium
compression of 50% when loaded with 56 kg. The model is compared with the

dynamic stiffness measurements from Chapter 6 in Figure 10-4.

The coefficient y was introduced to describe the initial part of the cushion compression

where the cushion forces were
comparatively small. An accurate
curve-fit to the available data was
obtained by allowing the cushion
stiffness to be approximated to zero
over this range. Higher order (6" and
7" order) polynomials were able to
offer an accurate fit to the data
including the origin only at the expense
of uneven behaviour between the

known data points. As discussed in the

Table 10-1 Cushion stiffness coefficients

Symbol Characteristic Value

B Compression at 30 mm
equilibrium
X First stage of 8 mm
compression at the
cushion surface
1) Maximum 60 mm
compression

K; 1.18 x 10°
Ke -5.19 x 10°
Ks Stiffness -5.65 x 10’
K, coefficient 2.10 x 10°
Ks -4.43x 10"
Ks -7.85x 10"
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following paragraphs, this 5000

approximation for low-stiffness — Model : . .
4000 F! — - quce due tO gravity ,,,,,,,,,, .......... ........ j
forces is irrelevant to the model ; ; § f /
23000 .......... R N R ,,,,,,,,,, ......... 4
performance. e ’ ' : : »
g2000, .................................................
e . . . . - : . : . .
Two difficulties remained in using 10000 - - S S SR AN S ]
this cushion model as part of the ol S s S S
suspension seat model. Firstly, 1000 : : : : :
the model is at an equilibrium 0 0 -0 5 ” 2 0

. . . . Cushion compression w.r.t equilibrium (mm)
situation with the cushion

Figure 10-5 The modelled cushion stiffness force
. including the effect of gravity and normalised to
tends to zero as the load lifts up  yhq loaded, equilibrium position

off the seat. There is no

preloaded and the stiffness force

independent gravitational force

present in the seat model so there is no force present to bring the load mass back
down again. The second problem is that the measurements in Chapter 6 showed a
factor of four difference between the cushion stiffness measured dynamically and
quasi-statically with the dynamic measurement being the greater. The measured
cushion compression is a product of the load mass and the quasi-static stiffness, not
the dynamic stiffness. This results in the cushion producing a downwards force greater
than that due to gravity as the load moves. This is unrealistic as it describes the

cushion pulling the load back down onto the seat.

In situations where the cushion stiffness exceeded the force on the load due to gravity
the cushion force was set to equal the gravitational force. The cushion was assumed
to remain in contact with the load as the load moves upward without exerting any
additional stiffness force until the cushion became completely uncompressed. A
critical displacement could be calculated from the cushion stiffness model at which the
cushion stiffness force equalled the gravitational force on the load. The model was
adjusted such that the force remained constant at the gravitational force for all values
of the relative displacement access the cushion greater than this critical value as

shown Equation 10-8 and Equation 10-9.

Z

contact

is the value of z, such that m,-g = k,(z,)- z, Equation 10-8

where my is the load mass, g is the acceleration due to gravity and the other terms are

described above.

Fo =ke(2.) 2, Equation 10-9
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for values of z, less than z, . Otherwise:

ch = kc (Zcontact ) Z contact Equation 10-10

where F. is the force due to the cushion stiffness and also generates the force due to

gravity with the load out of contact with the cushion.

A value for the critical displacement Zzon.: of 6.1 mm was obtained. The cushion
model including limitation of the stiffness characteristics for displacements greater
than this critical value resulted in the force-displacement characteristic shown in

Figure 10-5. This was the force-deflection characteristic used to simulate the cushion

stiffness in the compression-varying cushion model.

10.2.2.3 The cushion damping

It is not necessary for the cushion damping expression to tend to infinity at the
maximum cushion compression, as the damping model will be used in parallel with the
cushion stiffness model, which already displays this characteristic. The variation in
cushion damping with cushion compression was described in terms of a 4™ order

polynomial fit to the cushion damping characteristics measured dynamically in Chapter

6 using Figure 10-12 to Figure 10-14.

4 2
Cv(zc) - dl(ﬂ"zc) '*‘dz(:b)_zc)3 +d3(ﬂ_zc) +d4(ﬁ_zc)+ ds
Equation 10-11
for values of z; less than f, otherwise
¢,(2:)=0 Equation 10-12
where d, are the curve fit coefficients and ¢, is the velocity-proportional damping
coefficient varying with cushion compression z. The cushion damping force is

therefore:

Fo(2..2,)=-2-c, (Zc) Equation 10-13

The curve fit coefficients d, are shown in Table 10-2 and this model is compared with

the measured coefficient values in Figure 10-6.

10.2.3 Summary of the compression-varying model

The complete compression-varying cushion model was described by Equation 10-14

and assumes that the cushion will expand up to its uncompressed state as the load

lifts off and then compress as the load
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Table 10-2 Cushion velocity

proportional damping ' '
polynomial curve fit coefficients 45007
to least-squares optimisation 00
results 53500
Symbol Value £ 3000}
dy 266 x 10° %2500-
do -2.39x 10° S,zooo»
ds 6.10 x 10° 21500-
dy 1.83 x 10° “ 1000}
ds -1.90 s00t
returns. The cushion forces can act o e oe cc‘)’rf;essio:-(% 005 0.06

as long as the load is in contact with
Figure 10-6 The cushion damping

the cushion surface as long as the  ooefficient least squares fit to the

total downward force generated by ~measured damping coefficients
determined from dynamic tests of the

the cushion does not exceed that cushion with a 1 to 10 Hz random motion
due to gravity acting on the load and preloads from 100 to 900 N.

mass.
FC(ZC,ZC) = ch(zc) +F, (Zc’zc) Equation 10-14

The damping was modelled as resulting in a force proportional to the velocity across
the cushion muitiplied by a coefficient which increased with increasing cushion
compression. The damping coefficient at the equilibrium compression position with a

56 kg load was as used in the force-limited linear model.

The model stiffness characteristic was limited to prevent the cushion preventing the
load lifting off and increased so as to cause an infinite force when the cushion was
completely compressed. The stiffness coefficient at the equilibrium compression

position with a 56 kg load was as used in the force-limited linear model.

Results obtained

with this model are 150
compared to the 100
= 50
measured results for g 0
5
a randomly selected *-s0
-100
5-second sample of 150
-to- -2 -1 0 1 2 -20-10 © ¢} 2 4
4 mm peak to peak Realtive displacement (mm) Reamvevemcn;?mrig“) Time (s)

random motion in
Figure 10-7 The force transmitted through the cushion

Figure 10-7. as measured in the laboratory (solid lines) and as
simulated by the compression-varying model (dotted
lines) for a randomly selected 5 second sample of 1 to
10 Hz band-limited random motion.
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10.3 Comparing simulation results using both cushion models with measured

results

10.3.1 Method

The methodology used to quantify the seat model performance was the same as used
in Chapter 10. The suspensions seat model was configured to use a rigid mass on the
seat surface for comparison with the laboratory measurements of the seat-load
performance obtained as described in Chapter 5. Simulations were conducted using
all magnitudes and frequencies of the 1.5, 4.5 and 11.5 cycle windowed sinusoidal
test motions as used in the laboratory tests. The predictions of the load mass motion
from of each of the two seat models were compared in the time domain with laboratory
measurements using the anthropodynamic dummy as the seat load in terms of the
SEAT value and the r.m.s. error as shown in Equation 10-15 and Equation 10-16
respectively. Results were obtained for each frequency, magnitude and duration of

test motion.

t=T ) Vi
J. aw _ seat _ surface (t)d tj!

SEAT = L’

=T ) Vi
’: j awn seat _ base (t)dtJ
t=0

Equation 10-15

which describes the vibration dose value (VDV) of the Wy-weighted vertical
acceleration on the load mass (aw sear suriace), divided by the VDV of the Wy-weighted
vertical acceleration at the base of the seat (a,, sear vase). SEAT values were calculated

for the laboratory measurements and for the seat model simulation results using both
cushion models.

1

t=T 2
0
(apredicted ~ Ameasured ), at
e=

=0
=T /
f a dt
measured
t=0

which describes the root-mean-square difference between the acceleration of the load

il

Equation 10-16

as predicted by the model (@pedicies) @and as measured in the laboratory (@measured),

normalised by the r.m.s. acceleration recorded in the laboratory.
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10.3.2 Resulis and Discussion
The SEAT values and the r.m.s. errors obtained for each test condition with each
model are shown in Appendix 8. Figure 10-8 shows a sample of these results for the

4.5-cycle test motion.
It was observed that, for test conditions without end-stop impacts, the inclusion of the

non-linear cushion model had negligible effect on the seat performance in terms of the

SEAT value and in terms of the r.m.s. error between the measured and predicted load

mass acceleration as can be seen in Figure 10-9.
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Figure 10-8 The left-hand column shows the SEAT values obtained using the 4.5
cycle input motion in the laboratory (0) and using the seat model with the force-limited
linear (+) and compression-varying (x) cushions. The right-hand column shows the
rm.s. error between the measured load acceleration and the seat model with the
force-limited linear (+) and compression-varying (x) cushions.
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Figure 10-9 The interquartile, maximum and minimum r.m.s.
. . . error and difference in SEAT value compared to laboratory
including a specific  measurements for all test conditions using the force-limited

linear and non-linear cushion models
Measured Force-limited linear ~ Compression-varying

linear cushion

displacement at

o

which the damping

(ms™?)
o

force was

|
IS

permitted to act as

i
o

the load returned to

_
(=)

the seat. The force-

 Load ac‘celeration
[s4]

-
N

imi H 17 18 18 2 17 18 19 2 17 18 18 2
limited linear model Time (s)

did not speciy the Figure 10-10 The downward load acceleration in the vicinity
displacement at of a top-stop impact as measured in the laboratory and

. . simulated using the force-limited linear and non-linear
which the damping cushions

force could act and was restricted only by the requirement that the total downward
cushion force must not exceed the gravitational force on the load. The variation in
waveform shape around the top-stop impact for both cushion models compared with
laboratory measurements for a 2 Hz 4.5 cycle motion is shown in Figure 10-10. The

load acceleration waveform appears closer in shape to the measured result than the

force-limited linear cushion result.

The non-linear model applied a damping force over a greater displacement range in
this test condition as can be seen from the forces generated by the simulated
cushions shown in Figure 10-11. The forces acting close to the bottom end-stop
impact resulted in peak negative cushion displacements approximately 8 mm from the
equilibrium position for both models. The cushion force and the resulting load

acceleration for cushion compressions at or below the equilibrium position was similar

for both models.
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500

cushion for 200 ms or longer, the % o
o

force-limited linear and non-linear < 500

cushion models showed almost

identical acceleration waveforms

1000

Force-limited linear

Force-limited linear

~1000

Compression-varying

Compression—varying

500
g
near the top stop impact (the g o
‘clipped’” downward accelerations * 500
in Figure 10-12), but the force- ~1000 5 0T Tod oz o oz os

Displacement {m) Velocity (ms")

limited linear cushion force was

observed to act over a greater Figure 10-11 The forces generated by the
cushion models for a 2 Hz 4.5 cycle input motion
with a VDV of 2 ms™” in terms of the
displacement across the cushion relative to the
equilibrium position and the relative velocity

across the cushion.

displacement range then the non-

linear model in this situation
(Figure 10-13). The non-linear
cushion can be observed 1o
produce greater forces for cushion compression situations (negative displacements in
Figure 10-13). These resulted in greater peak upward load accelerations than the
force-limited linear model as can be seen in Figure 10-12. The SEAT values obtained
with the two cushion models for 2 Hz 4.5 cycle motions with VDVs of up to 5 ms™*™
are shown in Figure 10-14. It can be seen that the two cushion models result in similar

SEAT values at low and moderate magnitudes, but the non-linear model predicts
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Figure 10-12 The  simulated load Figure 10-13 The forces generated by

the cushion models for a 2 Hz 4.5 cycle
input motion with a VDV 4 ms™'” in
terms of the displacement across the
cushion relative to the equilibrium
position and the relative velocity across
the cushion. The measured extent of
the cushion is shown by dotted lines.

acceleration resulting from a 2 Hz 4.5 cycle
input motion with a VDV of 4 ms™ using the
force-limited linear and non-linear cushion
models
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greater SEAT values at high magnitudes. The differences in SEAT values between the
two cushion models became more pronounced at magnitudes where seat load VDVs
were in excess of 10 ms™” for a single test motion. A vehicle operator might be
expected to avoid exposure to such violent motions where possible by adjustment of
the vehicle speed or avoidance of obstacles. In applications where this form of control
may be undesirable, for instance in military or emergency services vehicles where

high speeds are necessary, alternative methods to protect the operator appear to be

essential.
5 I T I T T T | T >|( 3
+ Force-limited linear cushion : f : X :
4| x Compression-varying cushion FUUURT L X + ......... + AAAAAAAAAA i
o Laboratory measurements : X + ! ! T
o : : i : :
_(—3 3 N ,,,,,,,,,,,,,,,,,,,,,,,, ............ .......................................................... —
> . .
b= :
5 oL A O_>_}<_ ..................................................................... _
& 5 o
A C @O *x ]
0 i .’ i i ; é i é i
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Seat base W, VDV (ms™""°)

Figure 10-14 The SEAT values predicted by the suspension seat model for different
magnitudes of 2 Hz 4.5 cycle test motion. Also shown are the resulis obtained from the
laboratory seat tests which were conducted over a more limited range of magnitudes.

10.4 Conclusions

The inclusion of compression-varying cushion coefficient was found to have minimal
influence on the suspension seat dynamic performance for all frequencies and
magnitudes of motion up to the occurrence of end-stop impacts. The models showed
minimal differences for magnitudes of end-stop impact investigated in the laboratory,
but further increases in input magnitude resulted in greater SEAT values using the
non-linear cushion model.

This study indicated that a linear cushion with a limiting force to prevent the load
experiencing a downwards acceleration greater than gravity may be sufficient to
model the performance of a suspension seat cushion in most situations with and
without end-stop impacts in response to narrow-band low-frequency motions of the

form used in this thesis.
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11 Parametric sensitivity analysis

11.1 Introduction

Previous studies have conducted parameter sensitivity analyses using fixed magnitude
input motions, fixed displacement amplitude frequency sweeps or standardised motions
reproduced at two or three magnitudes as discussed in Section 2.7 of Chapter 2.
However, in order obtain a better general understanding of the seat dynamic behaviour as
opposed to the seat response to a particular vehicle motion, the seat performance should

be investigated over a systematic range of frequencies and magnitudes.

The work described in this chapter was undertaken to quantify how proportional changes
in the values of the seat component coefficients affected the predicted performance of a
suspension seat over a range of frequencies, magnitudes and durations of motion. The
results are then examined to suggest how the earthmover seat might be modified to

improve performance.

11.2 Method

The model of the earthmover seat had the mathematical structure as defined in Chapter 8
with the suspension damper characteristics as determined in Chapter 9 and the non-linear
cushion as described in Chapter 11. An exception to this arrangement was the

investigation of the influence of the cushion stiffness and damping. These two parameters

Figure 11-1 The time histories of the 1.5, 4.5 and 11.5 cycle duration input motions shown in
terms of acceleration, velocity and displacement with an arbitrary 1 ms? peak acceleration

at 2 Hz.
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Table 11-1 The seat components investigated showing the form of cushion model used in

each case.

Seat component

Dynamic characteristic varied

Cushion model

Cushion stiffness

Linear stiffness

Force-limited linear

Cushion damping

Linear damping

Force-limited linear

Suspended mass | Mass Non-linear
Suspension Linear stiffness Non-linear
stiffness
Suspension Force opposing the suspended mass motion Non-linear
friction with a lock-up mode.
Suspension Proportion of the friction force acting in Non-linear
friction symmetry | compression as opposed to extension.
Suspension Non-frictional damping force generated by the Non-linear
damping suspension mechanism
Suspension Proportion of the damping force acting in Non-linear
damping compression as opposed to extension.
symmetry
Free travel The displacement between the end-stop Non-linear
buffers
Mean ride offset | The equilibrium position of the suspension Non-linear
position relative to the mid-point between the end-stop
buffers.
End-stop buffer | The stiffness force generated by the top and Non-linear
stiffness bottom end-stop buffers.

were investigated using the force-limited linear cushion to avoid making assumptions
regarding the relationship between the static and dynamic and dynamic cushion stiffness.
The remaining component characteristics for all tests were as measured in Chapter 6 and

the model parameters are summarised in Appendix 7.

The simulated earthmover seat was set to a mean ride position at the centre of the free
travel between the end-stop buffers rather that the centre of the total available travel used
in previous chapters. This adjustment was made in order to allow the effect of the
suspension offset and total travel to be investigated over a wide range of values without

requiring the seat suspension to begin the motion in contact with the lower bump stop.

All three motions defined in Chapter 4 were used in order to provide a shock-like 1.5 cycle
motion, a quasi-steady state 11.5 cycle motion and an intermediate 4.5 cycle condition
(Figure 11-1). The waveforms were generated at five frequencies from 1.25 Hz to
3.15 Hz. The range of amplitudes was extended beyond that investigated in Chapter 10
with the knowledge that the results from these regions should be treated with caution.

Base motions with Wy-weighted VDVs varying from 0.1 ms™ to 5 ms™® in fifteen steps



were used at all frequencies. Longer Tabie 11-2 A method of characterising
. suspension seat behaviour with changing
motions  therefore  had  lower  peak input magnitude, summarised from Wu and

accelerations than shorter motions at the  Griffin (1996)

same VDV. Stage 1 | Low magnitudes with the seat
suspension friction locked

The seat component parameters were |Stage2 | Breaking away’ from friction

. i Stage 3 | Moving relatively freely but not
grouped as shown in Table 11-1 and varied contacting the end-stop buffers

Stage 4 | Mild to moderate end-stop impacts
Stage 5 | Severe end-stop impacts

over an eight to one range unless it was

not meaningful to do so, as in the case of

the suspension offset from the mid ride position. The model was evaluated with 19
coefficient values for each test condition. A total of 4560 simulations were performed,
corresponding to tests for 3 waveforms, 5 frequencies, 16 magnitudes and 19 coefficient
values. Each test produced time histories of the accelerations of each mass and the

relative velocity and displacement between each mass.

The seat base and load mass acceleration time histories obtained from each simulation
were used to calculate the SEAT values using the Wy, frequency weighting. The effect of
each parameter on the SEAT value was considered taking into account the frequency and

duration of the test motion and the seat behaviour stage as shown in Table 11-2.

11.3 Results

11.3.1 Overview of results

The effect of each parameter on the seat performance for all test conditions is shown in
Appendix 9 and the effect of each component is summarised in the following sections.
Unless otherwise stated, the discussion of the seat performance in the following sections
refers to test conditions with frequencies of 2.0 Hz and greater where the seat was
capable of some useful vibration isolation performance. The effect of the seat parameters
on the seat performance in response to vibration at frequencies closer to the main seat-
load resonance frequency can be seen from examination of the results for tests at 1.25
and 1.6 Hz as shown in Appendix 9 but are of less practical relevance as the seat used in

this study would be unsuitable for use in a vehicle with substantial vibrations at these

frequencies.

The highest input magnitudes used in this study were greater than those investigated

when quantifying the model performance in Chapter 10 as there were no ethical or safety



constraints limiting the amount of vibration experienced by the load. The results from the
most severe test conditions must therefore be examined with some caution.

Unless otherwise stated, any effects on the seat performance for an increase in

parameter value showed the opposite result with similar magnitude for a decrease in

parameter value.

11.3.2 The effect of the cushion

The cushion stiffness and damping were investigated using the force-limited linear
cushion as used in Chapters 8 to 11. The cushion stiffness and damping parameters were
varied over a range of plus and minus a factor of eight either side of the values obtained

in Chapter 6. This range of values is believed to be greater than can currently be
achieved in practice.
11.3.2.1 Cushion stiffness

The effect of the linearised cushion stiffness on the seat performance in shown in

Appendix 9 Figures 1 to 3 and summarised in Table 11-3.

Table 11-3 The effect of changing the linearised cushion stiffness:

On the seat performance | The seat performance improved with increased cushion
during stage 1 seat motions stiffness at all frequencies for all durations of motion.
Higher frequencies showed greater improvements, with
a doubling of cushion stiffness producing a 5%
improvement at 2 Hz and a 15% improvement at 3.15
Hz with the 4.5 cycle motion. This is illustrated in Figure
11-2 and Figure 11-3.

This might be explained using linear theory. The
resonance frequency of the mode of vibration involving
the rigid load vibrating on the cushion was determined
using linear modal analysis as being at approximately
11 Hz. This placed this cushion resonance above the
input frequencies used in the present study. An
increase in cushion stiffness would be expected to
move this resonance to a higher frequency so increases
in cushion stiffness would be expected to result in a

seat transmissibility (with the suspension friction locked)

11-4



asymptotically decreasing towards unity. Decreasing
the cushion stiffness would result in poorer performance
to lower

as the cushion-load resonance moved

frequencies closer to the input frequency range.

On the friction breakaway
magnitude

Negligible effect.

On the seat

during stage 3 seat motions

performance

A stiffer cushion resulted in poorer performance, but a
factor of two change in cushion stiffness showed a
change in seat performance of less than 4% for all
frequencies and magnitudes. This effect can be seen in

Figure 11-3.

On the magnitude of onset of

end-stop impacts

Negligible effect.

On the seat performance

during stage 4/5 seat motion

Increasing the cushion stiffness resulted in poorer seat

performance for all frequencies and waveforms.

Examples of this can be seen in Figure 11-2 and Figure

11-3.
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11.3.2.2 Cushion damping
The effect of a plus and minus a factor of eight in the linearised cushion damping on the
seat performance in shown in Appendix 9 Figures 4 to 6 and summarised in Table 11-4.

Table 11-4 The effect of changing the linearised cushion damping:
On the seat performance | Increased damping resulted in better seat performance

during stage 1 seat motions | for most frequencies and waveforms. This effect was
more pronounced for the short duration motion
compared to the long motion and was more pronounced
at higher frequencies. Doubling the cushion damping
coefficient showed a decrease in SEAT value of 7% and
15% for the long and short duration motions respectively
at 3.15 Hz. An example at this frequency using the 4.5

cycle motion is shown in Figure 11-4.

On the friction breakaway | Negligible effect.

magnitude

On the seat performance | Increased damping resulted in better seat performance.

during stage 3 seat motions | This effect decreased with increasing magnitude as can
be seen in Figure 11-4. Similar results were observed

with all frequencies and durations of input motion with a
doubling of the in damping coefficient resulting in an
improvement of approximately 10%, decreasing to less
than 2% with increasing input vibration magnitude if end-

stop impacts did not occur first.

On the magnitude of onset of | Negligible effect.

end-stop impacts

On the seat performance | The results suggested that there was an optimal cushion
during stage 4/5 seat motion | damping resulting in a minimum SEAT value for a given
input motion. The shortest motion showed this minimum

to be at approximately the measured damping value,
while the increased durations showed this minimum to

be substantially higher (greater than eight times the




measured value).

A doubling of the cushion damping coefficient resulted in
an improvement in seat performance with the 4.5 and
11.5 cycle motions of up to 28% by approaching this
minimum. The short duration motion showed either a
negligible improvement (<2%) or a worsening in
performance of up to 8% for either an increase or
decrease in cushion damping. These results are
illustrated in Figure 11-6 and Figure 11-7 using the 1.5
and 4.5 cycle input motions at 2.0 Hz.
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11.3.3 The effect of the suspended seat mass
The suspended seat mass was varied over a range of plus and minus a factor of eight
relative to the measured value. The seat load mass remained unchanged at 56 kg. The

results are shown in Appendix 9 Figures 7 to 9 and summarised in Table 11-5.

Table 11-5 The effect of changing the suspended seat mass:

On the seat performance | Greater seat masses caused the seat to break away

during stage 1/2 seat | from friction at lower magnitudes, as described below.

motions Because of this effect it was difficult to evaluate the

effect on the seat performance in the Stage 1/2 region.

On the friction breakaway | The friction breakaway magnitude decreased with

magnitude increasing seat mass.

The quantizing effect caused by the limited number of
magnitudes at which the model was evaluated
confounded accurate quantifications of this effect, but
examination of Figures 7 to 9 in Appendix 9 suggest that
a doubling of the seat mass from the measured value
resulted in a decrease in breakaway magnitude of




between 30 and 50%.

On the seat performance

during stage 3 seat motions

The seat performance improved with increased
suspended seat mass at all magnitudes, frequencies and

waveforms of stage 3 motion.

The reduction in SEAT value for a doubling of the
suspended seat mass from the measured value was
highly consistent with a median of 16.3% and an inter-
quartile range of 3.7% for all Stage 3 conditions (55
conditions). An example using the 2.5 Hz 4.5-cycle

motion is shown in Figure 11-8.

On the magnitude of onset of

end-stop impacts

End-stop impacts occurred at lower magnitudes with

greater suspended seat masses.

A doubling of the suspended seat mass from the
measured value resulted in a decrease in the magnitude
at which end-stop impacts occurred of approximately
10% at 2.5 Hz, increasing with increasing frequency as

shown in Appendix 9 Figures 7 to 9.

On the seat performance

during stage 4/5 seat motion

An increase in the suspended mass resulted in a loss of

seat performance.

A doubling in the suspended mass resulted in an
increase in the SEAT value of up to 120%. The example
shown in Figure 11-8 is typical of the results with other
frequencies and waveforms. A halving of the suspended
seat mass improves the seat performance for a constant
input magnitude in the Stage 4/5 region, but by only up
to 45%.
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Figure 11-8 The effect of a change of plus and minus a factor of two in the suspended

seat mass on the seat performance at 2.5 Hz using the 4.5 cycle motion.

11.3.4 The effect of the suspension stiffness

The suspension stiffness was varied over a range of plus and minus a factor of eight
relative to the measured value. The results are shown in Appendix 9 Figures 10 to 12 and

are summarised in Table 11-6.

Table 11-6 The effect of changing the suspension stiffness:

On the seat performance
during stage 1/2 seat

motions

Negligible effect.

On the friction breakaway

magnitude

Negligible effect.

On the seat performance

during stage 3 seat motions

Increasing the suspension stiffness resulted in poorer
seat performance in the Stage 3 region. Reducing the
suspension stiffness by a similar factor was beneficial,

but the effect was smaller.
Results at 3.15 Hz showed an increase in SEAT value of

up to 35% for a doubling of the suspension stiffness.
This effect decreased with decreasing magnitude and

frequency.

Halving the suspension stiffness decreased the SEAT
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value by a maximum of 7%. These effects can be seen
for the example at 2.5 Hz using the 11.5 cycle input

motion shown in Figure 11-9.

On the magnitude of onset of

end-stop impacts

Increasing the suspension stiffness resulted in end-stop
impacts at lower magnitudes as the seat-load resonance
frequency approached the vehicle vibration frequency.
Further increases in suspension stiffness would tend
towards a situation where the seat would provide
amplification due to the cushion dynamics with no
beneficial effect from the suspension in response to the
low frequency vehicle vibration. These trends are clearly

visible in Appendix 9 Figures 10 to 12.

A doubling of the seat suspension stiffness resulted in a
reduction of the end-stop impact onset magnitude by up
to 80%.

On the seat performance

during stage 4/5 seat motion

Doubling the suspension stiffness was found to be
detrimental to seat performance in the Stage 4/5 region
(up to 45%), except at high (Stage 5) magnitudes with
the 1.5 cycle motion, where beneficial result (up to 15%)

was observed.

The results shown in Figure 11-9 and Figure 11-10are
for the 11.5 cycle motion at 2.5 Hz and 2 Hz
respectively. The 4.5 cycle results were similar. The
results for the 1.5 cycle motion at these frequencies are

shown in Figure 11-11 and Figure 11-12.
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Figure 11-9 The effect of a change of plus
and minus a factor of two in suspension
stiffness on the seat performance at 2.5 Hz
using the 11.5 cycle input motion.
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Figure 11-11 The effect of a change of plus
and minus a factor of two in suspension
stifiness on the seat performance at 2.5 Hz
using the 1.5 cycle input motion.
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Figure 11-10 The effect of a change of plus
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Figure 11-12 The effect of a change of plus
and minus a factor of two in suspension
stiffness on the seat performance at 2 Hz
using the 1.5 cycle input motion.
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11.3.5 The effect of the suspension friction

11.3.5.1 Friction magnitude

The effect of the suspension friction magnitude was investigated using symmetrical
friction forces varying in magnitude by plus and minus a factor of eight compared to the
value determined in Chapter 9 The results are shown in Appendix 9 Figures 13 to 15 and

are summarised in Table 11-7.

Table 11-7 The effect of changing the suspension friction magnitude:

On the seat performance

1/2 seat

during stage

motions

There was no obvious change in seat behaviour during
Stage 1 and 2 motions for different friction values, but
the magnitude range of this region varied due to the
breakaway magnitude as described

change in friction

below.

On the friction breakaway

maghitude

The magnitude at which the suspension began to break
away from friction increased with increasing friction

magnitude.

This breakaway point was characterised by peak in the
SEAT value as the jolts caused by the locking and
unlocking the mechanism were
transmitted to the load through the cushion as illustrated
in Figure 11-13. The movement of this peak in the
amplitude domain can be seen in Appendix 9 Figures 13
to 15 to be similar for all frequencies and waveforms. An
example using the 4.5 cycle 2 Hz motions is shown in

Figure 11-14. The variation in suspension breakaway

of suspension

magnitude with varying friction was observed to be

approximately linear as shown in Figure 11-15.

On the seat

during stage 3 seat motions

performance

The Stage 3 region was shifted to higher magnitudes
with increasing friction by the increase in the friction
breakaway and end-stop occurrence magnitudes as
described above and below. This effect occurred with all
frequencies and waveform durations and can be clearly
seen in the example of 2.5 Hz 1.5 cycle motion shown in
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Figure 11-16.

The amount of vibration isolation provided across the
Stage 3 region decreased with increasing friction.
Substantial increases in friction resulted in the seat
providing no effective vibration isolation at any
magnitude. The minimum SEAT value at any amplitude
was found to increase by between 19 and 26% (with one
exception at 13%) for a doubling of the friction
magnitude from the measured value. The rate of change
of minimum SEAT value in the Stage 3 region for the
11.5 cycle 2.5 Hz motion was non-linear and is shown in
Figure 11-17. This trend, with differing gradients, was

typical of the other frequencies and waveforms.

On the magnitude of onset of

end-stop impacts

The onset of end-stop impacts occurred at higher
magnitudes for greater suspension friction values as can
be seen in Figure 11-14 and Figure 11-16. An increase
of between 5 and 50% was observed for a factor of 2

increase in friction magnitude.

The relationship between the rate of change of the end-
stop impact occurrence magnitude and the friction
magnitude can be seen in Figure 11-18 for the 11.5
cycle 2 Hz motion. This was typical of other frequencies
and waveforms. A doubling of the friction from the
measured value resulted in an increase in the end-stop

impact occurrence magnitude of between 25 and 50%.

On the seat performance

during stage 4/5 seat motion

The increase in the end-stop impact occurrence
magnitude resulted in better seat performance for the
same input magnitude in the Stage 4/5 region. A
doubling in the friction resulted in reductions in the SEAT
value of up to 35%. This effect can be seen in Figure

11-14 and Figure 11-16.
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Figure 11-13 The seat load acceleration in
response to a 4.5 cycle 2 Hz seat base
motion with a Wyweighted VDV of 0.35 ms’
75 using suspension friction values fro m 0
to 130% of the measured value in 10%
increments illustrating the ftransition from
Stage 1 to Stage 3 seat motion. The load
acceleration with the friction at 130% is
almost identical in magnitude and phase to
the input motion.
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Figure 11-15 The relationship between the
friction force magnitude and the input
vibration magnitude at the transition
through Stage 2 (as defined by the SEAT
value passing through unity) with the 1.5
cycle motion at 3.15 Hz.
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Figure 11-14 The effect of a factor of two
change in the suspension friction magnitude
using the 4.5 cycle input motion at 2 Hz. The
movement of the peak due to the initial
breakaway from friction is indicated.
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Figure 11-16 The effect of a factor of two
change in friction magnitude on the seat
performance using the 1.5 cycle input motion
at 2.5 Hz, showing the magnitude shift of the
Stage 3 region.
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Figure 11-18 The relationship between the
friction force magnitude and the minimum
magnitude of occurrence of end stop impacts
at 2 Hz using the 11.5 cycle motion.

Figure 11-17 The relationship between the
friction force magnitude and the minimum
SEAT value in the Stage 3 region at 2.5 Hz
using the 11.5 cycle motion.

11.3.5.2 Friction symmetry

Preliminary investigations of the effect of the symmetry of the suspension friction force
were conducted in Chapter 9 and indicated that the effect on the seat performance was
minimal. A more extensive study was conducted in this chapter by maintaining the same
total suspension friction force but varying the proportion acting in compression and
extension from 10% to 90% of the total. As mentioned in Chapter 9, the model was found
to require smaller integration time steps to remain stable with substantial frictional
asymmetry, so the simulations were conducted with an integration time step of 100 us in

place of the 1 ms step used for the remainder of the simulations in this chapter.

The results for the short and medium duration motions can be found in Appendix 9
Figures 16 and 17. Some instances of instability in the model can be seen as diamond-
shaped ‘spikes’ on the SEAT value contour plot where a value was substantially greater
than the four immediately adjacent points. Results with the long duration motion were not

obtained. The results are summarised in Table 11-8.
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Table 11-8 The effect of changing the suspension friction symmetry:

performance
1/2

On the seat

during stage seat

motions

The lowest magnitude at which the suspension was fully
friction locked showed no change in seat performance as
the friction force changed from acting mostly against
upward motion of the suspension to acting mostly
against the downward motion (Figure 11-19 and Figure
11-20).

The SEAT values obtained during friction breakaway
showed a minimum value at 2 and 2.5 Hz for both
durations of test motion. This minimum occurred with
approximately 40% of the force acting in compression for
the short duration motion and 50% (symmetric friction

forces) with the medium duration motion.

The effect of the friction symmetry on the time histories
can be seen in Figure 11-21 and Figure 11-22. It can be
seen that the displacement during the motion and the
final lock-up displacement both move upwards as more

of the force acts in compression.

On the friction breakaway

magnitude

Negligible effect

On the seat performance

during stage 3 seat motions

Negligible effect

On the magnitude of onset of

end-stop impacts

With the short duration motion, the magnitude of onset of
end-stop impacts decreased as the friction force was
altered to act more in compression than in extension
(Figure 11-19). The reverse was observed with the
medium duration motion (Figure 11-20). This occurred at

all frequencies.

Time histories showing the effect of the friction symmetry

with  moth durations of input motion with VDVs of
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2.6 ms™"® are shown in Figure 11-23 and Figure 11-24.
It can be seen that asymmetric friction discourages
motion towards one end-stop and encourages motion
towards the other. The short motion has a more severe
bottom stop impact, so more friction in compression is
beneficial. The medium duration motion has more severe
top-stop impacts so more friction in extension results in

better seat performance.

The final lock-up position is affected by the friction

symmetry for both motions.

On the seat

performance

during stage 4/5 seat motion

The seat variation in seat performance with varying
friction symmetry was greatest during the occurrence of
end-stop impacts. Friction symmetry had less effect at
high magnitudes with the short duration motion and
negligible effect with the medium duration motion (Figure

11-19 and Figure 11-20).

SEAT value

Figure 11-19 The effect of the friction
symmetry on the seat
response to the short duration (1.5 cycle) 2.5
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& 66% in extension
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A — 5050 N EEPE e e AT

2 3
Seat base VDV (ms'”s)

Hz input motion.

4 5 0 1 2
Seat base VDV (ms™"7%)

2.5 Hz input motion.
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Figure 11-20 The effect of the friction

performance in symmetry on the seat performance
response to the medium duration (4.5 cycle)
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11.3.6 The effect of the suspension non-frictional damping

11.3.6.1 Suspension damping magnitude

The non-frictional (i.e. nominally velocity proportional) damping magnitude was varied by
adjusting the linear damping term (A in Equation 11-1) over a factor of plus and minus
eight. The effect of this variation is shown in Appendix 9 Figures 18 to 20 and
summarised in Table 11-9.

F, = (44> +C,|4z+ (D+ E)bign(z)

z2<0

F, = (Ae’ZtBs +C,|4z+(D+ E))sign(z’) Equation 11-1

z20

Fdamper =":C+Fe

where Fumper 1S the total force generated by the damper, A and B are coefficients
describing an exponential curve in compression and extension, C is a coefficient
intfroducing hysteresis-like behaviour to the force-velocity characteristic and (D+E) is the

magnitude of the damper friction force and suspension linkage force.

Table 11-9 The effect of changing the suspension non-frictional damping magnitude:

On the seat performance | Negligible effect

during stage 1 seat motions

On the friction breakaway | Negligible effect

magnitude

On the seat performance The seat performance improved with decreased
during stage 3 seat motions | damping magnitude approximately according to an
inverse power relationship as shown in the example in

Figure 11-25.

A change in SEAT value of up to 20% was observed for
a factor of 2 increase or decrease in the damping
magnitude for the 4.5 cycle motion with a seat base VDV
of 2 ms™"” as illustrated in Figure 11-26. At 3.15 Hz a
factor of 2 decrease in damping had a similar effect as at
2.5 Hz, while a factor of 2 increase in damping resulted
in an increase in SEAT value of up to 30%. These values
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were typical of the results with the other waveform
durations and input magnitudes as can be seen from the

figures in Appendix 9.

On the magnitude of onset of

end-stop impacts

Decreased damping resulted in end-stop impacts
occurring at lower input magnitudes, so reducing the
range of magnitudes over which the seat showed Stage
3 behaviour. Increased damping extended the

magnitude range of Stage 3 seat behaviour.

Increases in end-stop impact magnitude resulting from a
factor of 2 increase in damping from the measured value
varied from 10% at 2 Hz with the 1.5 cycle motion up to
75% at 2.5 Hz, again with the 1.5 cycle motion. The
range of values with the other two motions was less
extreme and the median increase in onset magnitude for
all three motions at 2, 2.5 and 3.15 Hz where end-stop

impacts were observed was 23 %.

On the seat performance

during stage 4/5 seat motion

Increased damping resulted in reduced SEAT values
(and vice versa) as can be seen in the 2.5 Hz 4.5 cycle
example shown in Figure 11-26. Changes in SEAT value
in excess of 100% for a factor of 2 change in damping

were observed at 2 Hz for all waveform durations.
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Figure 11-25 The effect of the damping Figure 11-26 the effect of a factor of 2 change
magnitude on the seat performance at in the damping magnitude on the seat
3.15 Hz with a 1.5 cycle Stage 3 seat performance at all magnitudes of 2.5 Hz 4.5
motion with a 2.3 ms™'"° seat base VDV. cycle motion.

11.3.6.2 Suspension damping symmetry

The effect of varying the damping symmetry was investigated by applying muitipliers to
the total non-frictional damping force acting in compression and in extension. The sum of
the two multipliers was always equal to 2.0 and varied linearly from 2.0 in compression

and zero in extension to zero in compression and 2.0 in extension.

Equation 11-2, adapted from the damper model described in Chapter 9, describe the

theoretical damper model used during this investigation:

F, = (Mc [AC] F ot CC[ZfzJ+ D)sign(Z)

z<0

F, = (Me [AEIZIBE + Ce{Z]zJ+ D)sign(Z) Equation 11-2

220

Fdamper = Fc + Fe

where Fumper is the total force generated by the damper, A and B are coefficients
describing an exponential curve in compression and extension, C is a coefficient
introducing hysteresis-like behaviour to the force-velocity characteristic, D is the
magnitude of the damper friction force and M, and M, are the multipliers used to vary the

symmetry of the damping force. The results are shown in Appendix 9 Figures 21 to 23

and are summarised in Table 11-10.
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Table 11-10 The effect of changing the suspension non-frictional damping symmetry:

On the seat performance

during stage 1/2 seat

motions

Negligible effect.

On the friction breakaway

magnitude

Negligible effect.

On the seat performance

during stage 3 seat motions

Some change in waveform shape, but minimal effect on
the SEAT value. Time histories predicted for the load
mass using a 3.15 Hz 4.5 cycle input motion with a seat
base W,-weighted VDV of 2 ms™""® are shown in Figure

11-27.

On the magnitude of onset of
end-stop impacts and the

seat performance during

stage 4/5 seat motion

The time histories of the suspension displacement
showed that adjusting the damping symmetry caused the
mean seat displacement throughout the duration of the
motion to become offset from the mid-free-travel

location. This effect is illustrated in Figure 11-28.

The short duration motion was naturally biased towards
bottom stop impacts as observed in Chapter 4, so
adjusting the damping to act more in compression than
extension improved the seat performance as shown in
Figure 11-29. The longer duration motions showed better
seat performance with a more symmetrical damping
characteristic, but showed poor results with extension-
biased damping with less severe end-stop impacts and
poor results with compression-biased damping for more
severe impacts. An example of this is shown in Figure
11-30.
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Figure 11-27 the effect of altering the
suspension damping symmetry from 80%
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Figure 11-29 The effect of the suspension

damper characteristic symmetry on the

seat performance in response to the short
duration (1.5 cycle) 2 Hz input motion.
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Figure 11-28 The effect of adjusting the
suspension damping offset on the seat
response to a 4.5 cycle 2.5 Hz input
motion with a seat base VDV of
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Figure 11-30 The effect of the suspension
damper characteristic symmetry on the
seat performance in response to the
medium duration (4.5 cycle) 2 Hz input
motion.

11.3.7 The effect of the suspension free travel displacement

The suspension free travel displacement was varied over a range of plus and minus a
factor of five relative to the measured value. The results are shown in Appendix 9 Figures

24 1o 26 and are summarised in Table 11-11.
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Table 11-11 The effect of changing the suspension free travel displacement:

On the seat performance during

stage 1/2 seat motions

Negligible effect.

On the friction breakaway

magnitude

Negligible effect.

On the seat performance during

stage 3 seat motions

At 2 and 2.5 Hz, the seat performance degrades with
increasing magnitude. This may be due to the non-linearly
increasing suspension damping. This effect is illustrated in

Figure 11-31.

On the magnitude of onset of

end-stop impacts

Increasing the free travel causes the magnitude at which

end-stop impacts occur to increase.

The relationship between the magnitude at which end-stop
impacts occur and the suspension free travel at 2.5 Hz
using the 4.5 cycle motion is shown in Figure 11-32. This
result is typical of the other frequencies and magnitudes

shown in Appendix 9 Figures 25 to 27.

A doubling of the free travel was observed to eliminate the
occurrence of end-stop impacts for the 4.5 and 11.5 cycle
motions. This suggests that increasing the suspension free
travel approaches an asymptote where end-top impacts

will not occur at any realistic magnitude.

On the seat performance during

stage 4/5 seat motion

At 2 and 2.5 Hz, the SEAT value varying with increasing

suspension free travel increases rapidly and then
decreases as shown in Figure 11-33. At small free travel
values the relative velocities between the seat and the
base do not have time to increase substantially before
encountering an end-stop buffer, so the impacts are less
severe. At sufficiently high free travel values, no end-stop
impacts occur. The seat load acceleration time histories
varying with free travel with a 4.5 cycle, 2.5 Hz, 2 ms™™

base VDV motion are shown in Figure 11-34.
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11.3.8 The effect of the suspension offset displacement

The offset of the suspension mechanism from the mid-point of the free travel was
investigated over a linear range from just in contact with the bottom stop to just in contact

with the top stop. The results are shown in Appendix 9 Figures 27 to 29 and summarised
in Table 11-12.
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Table 11-12 The effect of changing the suspension offset displacement:

On the seat performance

during stage 1 seat motions

Negligible effect.

On the friction breakaway

magnitude

Negligible effect.

On the seat performance
during stage 3 seat motions

Offsetting the suspension towards the bottom stop was
found to result in a small improvement in the seat
performance (a 10 mm adjustment, corresponding to
17% of the total travel resulted in an improvement of up
to 3%). This was probably due to the suspension offset
causing the damper angle to vary, so modifying the
effective damping force. An example is shown in Figure
11-35.

On the magnitude of onset of

end-stop impacts

A 10 mm change in suspension offset displacement was
found to adjust the magnitude at which end-stop impacts
occurred by up to 40%, with this effect increasing with
increasing frequency. An optimal offset to avoid the
onset of end-stop impacts was visible. This position was
+3 mm for the short motion and —11 mm for the longer

motions.

On the seat performance

during stage 4/5 seat motion

With magnitudes close to the
occurrence of end-stop impacts where comparatively

in SEAT were observed, the

the exception of

large differences
suspension offset had a relatively small effect on the
SEAT value in end-stop impact situations. A 10 mm
change in offset position resulted in a change in SEAT
value of up to 140% due to the change in end-stop
impact magnitude, but less than 10% for all situations
involving more severe end-stop impacts. An example of

this trend is shown in Figure 11-36.
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Figure 11-35 The effect on the seat
response of changing the suspension
offset position relative to the mid-free-
travel point using an 11.5 cycle, 3.15 Hz
input motion.
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Figure 11-36 The effect on the seat
response of changing the suspension
offset position relative to the mid-free-
travel point using a 4.5 cycle, 2.5 Hz input
motion.

11.3.9 The effect of the end-stop buffer stiffness

The stiffness of the top and bottom end-stop buffers were varied independently over a
range of plus and minus a factor of five. The stiffness of each buffer was non-linear and
was defined in the model in the form of a 5" order polynomial as described in Chapter 6.

A decrease in stiffness therefore leads to an effective increase in the available overall

suspension travel. The results for both buffers are shown in Appendix 9 Figures 30 to 35

and summarised in Table 11-12.

Table 11-13 The effect of changing the end-stop buffer stiffness

On the seat performance

during stage 1 seat motions

On the friction breakaway

magnitude

The end-stop buffers cannot affect the seat performance

until they are contacted, so the buffers had no effect for

On the seat performance these conditions.

during stage 3 seat motions

On the magnitude of onset of

end-stop impacts
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On the seat performance | Increasing the top-stop buffers stiffness showed
during stage 4/5 seat motion | worsening in seat performance, but this effect was less
than 3% for a doubling in stiffness. This effect is shown
in Figure 11-87 and Figure 11-38. Smaller differences

were observed with shorter motions.

Increasing the bottom buffer stiffness resulted in poorer
seat performance as shown in Figure 11-39, with a
doubling in stiffness resulting in a 15% increase in SEAT

value. Example histories are shown in Figure 11-40.
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Figure 11-37 The effect on the SEAT value Figyre 11-38 The effect on the time

of changing the top buffer stiffness using a domain seat response of changing the top

4.5 cycle, 2.5 Hz input motion. buffer stiffness logarithmically from 1/8 to 8
times the measured stiffness using a 4.5
cycle, 2.5 Hz input motion. Darker lines
indicate higher stiffness values.
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Figure 11-39 The effect on the seat Figure 11-40 The effect on the time
response of changing the bottom buffer domain seat response of changing the
stiffness using a 4.5 cycle, 2.5 Hz input bottom buffer stiffness logarithmically from
1/8 to 8 times the measured stiffness using
a 4.5 cycle, 2.5 Hz input motion. Darker
lines indicate higher stiffness values.

motion.

11.3.10 Summary

A summary of the results described above is shown in Table 11-14. Example quantities
are shown but the figures in Appendix 9 should be carefully studied to obtain a more
complete understanding of the influence of each parameter. The cases where the
frequency, magnitude or waveform had an obvious effect are indicated. Otherwise, these

summaries refer to all results using the input frequencies of 2.0, 2.5 and 3.15 Hz.
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Table 11-14 Effect of a factor of four increase in the parameter value from half to double
the measured value. Beneficial effects are shown in bold and detrimental effects in italics.

Parameter Stage 1/2 Friction Stage 3 End-stop Stage 4/5
(and range of | SEAT value | breakaway | SEAT value | impactonset | SEAT value
values if (decrease is | magnitude (decrease is | magnitude (decrease
different from | beneficial) (decrease is | beneficial) (increase is is
a factor of beneficial) beneficial. beneficial)
four).
Cushion Decreased; | Negligible Increased; Negligible Increased;
stiffness between 10 | effect. Up to 10%. effect. up fto 75%.
and 30%.
Cushion Decreased; | Negligible Decreased; | Negligible Decreased;
damping 30% at effect. Approx. effect. up to 50%.
3.15Hz with 15% at low 5% increase
the short magnitudes with the
motion, less for all short
with longer conditions, motion.
motions and decreasing
lower with
frequencies. increasing
maghnitude.
Suspended No clear | Decreased; | Decreased; Decreased; Increased;
seat mass effect. between consistent approximately | up to 140%.
50% and change, 20% at 2.5Hz.
100%. median
24%, 1QR
6%.
Suspension Negligible Negligible Increased; Decreased; up | Generally
stiffness effect. effect. up to 45% at | to 80%. increased;
3.15Hz. up to 55%
Decreasing (1.5 cycle
the stiffness Stage 5
showed results
progressively showed a
smaller decrease of
changes. up to 20%)
Suspension No clear | Linear Increased; Increased; Decreased;
friction effect. increase; between between 60% | up to 90%
magnitude between 26% and 133%. at 2Hz.
200% and and 52%
300%.
Suspension ; Changes of up | Changes of
friction \(/)aﬁfj;nalwithin to 50% up to 100%
symmetry 10% of 50/50 observed, observed,
(35% to 65% . : - - decreasing at | decreasing
of the total split, motion | Negligible Negligible higher at higher
acting in dcig?\ndeim.u effect. effect. magnitudes. magnitudes.
compression) o g 3002 Direction was | Direction
observed motion was motion
' dependant. dependant.
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Increased;

Suspension
non-frictional | \_ .. . Increased:; up to 175% | Decreased;
. egligible Negligible o with the in excess of
damping froct Hoct up to 50% at 300% at
magnitude | ®eCt effect. 3.15Hz. shortest °a
duration 2Hz.
motion.
ﬁgﬁ‘}e-"s-"’" The short motion benefited
-frictional . - .
damping Minimal _ from an extensnon-plqsed
symmetry Negligible Negligible e}f1f ect de:?‘ptte dan.mg characterls_trlﬁ
(30% in effect. effect. changesin | (75% improvement). The
compression waveform longer motions benefl.ted
to 30% in shape. from a more symmetrical
extension) characteristic.
Suspension No effect. No effect. Nedgligible Increased; Decreased;
free travel effect at possibly in excess of
comparable infinite, 250%.
magnitudes. | certainly in
Seat excess of
performance | 250%.
becomes
poorer at
high
magnitudes.
Mean ride Negligible Negligible Increased; Up to 75% Up to 150%
offset effect. effect. <5% due to difference in | due to the
(-10 mm to changing onset change in
+10mm) damper magnitude impact onset
angle. fora20 mm | magnitude.
change in Up to 25%
offset, but change at
the absolute | more severe
values varied | magnitudes,
with the Different
motion trends with
duration. duration and
frequency.
Top end-stop | No effect. No effect. No effect. No effect. Less than
stiffness 5% increase
in SEAT
value.
Bottom end- No effect. No effect. No effect. No effect. Approximate
stop stiffness 15%
increase in
SEAT value.
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11.4 Discussion

The results provide a description of the effect of the individual seat components on the
seat performance. In the majority of cases, component changes could result in an
improvement in performance at some magnitudes, but a loss in performance at others.
Exceptions to this rule were the suspension stiffness and the suspension travel. Both of
these parameters could be modified (decreased stiffness and increased travel) without a

detrimental effect at any frequency or magnitude.

Reductions in the stiffness were found to be beneficial in most conditions, but below a
stiffness of around 2 kNm™', reductions in stiffness were found to have little effect on the
seat performance. Increasing the suspension travel was found to be beneficial in reducing
end-stop impact occurrence and a free travel of 210 mm was found to prevent the

occurrence of end-stop impacts for any of the conditions investigated.

The seat performance at very low magnitudes, where the suspension remained friction

locked, was only influenced by the cushion, as would be expected.

Improved friction breakaway performance could be obtained by increasing the seat mass
or reducing the friction in order to reduce the magnitude at which the seat broke away
from friction. Friction had a much greater effect than mass for the same proportional
change in value. Both of these changes would also improve the seat performance for
moderate (Stage 3) motions, but would lead to the occurrence of end-stop impacts at

lower magnitudes. No other components affected the breakaway magnitude.

The seat performance at Stage 3 magnitudes could be improved by increasing the seat
mass, reducing the suspension stiffness (subject to a law of diminishing returns), reducing
the cushion stiffness, increasing the cushion damping, reducing the suspension damping,
reducing the suspension friction, or adjusting the seat towards toward the lower buffer
causing an effective reduction in suspension damping. The largest effects were observed
for changes in the suspension damping (frictional and force-velocity), the suspension
stiffness and the seat mass. These results were as expected, as the seat most closely

approximates a linear system at these magnitudes.

The stiffness of the top end-stop buffer was observed to have minimal effect on the
vibration experienced by the seat load. The bottom end-stop buffer was observed to have

a greater effect. It should be noted that a softer buffer effectively results in a greater
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stroke and the stroke was observed to have a substantial effect on the performance of the

seat.

The magnitude required for the onset of end-stop impacts would be increased by reducing
the seat mass, reducing the suspension stiffness (again with diminishing benefit),
reducing the friction, reducing the suspension non-frictional damping, increasing the free
travel, reducing the bottom end-stop buffer stiffness or biasing the suspension friction,
non-frictional damping or offset position according to the characteristics of the input

motion.

The suspension non-frictional damping symmetry was observed to adjust the effective
offset of the suspension when the seat was in motion, so allowing the suspension to
impact one or other of the end-stop buffers. The symmetry of the suspension friction force
was found to affect the seat displacement at the start and end of the motion and the

severity of end-stop impacts but did not have such a strong effect on the suspension

mean ride displacement.

Examination of time histories (e.g. Figure 11-24 and Figure 11-28) indicated that a top
stop impact could cause a substantial positive acceleration peak (>10 ms®) due to the
load returning to the seat after being thrown clear of the seat surface. This peak occurred

independently of any peak due to the seat impacting the bottom buffer.

The results obtained by varying the suspension stroke suggested that long stroke (up to
300 mm) suspension seats could be designed with suitable damper units in such a way
that end-stop impacts would not occur for any magnitude steady state or shock-like input
motion. The seat would be expected to have a SEAT value in excess of unity for high
magnitudes, but would not generate the shocks typical of end-stop impact events. The
manufacture of long-stroke suspension seats is limited by the space within vehicles and
the discomfort experienced by the driver by the relative movement of the controls. The
former factor would require the modification of some vehicle cab designs fo include more
headroom. The latter factor could be overcome by including the vehicle controls relevant
to the vehicle travel, as opposed to relatively stationary operations such as loading or
excavating, on the armrests and footrests attached to the suspended part of the seat.
Further research into damper designs to ensure that the damping force continued to
increase with velocity and did not overheat would also be required. However, the
investment may be more economical than suspending the vehicle or the cab with

sufficient stroke to prevent overtravel in these suspension systems.
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The severity of the end-stop impacts for a given input magnitude could be reduced by
increasing the suspension travel and the suspension non-frictional damping. Increased
suspension friction, reduced cushion stiffness and reduced seat mass were also observed
to be beneficial. The cushion damping, suspension stiffness, suspension non-frictional
damping symmetry and suspension offset position were found to affect the results, but
showed different trends with the short, highly asymmetrical 1.5 cycle motion as compared

with the longer, more symmetrical 4.5 and 11.5 cycle input motions.

11.5 Conclusions

Only the seat mass and the friction affected the friction breakaway magnitude and only
the cushion affected the seat performance at lower magnitudes where the suspension
was friction-locked. The suspension stiffness, damping, friction and suspended mass (and
a small effect of cushion stiffness and damping) all had a clear effect on the performance

at moderate magnitudes and all of these parameters except the cushion affected the

magnitude at which end-stop impacts occurred.

The seat performance in response to motions that caused end-stop impacts was affected
by all the seat components, with the available free travel and the suspension damping
having the greatest effect for a similar proportional change in value. It was observed that
top end-stop impacts could result in substantial (>10 ms®) peak upwards accelerations as

the load returned to the seat and that the top end-stop buffer had minimal effect on the

seat performance.

Only the suspension stiffness and the free travel could be adjusted without having a
detrimental effect on the seat performance. Reduced stiffness resulted in better seat
performance, but the proportional benefit of reducing the suspension stiffness
progressively decreased. Increasing the free travel up to (and in excess of) 210 mm

resulted in no end-stop impacts for any test condition.
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12 Conclusions and Further Work

12.1 Key findings

The first objective of this thesis was to develop a theoretical model capable of
simulating the dynamic performance of production suspension seats in response to
input motions with a range of frequencies, magnitudes and waveform shapes

representative of those observed in the field on wheeled off-road vehicles.

The general model was developed and used to simulate a steel-sprung suspension
seat with a manner of construction similar to a substantial number of seats currently in
use in vehicles. The model was found to predict the SEAT values to within 15% of the
measured results in 81% of the 673 conditions tested, with a median absolute

difference between the measurements and the predictions of 7.8% of the measured
value.

The second objective of the thesis was to use this model to understand and quantify

the influence of the individual seat components on the seat performance over this

range of test conditions.

The sensitivity analysis was conducted over frequencies from 1.25 Hz to 3.15 Hz and
at magnitudes that resulted in minimal or friction-locked suspension motion up to
strong end-stop impacts using three durations of input motion. The seat parameters

were investigated over an 8 to 1 range about their measured value for each frequency,

magnitude and duration of motion.

Only the seat mass and the friction affected the friction breakaway magnitude and only
the cushion affected the seat performance at lower magnitudes where the suspension
was friction-locked. The suspension stiffness, damping, friction and suspended mass
(and a small effect of cushion stiffness and damping) all had a clear effect on the
performance at moderate magnitudes and all of these parameters except the cushion

affected the magnitude at which end-stop impacts occurred.

The seat performance in response to motions that caused end-stop impacts was
affected by all the seat components, with the available free travel and the suspension
damping having the greatest effect for a similar proportional change in value. It was
observed that top end-stop impacts could result in substantial (>10 ms®) peak

upwards accelerations as the load returned to the seat and that the top end-stop buffer

had minimal effect on the seat performance.

Only the suspension stiffness and the free travel could be adjusted without having a

detrimental effect on the seat performance. Reduced stiffness resulted in better seat
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performance, but the proportional benefit of reducing the suspension stiffness
progressively decreased. Increasing the free travel up to (and in excess of) 210 mm

resulted in no end-stop impacts for any test condition.

12.2 Additional findings

A form of test motion suitable for use in the laboratory for testing suspension seat
response to high magnitude motions was defined from examination of the
characteristics of the cab floor motion recorded on three off-road wheeled vehicles
using acceleration time history data provided by field test laboratories. The test motion
was observed to produce similar seat suspension end-stop impact occurrences in the

laboratory as observed in the field.

Tests in the laboratory to compare the performance of suspension seats using human
subjects and alternative loads did not find consistent differences in the seat
performance at most magnitudes for the range of frequencies investigated (1.25 to
3.15 Hz) but identified a problem with the accepted procedure for measuring seat
surface vibration in that suspension seat upper end-stop impacts can cause the
subject to leave the seat and return, resulting in artefactual transients in the seat
surface accelerometer measurement. Comparisons between the mathematical model
and laboratory measurements were made using resulis obtained with an

anthropodynamic dummy with an accelerometer attached rigidly to the lower part of

the dummy.

The mathematical model described in this thesis improved on previous work in the
field by including an explicit friction-locked state. The possibility of determining the
non-linear suspension damping characteristics by minimising the difference between
simulated and measured seat performance in response to a specific test motion was
demonstrated. A non-linear model of the seat cushion incorporating compression-
varying stiffness and damping was also investigated but found to have minimal effect

on the predicted seat performance except for severe magnitudes of input vibration.
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12.3 Further work
Further work following on from the model developed in this thesis might be grouped

into four categories as discussed below:

The first category might be described as ‘refinement’. This thesis developed a model
of an earthmover suspension seat, built confidence in the model by comparison with
laboratory measurements and then investigated the effect of the seat components on
the predicted seat performance. Simulations of other vertical suspension seats should
be carried out and compared with laboratory measurements. Comparisons between
simulated and measured dynamic performance with other seats is likely to identify
dynamic characteristics that are not currently accounted for in the model. Some of
these characteristics were identified during this thesis, such as the self-levelling
mechanism in the forwarder seat, the variable height adjustment mechanism in the
agricultural tractor seat and the discrepancies between the simulations and
measurements using the air-sprung seats in Chapter 9, where the air spring was
suspected of contributing to the poor performance. The process of incorporating these
and other elements into the model would aid in the understanding of the dynamic
performance of the existing seats and build confidence in the general usefulness of
the theoretical model. Active or semi-active components, the effect of temperature and

the effect of component wear could also be considered as part of the refinement

process.

The second category of further work might be called ‘improvements’ to the model. This
group is distinct from the first category in that it involves more major expansions of the
model capabilities. Examples of this might be expanding the model to account for two
or more axes of motion or implementing simulations of the vehicle and terrain as

additional model components between the input and the vibration experienced by the

operator.

The third category of further work relates to the seat occupant. The dynamic behaviour
and comfort of the operator have not been widely investigated for suspension seat
situations by this thesis or other authors. The relative displacement amplitude between
the operator and the controls has been suggested as one of the practical limits on the
suspension seat stroke (the other being the available space in the vehicle cab) but this
factor has not been scientifically investigated. Also, accepted methods do not currently
exist for assessing the vibration on the seat surface of a vehicle where the operator

may leave the seat during severe motions. This has implications for the accurate
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assessment of driver vibration exposure in the field. Other factors directly relevant to
the simulation of a seated person on a suspension seat relate to methods of restraint
(e.g. seat belts), posture, especially for some agricultural operations where the driver
may be twisted in the seat for substantial periods, and muscle tension and active
control, for instance in the case of a vehicle operator anticipating an obstacle and
choosing to stand up out of the seat and absorb the shock in the legs rather than
attempt to adjust the vehicle speed or direction. Finally, a rigid human body model was
used during the majority of this thesis to simplify the calculations during top-stop
impacts where the load leaves the seat. The use of this body model in response to
higher frequency input motions, such as those found in smaller off-road vehicles or
tracked machines, would be expected to be insufficient as the seated apparent mass

would be expected to deviate from the static mass at these frequencies.

The fourth category of further work might be classified as ‘industrial applications’ and
relates to the practicalities of transferring the model from a theoretical study fo a
design tool that could be used by engineers involved in the design, manufacture and
selection of suspension seats for specific vehicles. This might involve working with
interested parties to modify the graphical interface to the satisfaction of the intended
users and simplifying the methods of supplying data to the model and analysing the
results. As an example of this, one manufacturer expressed an interest in relating the
methods of defining the component parameters used in the model to their database of
component performance data and including a simple method of running simulations of
seats using these stock components in response to the test motions defined in existing
standards for testing suspension seats for use in earthmoving and agricultural
machines and industrial trucks. The model could also be used in a manufacturing
context to suggest the influence of manufacturing tolerance on the dynamic

performance of specific seats.
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APPENDIX1 THE HUMAN SUBJECT CONSENT FORM REQUIRED FOR
PARTICIPATION IN A VIBRATION EXPERIMENT
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Consent form to be completed by adult subjects who are
being paid for their participation in an experiment
(Adults are 18 years of age or older).
Exposure Number: ....................

Vibration Experiment Exposure and Consent Form

Before completing this form, please read the ‘Information for Subjects’ on the reverse side of this
sheet.

(I) NAITIE oo et e e e st a e e e s b b e e e s e banans (Mr/Mrs/Miss/ )
(i) Do you have any of the conditions listed on the reverse side of this form?...........c.c.occccii

(iiiy Have you ever suffered any serious illNeSS OF iNJUIY? ....cooovviiiiie i

(iv) Are you under medical treatment or suffering disability affecting your daily life? ......................

If your answer is 'YES’ to questions (ii), (iii) or (iv), please give details to Experimenter.
| understand that for my participation in this experiment | am to be paid the sumof £.................

for my attendance on ................. occasion(s).

DECLARATION

I volunteer to be a subject in a vibration experiment. My replies to the above questions are
correct to the best of my belief, and | understand that they will be treated by the experimenter as
confidential. | understand that | may at any time withdraw from the experiment and that | am
under no obligation to give reasons for withdrawal or to attend again for experimentation.

I undertake to obey the regulations of the laboratory and instructions of the Experimenter

regarding safety, subject only to my right to withdraw declared above. The purpose and methods
of the research have been explained to me and | have had the opportunity to ask questions.

Signature of SUDJECE ... Date ..ccoooveeeeeiiiiee

I confirm that | have explained to the subject the purpose and nature of the investigation which
has been approved by the Human Experimentation Safety and Ethics Committee.

Signature of EXPeriMENtEr ...........ooiiieiiieeccii et Date ...

Medical assistance is available if required.

Cont/...

This form must be submitted to the Secretary of the Human Experimentation Safety and Ethics
Committee on completion of the experiment.



Information for Subjects

Persons with any of the following conditions are usually considered unfit for vibration
experiments

Active disease of respiratory system: including recent history of coughing-up blood or chest pain.

Active disease of the gastro-intestinal tract. including internal or external hemia, peptic ulcer,
recent gall-bladder disease, rectal prolapse, anal fissure, haemorrhoids or pilonidal sinus.

Active disease of the genito-urinary system: including kidney stones, urinary incontinence or
retention or difficulty in micturition.

Active disease of the cardiovascular system: including hypertension requiring treatment, angina of
effort, valvular disease of the heart, or haemophilia.

Active disease of the musculo-skeletal system: including degenerative or inflammatory disease of
the spine, long bones, or major joints or a history of repeated injury with minor trauma.

Active or chronic disease or disorders of the nervous system: including eye and ear disorders
and any disorder involving motor control, wasting of muscles, epilepsy or retinal detachment.

Pregnancy: any woman known {o be pregnant should not participate as a subject in a vibration
experiment.

Mental Health: subjects must be of sound mind and understanding and not suffering from any mental
disorder that would raise doubt as to whether their consent to participate in the experiment was true

and informed.

Recent trauma and surgical procedures: persons under medical supervision following surgery or
traumatic lesions (e.g. fractures) should not participate in vibration experiments.

Prosthesis: persons with internal or external prosthetic devices normally should not participate in
vibration experiments (although dentures need not exclude participation in experiments with low

magnitudes of vibration).

(For completion by experimenter)

To be completed by the Experimenter:

VIBRATOR:

DESCRIPTION OF VIBRATION: State levels, frequencies, axes, durations etc. (If subject is in direct
or indirect control of the vibration level, also state maximum vibration level for each condition.)
Indicate subject posture, seat type, etc. and any other factors affecting subject exposure. Description
must be sufficient to enable reader to reproduce a similar exposure pattern.

COMMENTS: (If more space is required, please attach a continuation sheet.)

adltvib1.doc



APPENDIX2 GRAPHS OF SEAT VALUE AND  SUSPENSION
DISPLACEMENT

Figure 2-2 to Figure 2-10 show the SEAT value (vibration transmitted to the vehicle
operator) in the left column of graphs and the positive and negative peak displacements of
the suspension mechanism relative to the seat base on the right. Increasing input
magnitude expressed in terms of the VDV at the seat base is shown on the x-axis of each
graph. The frequency of the input motion (1.25, 1.6 , 2.0, 2.5 and 3.15 Hz) increases down
the page.

The ‘low’, ‘med’ and ‘high’ groupings shown on each graph correspond to the seat
displacement amplitude defined as follows: ‘Low’ indicates peak suspension displacement
of less than 15mm as indicated by the horizontal dashed lines on the displacement
graphs. ‘Med’ corresponds to higher amplitude suspension displacements without end-
stop buffer contact and ‘high’ corresponds to motions with at least one end-stop buifer
contact, with the buffers indicated by the solid horizontal lines on the suspension

displacement graphs.
The layout of results is shown in Figure 2-1. Each combination of seat and input waveform

is shown on a separate page.

Increasing input frequency =< |

Increasing vibration transmission # } Increasing peak suspension

displacement
> b P

Increasing input magnitude

Figure 2-1 lllustration of the layout of results
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Figure 2-2 Mean SEAT values obtained with 12 subjects and 5 repeat tests with the
anthropodynamic dummy and the semi-rigid mass for the agricultural tractor seat with the
11.5 cycle input motion. The error bars indicate the inter-quartile range in the x and y axes.
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Figure 2-3 Mean SEAT values obtained with 12 subjects and 5 repeat tests with the
anthropodynamic dummy and the semi-rigid mass for the agricultural tractor seat with the 4.5
cycle input motion. The error bars indicate the inter-quartile range in the x and y axes.
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Figure 2-4 Mean SEAT values obtained with 12 subjects and 5 repeat tests with the
anthropodynamic dummy and the semi-rigid mass for the agricultural tractor seat with the 1.5
cycle input motion. The error bars indicate the inter-quartile range in the x and y axes.

2:4



Vibration transmission Suspension displacemet

400
1.25Hz 1.25 Hz| med [high /E\
gsoo low| med |high o - 50 é
i‘3:7200 % % F e R 0 é
>
L - & U ]
= MER LI g
%100 ® 8 _50 .9
o Human subjects :)g;‘rnr:ir:};gid mass (o]
0
16 Hz 1.6 Hz {med }high _
< low| med |High 50 E
S @ B * g
o P =
% 200 e T 0 g
e Y ke L Peleleteieltedetetels g
0
2.0 Hz 2.0Hz | med |high =~
—_ ' £
® fow| med |hig + 50 ¢
~— @ x :
E R AL :
= 200 @ é * ) W= ———— = = ——— = 0 ]
E ® é @ x| % ] Q‘@ c_%
& ¥ x ~50 &
0
low med high /é
:\3 low med high 50 £
< x =
8 - -~ =g .@ﬁ_ﬁ_ﬁ_@' %ﬁi*____ ;C:
B 200 . 0 E
>
- 4%+ [ R ettt 3
< % @ 23] ® M. E
Qo ueoeeB D Hx &5
b o -50 &
0
=
3 low| med 50
& 3
% 200 - é T heeeeTEEReRE ) . é
> 8 e @
2 T D S Sesesessss| &
LLt [+
2 MY CEEEEL -50 2
0
0 05 1 15 2 25 3 35 0 1 2 3 4

Seat base Wb VDV (ms™7%) Seat base Wb VDV (ms™"7°)

Figure 2-5 Mean SEAT values obtained with 12 subjects and 5 repeat tests with the
anthropodynamic dummy and the semi-rigid mass for the forestry forwarder seat with the
11.5 cycle input motion. The error bars indicate the inter-quartiie range in the x and y axes.
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Figure 2-6 Mean SEAT values obtained with 12 subjects and 5 repeat tests with the
anthropodynamic dummy and the semi-rigid mass for the forestry forwarder seat with the 4.5
cycle input motion. The error bars indicate the inter-quartile range in the x and y axes.
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Figure 2-7 Mean SEAT values obtained with 12 subjects and 5 repeat tests with the
anthropodynamic dummy and the semi-rigid mass for the forestry forwarder seat with the 1.5
cycle input motion. The error bars indicate the inter-quartile range in the x and y axes.
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Figure 2-8 Mean SEAT values obtained with 12 subjects and 5 repeat tests with the
anthropodynamic dummy and the semi-rigid mass for the earthmover seat with the 11.5 cycle
input motion. The error bars indicate the inter-quatrtile range in the x and y axes.
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Figure 2-9 Mean SEAT values obtained with 12 subjects and 5 repeat tests with the
anthropodynamic dummy and the semi-rigid mass for the earthmover seat with the 4.5 cycle
input motion. The error bars indicate the inter-quartile range in the x and y axes.
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Figure 2-10 Mean SEAT values obtained with 12 subjects and 5 repeat tests with the
anthropodynamic dummy and the semi-rigid mass for the earthmover seat with the 1.5 cycle
input motion. The error bars indicate the inter-quartile range in the x and y axes.
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APPENDIX 3 RESULTS OF THE SPEARMAN’S CORRELATION BETWEEN
SUBJECT MASS AND SEAT VALUE
A3.1 Overview

The following tables show Spearman’s correlation coefficient and the significance (in
brackets) testing for correlation between the subject mass and the SEAT value

measured in the laboratory for all tests with human subjects.
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A3.2 The agricultural tractor seat

Table 3-1 The agricultural tractor seat with the long (11.5 cycle) waveform

Seat base Wb
VDV (ms-1.75) 1.25 Hz 1.6 Hz 2.0 Hz 2.5 Hz 3.15 Hz
0.5 0.868 ** (0.001)] 0.105 _ (0.745)[-0.519 _ (0.084)[-0.611 * (0.035)] -0.565 __ (0.056)
0.73 0.795 ** (0.003)]-0.039  (0.905)[-0.776 ** (0.005)]-0.653 * (0.021)|-0.719 ** (0.008)
0.97 0.737 ** (0.006)] -0.128 _ (0.709)[-0.772 ** (0.003)] -0.776 ** (0.005)| -0.758 ** (0.007)
1.20 0.688 * (0.013)]-0.196 _ (0.540)[ -0.761 ** (0.004)[-0.509  (0.091)[-0.642 * (0.024)
1.43 0.526 _ {0.079)]-0.313  (0.322)] -0.839 ** (0.001)]-0.467 _ (0.126)] -0.726 ** (0.007)
1.67 0.603  (0.050)[ -0.616 * (0.043)[-0.835 ** (0.001){-0.393 _ (0.232)/-0.730 ** (0.007)
1.90 ]-0.698 % (0.012)] -0.934 * (0.000)[-0.449  (0.143)|-0.674 * (0.016)
2.13 |-0.705* (0.010){ -0.923 ** (0.000)[-0.860 _ (0.277)[-0.674 * (0.016)
2.37 J-0.917 ** (0.000)[-0.396 (0.202)|-0.670 * (0.017)
2.60 .|-0.863 ** ({0.000)]-0.498  (0.119)]-0.688 * (0.013)
2.83 . -0.905 ** (0.000)]-0.475 (0.119)] -0.653 * (0.021)
3.07 .| -0.926 ** (0.000)]-0.635 * (0.026)] -0.639 * (0.025)
3.30 |-0.788 ** (0.004)]-0.488  (0.108)[-0.649 * (0.022)
3.53 -0.516 _ (0.086)]-0.639 * (0.025)
3.77 -0.632 *  (0.028)[-0.604 * (0.038)
7.00 1-0.638 * (0.047)[-0.614 * (0.034)
*significant at p<0.05, **3|gnmcant at p<0. 01
Table 3-2 The agricultural tractor seat with the medium duration (4.5 cycle) waveform
Seat base Wb
VDV (ms-1.75) 1.25 Hz 1.6 Hz 2.0 Hz 2.5 Hz 3.15 Hz
0.5 0.740 ** (0.006)] 0.393 (0.206)[-0.835 ** (0.001)[-0.868 ** (0.001)[-0.720 * (0.013)
0.73 0.695 * (0.012)] 0.253  (0.428)]-0.874 ** (0.000)|-0.904 ** (0.000)] -0.811 ** (0.001)
0.97 0589  (0.057)] 0.078  (0.821)}-0.951 ** (0.000)!-0.886 ** (0.000)/-0.947 ** (0.000)
1.20 0.579 * (0.049)] 0053  (0.871)]-0.856 ** (0.000)]-0.831 ** (0.002)/ -0.888 ** (0.000)
1.43 0.558  (0.059)] 0.087  (0.800)]-0.919 ** (0.000)|-0.808 ** (0.003)] -0.916 ** (0.000)
1.67 1-0.161  (0.616)]-0.898 ** (0.000)[-0.790 ** (0.004)| -0.849 ** (0.000)
1.90 1-0.930 ** (0.000)! -0.831 ** (0.002)] -0.838 ** (0.001)
2.13 1-0.867 ** (0.000)[-0.904 ** (0.000)] -0.804 ** (0.002)
2.37 ]-0.817 ** (0.002)]-0.900 ** (0.000) -0.807 ** (0.002)
2.60 .-0.789 * (0.002)]-0.900 ** (0.000)]-0.856 ** (0.000)
2.83 .]-0.909 ** (0.000)]-0.853 ** (0.000)
3.07 J]-0.918 = (0.000)[-0.842 ** (0.001)
3.30 .| -0.932 ** (0.000)} -0.846 ** (0.001)
3.53 . -0.839 ** (0.001)
3.77 1-0.877 ** (0.000)
4.00 ) . . 1-0.905 = (0.000)
*significant at p<0.05, **significant at p<0.01
Table 3-3 The agricultural tractor seat with the short (1.5 cycle) waveform
Seat base Wb
VDV (ms-1.75) 1.25 Hz 1.6 Hz 2.0 Hz 2.5 Hz 3.15 Hz
0.5 0544  (0.068)[-0.116  (0.720)]-0.358  (0.253)]-0.765 ** (0.004)]-0.726 ** (0.007)
0.73 0.600 * (0.039)] 0.284 (0.371)]-0.263  (0.409)[-0.526 _ (0.079)]-0.712 ** (0.009)
0.97 0.491  (0.105)] 0.372  (0.234)]-0.207  (0.519)[-0.558  (0.059)]-0.825 ** (0.001)
1.20 0.449  (0.143)] 0.302  (0.340)]-0.330  (0.295)]-0.642 * (0.024)|-0.846 ** (0.001)
1.43 0554 (0.061)] 0.211  (0.511)[-0.3756  (0.229)[-0.600 * (0.039)|-0.870 ** (0.000)
1.67 0.688 * (0.013)] 0262  (0.411)]-0.326  (0.301)|-0.653 * (0.021)]-0.849 ** (0.000)
1.90 0.807 ** (0.002)] 0.600 * (0.039)]-0.253  (0.428)[-0.663 * (0.019)]-0.870 ** (0.000)
2.13 ) J-0.049 (0.879)-0.596 * (0.041)[-0.884 ** (0.000)
2.37 0.463  (0.129)[-0.396  (0.202) -0.884 ** (0.000)
2.60 J-0.354  (0.258)[-0.916 ** (0.000)
2.83 1-0.067  (0.837)[-0.870 ** (0.000)
3.07 J-0.796 ** (0.002)
3.30 J-0.470  (0.123)
3.53 -0.393  (0.206)
3.77 10312 (0.323)
4.00 ]

*significant at p<0.05, **sugnmcant at p<0. 01
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A3.3 The forestry forwarder seat

Table 3-4 The forestry forwarder seat with the long (11.5 cycle) waveform

Seat base Wb

VDV (ms-1.75) 1.25 Hz 1.6 Hz 2.0Hz 2.5Hz 3.15 Hz
0.5 0.446 (0.147)] 0.919 ** (0.000)} -0.092 (0.813)| -0.618 * (0.032)| -0.716 ** (0.009)
0.73 0.579 * (0.049)10.849 ** (0.000){-0.670 * (0.017)|-0.937 ** (0.000)}-0.667 * _(0.018)
0.97 0.507 (0.112)] 0.845 ** (0.001){ -0.639 * (0.025)| -0.904 ** (0.000)] -0.660 * _ (0.020)
1.20 0.598 (0.052)[ 0.877 ** (0.000)} -0.502 (0.096)[ -0.884 ** (0.000)[-0.632 * (0.028)
1.43 0.621 * (0.081)] 0.470 (0.171)] 0.477 (0.117){ -0.905 ** (0.000){-0.737 ** (0.006)
1.67 0177 (0.625) 0.537 _ (0.072) -0.958 ** (0.000)] -0.774 ** (0.005)
1.90 -0.926 ** (0.000)] -0.761 ** (0.004)
2.13 -0.932 ** (0.000)] -0.877 ** (0.000)
2.37 .1-0.822 ** (0.000)|-0.893 ** (0.000)
2.60 .1-0.937 ** (0.000)] -0.867 ** (0.000)
2.83 .1-0.875 ** (0.000)! -0.800 ** (0.002)
3.07 -0.768 ** (0.004)
3.30 -0.807 ** {0.002)
3.53 .1-0.818 ** (0.001)
3.77 .[-0.758 ** (0.004)
4,00 .[-0.836 ** (0.001)

Table 3-5 The

*significant at p<0.05, **Slgnlflcant at p<O 01
forestry forwarder seat with the medium dur.

ation (4.5 cycl

e) waveform

Seat base Wb

VDV (ms-1.75) 1.25 Hz 1.6 Hz 2.0 Hz 2.5 Hz 3.15 Hz
0.5 0.884 ** (0.000)] 0658 _ (0.078)]-0.330___ (0.295)] -0.744 ** (0.006)] -0.477 __(0.117)
0.73 0.649 * (0.022){0.323__ (0.306)[-0.661 * _(0.027)[-0.836 ** (0.001)|-0.905 ** (0.000)
0.97 0.684 * (0.014[0512 _ (0.089)]-0.333 __ (0.290)] -0.947 ** (0.000)-0.937 ** (0.000)
1.20 0.646 *  (0.023)] 0.628 *_(0.029)] 0.088 __ (0.786)]-0.916 ** (0.000)] -0.961 ** (0.000)
1.43 0.663 * (0.019)] 0476 (0.165)] 0.407 _ (0.189)[-0.789 ** (0.002)|-0.940 ** (0.000)
1.67 0409 (0.241)[-0.702 * (0.011)[ -0.944 ** (0.000)
1.90 -0.340 __ (0.279)]-0.905 ** (0.000)
2.13 | 0.134  (0.712)[ -0.888 ~*_(0.000)
2.37 -0.082 (0.926)[-0.793 ** (0.004)
2.60 J-0.811 ** (0.001)
2.83 |-0.926 ** (0.000)
3.07 .| -0.937 ** (0.000)
3.30 .|-0.916 ** (0.000)
3.53 -0.891 **_(0.000)
3.77 .[-0.834 = (0.001)
Z.00 |-0.838 * (0.002)

*significant at p<0.05, **S|gmf|cant at p<O 01

Table 3-6 The forestry forwarder seat with the short (1.5 cycle) waveform

Seat base Wb

VDV (ms-1.75) 1.25 Hz 1.6 Hz 2.0 Hz 2.5 Hz 3.15 Hz
0.5 0.681 * (0.015)]0.084 _ (0.795)] -0.225 _ (0.483)]-0.646 * _(0.023)] -0.519 __ (0.084)
0.73 0.397 _ (0.226)]0.007 __ (0.983)[-0.242 _ (0.448)[-0.698 * _(0.012)[-0.737 ** (0.006)
0.97 0.642 * (0.033)[0.161 _ (0.616)[ 0.354 _ (0.258)[-0.021 __ (0.948)[-0.870 ** (0.000)
1.20 0.551 _ (0.063)]0.074 _ (0.820)] 0.165 _ (0.609)| 0.186 __ (0.563)] -0.425 _ (0.169)
1.43 0.284 __ (0.377)]0.009 _ (0.979)] 0.372 _ (0.234)] 0.239 __ (0.455)[-0.161__ (0.616)
1.67 . 0.372 __ (0.234)]-0.123 _ (0.704)
1.90 1-0.006 __ (0.987)] 0.018 __ (0.957)
2.13 0.165 _ (0.609)
2.37 0534 (0.090)
2.60
2.83
3.07
3.30
3.53
3.77
4.00

*significant at p<0.05, **s:gnn‘lcant at p<0 01
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A3.4 The earthmover seat

Table 3-7 The earthmover seat with the lon

(11.5 cycle) waveform

Seat base Wb

VDV (ms-1.75) 1.25 Hz 1.6 Hz 2.0Hz 25Hz 3.15Hz
0.5 -0.130 (0.687)] 0.028 (0.931)] 0.027 (0.936)] 0.397 (0.226)| 0.588 (0.057)
0.73 0.494  (0.103){-0.583 _ (0.060)|-0.478  (0.137)[-0.762 * (0.010)] -0.516___ (0.086)
0.97 0.372 (0.234)] -0.611 * (0.035)| -0.679 * (0.022)| -0.575 (0.064)] -0.281 (0.377)
1.20 0.827 ™ (0.003) .1-0.850 ** (0.004)] -0.320 (0.338)[ -0.225 (0.483)
1.43 . . .1-0.897 ** (0.000){-0.575 (0.064)! -0.011 (0.974)
1.67 .1-0.856 ** (0.001)| -0.475 (0.140)| 0.025 (0.940)
1.90 R .| -0.447 (0.168)| 0.000 (1.000)
2.13 .1-0.822 ** ({0.002)]-0.193 (0.548)
2.37 .1-0.930 ** (0.000)| -0.018 (0.957)
2.60 .1-0.950 ** (0.000)}-0.279 (0.407)
2.83 .1-0.909 ** (0.000)] -0.260 (0.415)
3.07 .[-0.904 ** (0.000)}-0.538 (0.088)
3.30 .1-0.922 ** {0.000)] -0.509 (0.091)
3.53 |-0.667 *  (0.025)
3.77 .]-0.695 *  (0.012)
4.00 .|-0.703 * (0.016)

*significant at p<0.05, **significant at p<0.01

Table 3-8 The earthmover seat with the medium duration (4.5 cycle) waveform
Seat base Wb
VDV (ms-1.75) 1.25 Hz 1.6 Hz 2.0 Hz 2.5 Hz 3.15 Hz
0.5 0.347 __ (0.269)]-0.147 __ (0.648)[-0.098 _ (0.761)[-0.298 __ (0.346)] 0.081 _ (0.803)
0.73 -0.011 __ (0.974)]-0.847 ** (0.001)[-0.551 _ (0.063)|-0.400 _ (0.198)[-0.337 __ (0.284)
0.97 10175 (0.585)[-0.860 ** (0.000)|-0.312 _ (0.323)]-0.393___ (0.206)
1.20 ]-0.705 * (0.010)[-0.288 _ (0.364)] -0.393 __ (0.206)
1.43 ]-0.730 ** (0.007)]-0.375 __ (0.229)|-0.137 __ (0.672)
1.67 . J-0.614 % (0.034)[-0.130 __ (0.688)
1.90 .1-0.698 * (0.012)[-0.168 _ (0.601)
2.13 1-0.839 * (0.001)]-0.547 __ (0.065)
2.37 .| -0.884 ** (0.000)| -0.625 *_(0.030)
2.60 1-0.860 ** (0.000)[-0.449 _ {0.143)
2.83 . .[-0.923 ** (0.000)
3.07 .| -0.926 = (0.000)
3.30 | -0.842 ™ (0.001)
3.53 .| -0.888 ** (0.000)
3.77 .[-0.888 **_ (0.000)
4.00 . . . .-0.868 = (0.001)
*significant at p<0.05, **significant at p<0.01
Table 3-9 The earthmover seat with the short (1.5 cycle) waveform
Seat base Wb
VDV (ms-1.75) 1.25 Hz 1.6 Hz 2.0 Hz 2.5 Hz 3.15 Hz
0.5 0.326 _ (0.301)]-0.218 _ (0.497)[-0.214 _ (0.504)]-0.621 * (0.041)[-0.214 _ (0.504)
0.73 0.428 _ (0.165)] 0.284 _ (0.371)] 0.133 __ (0.680)[-0.626 * (0.040)[ -0.698 * _(0.012)
0.97 0.656 *  (0.020)] 0.4917 _ (0.105)] 0.207 _ (0.519)] 0.119 _ (0.728)] -0.733 ** (0.007)
1.20 . 10319 (0.312)] 0.066 __ (0.846)[-0.214 _ (0.504)
1.43 J-0.462  (0.179)[-0.572__ (0.052)
1.67 |-0.470_(0.144)[-0.598 _ (0.052)
1.90 J-0.691* (0.013)
2.13 J-0.811 * (0.001)
2.37 .1-0.821 ** (0.001)
2.60 .
2.83
3.07
3.30
3.53
3.77
4.00

*significant at p<0.05, **significant at p<0.01
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APPENDIX 4: RESULTS OF THE MANN-WHITNEY U-TEST BETWEEN THE
SUBJECTS, DUMMY AND SEMI-RIGID MASS

A4.1 Overview

The following tables show the significance of the Mann-Whitney U-test for each
combination of loading condition. Bold type indicates no significant difference at the
1% significance level. It should be noted that at the 1% significant level a number of
false results were expected due to the large number of tests performed. A reduction in
significance level (i.e. using p/N where N is the total number of tests performed) was
not possible due to the small number of samples available for each individual
comparison, so it should be remembered that on average there will be one false
significance for each 100 measurements. The intention of these tests was to identify
trends rather than to confirm differences for each individual condition so the presence
of a small number of false results was not considered to be important. The results are

shown in the following tables for each frequency and magnitude as follows:

Subjects - Subjects -

dummy mass

Dummy - mass

4:1



A4.2 The agricultural tractor seat

Table 4-1 The agricultural tractor seat with the long (11.5 cycle) waveform

Base W, VDV
(ms-1 .75)

0.50
0.73
0.97
1.20
1.43
1.67
1.90
213
2.37
2.60
2.83
3.07
3.30
3.53
3.77

4.0

Frequency

1.25 Hz 1.6 Hz 2.0 Hz 2.5 Hz 3.15 Hz
361 | .282 | .833 | _.461 | .171 | .673 | .343 [ .248 | .343 | 006**

.806 .347 .251 .754 .008*
.047* | _.019* ||.002**].006**|| .396 |_.533 | .754 | .673 | .073 [_011*

142 754 754 .465 175
.008**] .021* ||.003**] .011* || .029* |_.598 | .777 |_.462 | .234 |_.126

1.000 .047* 014* .754 .465
.008**] _.035* ||.002**] ,006**| .058 |_.628 | .598 [ .833 | .126 |_.140

.601 .028% 142 .465 .347
.008**] 052 |/.004**] .011* || .045* |_.833 | .461 [ 1.000 | .206 | .171

.221 .083* 016" 175 .465
.002**]_.011* ||.002**1,004**| .035* | .833 || .335 | .955 | .275 | .316

.600 .009* .009* 175 624
.002**],004**| .020* |_.692 | .171 | 916 | .292 | .430

.602 .009* .028* 117 .327
.002**]_.011* || .035* |_.399 [ .157 | 1.000 | .343 |_.461

.286 .014* .028* .086 602
.020* | .342 | .092 [ .673 | .399 | .461

.095 .009* 047* 175 754
.052 | .399 | .079 | _.692 | .292 | .343

.009* .050* 175 .917
.035* | .399 | .035* |_.598 | .399 | .399

012 175 .917
.027* | 598 | .058 | _.673 | .292 |_.343

.009* .347 .917
.036* 1.036* | .114 |_.598 | .292 | .461

.009* .347 .917
/l\ 114 | 673 | .527 | .399

.009** .251 917
.206 | .874 | .808 | .598

175 .806
.624 | 391 | .396 [ .399

/\ .076 1.000

* difference is significant at 5%

** difference is significant at 1%
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Table 4-2 The agricultural tractor seat with the medium duration (4.5 cycle) waveform

Base W, VDV Frequency
(ms™7™) 1.25 Hz 1.6 Hz 2.0 Hz 2.5 Hz 3.15 Hz

.399 | 461 | 527 [ .058 | .916 | .527 | .234 | .e92 | .100 [_.126

0.50 917 .347 .347 175 917
.206 | .206 | .058 [ .045* | .020* | .206 | .692 | .777 | .058 [ .246

0.73 /917 917 175 917 .251
433 | 157 | .047* ]_.062 | .027* |_.461 | .955 | 692 | .092 | .343

0.97 462 .602 117 .602 175
1.20 .027* ]_.092 | .020* | 020" || .090 | _.268 | 1.000 [ .692 | .171 | _.461

. .465 754 .327 .465 .465
.045* | _.073 [.003**]_ 002** .045* |_.246 || .692 | 777 | .206 |_.343

1.43 .754 .602 .465 .602 917
.004* 1008 .035* | 171 || .396 |_.777 || 343 |_.461

167 462 917 %\ 602 917
.045* | 206 || .396 | .955 | .343 | .467

1.90 .251 .A65 .602 .602 .806
013 .073 [ .399 | .282 | .865 | .399 |_.461

T .050* .602 .602 917
.047* | 234 || .396 | _.865 | .399 | .527

2.37 .465 .602 917
.092 | 673 | .777 _|_.777 | .527 | _.673

2.60 .465 .602 .754
.586 | .865 | .527 | .493

2.83 117 .456 .602
.865 | _.865 | .461 | _.461

3.07 117 .602 .602
777 1 777 | 461 |_.461

3.30 016* .463 .602
.527 |_.396

3.53 /\ >
.628 |_.206

3.77 o]
292 | 225

4.0 /\ 624

* difference is significant at 5%
** difference is significant at 1%
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Table 4-3 The agricultural tractor seat with the short (1.5 cycle) waveform

Base W, VDV Frequency
(ms™") 1.25 Hz 1.6 Hz 2.0 Hz 2.5 Hz 3.15 Hz
.343 | .035* | .058 | .027* | .343 [ .399 | .916 | .544 || .092 | _.171
0.50 .047* .754 347 .624 .754
.058 |_.011* ||.008™ _011* |.002"*|_.058 |.004**| .073 | .140 |_.752
0.73 175 347 .016* .009* 175
0.97 .092 | .020* |.006**]_.045* |.003**|_.206 | .015* | 292 | .092 | .461
) .465 .028* .009* .009* .016*
1.20 .082 | .073 ||.004**]| _.058 |.003**| _.399 | .015* | ,598 || .058 | .292
) 754 .009" .009* .009* .009*
143 .073 | _.035* | .018* 1_.092 |.006**] .399 || .035* | .752 | .092 | .140
.602 .009* .009* .009* .009*
167 A71 _.045* |.006**| 114 ||.006** | .246 | .035* | _.598 | .114 !_045*
) 347 .028* .009" .009* .009*
.673 | _.628 | .058 | .527 || .015* |_.268 | .035* | .527 | .246 [ _045*
1.90 .462 .347 .009* .009* .009™*
008" _.399 || .045* |_.247 | .343 | _.045*
213 .754 .465 .047* .009* .009”
JA14 | 527 | .035" | .332 || .292 | 045"
237 .465 175 075 .014* .009*
2 60 .020* | _.339 || .462 | .100
.347 .028* .016* .009**
.015* | 527 | .140 | _.092
2.83 /\ 462 .009* .009*
140 | _.206
3.07 .076 .016*
146 _|_.206
3.30 .028* .027*
.092 | 225
3.53 .050* .014*
A71 114
3.77 0160
4.0 /\ Oos
* difference is significant at 5%
** difference is significant at 1%

4:4



A4.3 The forestry forwarder seat

Table 4-4 The forestry forwarder seat with the long (11.5 cycle) waveform

Base W, VDV Frequency
(ms™7™) 1.25 Hz 1.6 Hz 2.0 Hz 2.5 Hz 3.15 Hz
0.50 .058 | _.916 || .058 11.000 | .021* 1.004™| .045* | _.011* | .018* _1.008**
) .047* .009* .806 117 .347
0.73 140 |_.246 |.003*_ 171 ||.002**|_.035* | .073 | .598 | .140 | _.011*
) .016* .009* .009* .009* .047*
0.97 .234 |_.610 |.004**)_.336 |.002**|.027* |.006**| 777 || .275 | _.171
) .047* .009* .009” .009* .389
1.20 .282 | 126 | .079 [ .777 |.002**.006*|.002**]1.000 | .527 |_.916
. 465 117 .009* _009* 251>
1.43 414 | 114 || 462 | 462 |.002**|_.343 ||.002**| .673 || .461 | .292
’ .251 .028* .009* .009* .009*
1.67 .020* 1 .020* .006** | 275 ||.002**) 752 | .336 [_.100
) .754 .014* .009* .009*
150 002"} 673 | .292 |_.058
) .009* .009*
.004*] 955 || .399 | .058
213 .009* .009**
.008** | _.695 || .399 | _.020*
237 .014* .009™
011*_1_.092 | .399 | _.020*
2-60 /\ -014* '009*
.011*_1,004* 343 | _.073
283 .014* .009*
527 | .045*
3.07 0097
292 | .035*
3.30 009
.246 | _.058
3.53 /I\/\ '009**
206 | _.027*
3.77 009
.240 | _.100
4.0 /\/\/\ 014 >
* difference is significant at 5%
** difference is significant at 1%
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Table 4-5 The forestry forwarder seat with the medium duration (4.5 cycle) waveform

Base W, VDV Frequency
(ms™7°) 1.25 Hz 1.6 Hz 2.0 Hz 2.5Hz 3.15 Hz
673 J_.292 || .047* |_.282 ||.008**]_.598 | .011* |_.045* |.006** | .006**
0.50 917 917 028° 050° 754
598 | .598 | .045" |_.140 ||.002**| .533 |.002**| .462 | .027* 1_.018*
0.73 917 917 .009* .009* 917
.833 |_.833 || .027* |_.171 ||.002**|_.171 | .011* |_.140 | .045* |_.461
0.97 754 .602 .009* .009~ .047*
.598 | .527 | .752 | _.833 |[.003** ]| 171 |.008"*)_.399 | .058 | _.399
1.20 .754 917 .009* .009* .009"
343 | .343 | .806 | .713 | .020* |_.598 |.002"*|_.833 | .058 |_.206
1.43 .754 754 .016* .009* .009"
142 | .462 |.006"* | 752 || .035" [ _.114
1.67 016° “009* 009*
.011* | _.527 | .020* _|_.020*
1.90 .009* .009**
540 | 111 |.004*"1.011*
2.13 016° 009°
.533 | .073 | .011*_[_.036*
237 101 009"
.011*_|_.052
2.60 0147
.020%_1_.045*
2.83 009*
.045* | _.045*
3.07 /\ 09
.073 | _.035"
3.30 009*
.140 | .035*
3.53 /\ 509°
.282 | .011*
3.77 009"
462 | 011*
4.0 /\ /’\ ot
* difference is significant at 5%
** difference is significant at 1%
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Table 4-6 The forestry forwarder seat with the short (1.5 cycle) waveform

Base W, VDV Frequency
(ms™™) 1.25 Hz 1.6 Hz 2.0 Hz 2.5 Hz 3.15 Hz
0.50 140 | _.292 | .833 | _.527 |.002**)_.343 |.003**| .020* | .011* l.006**
) 117 917 .009” .028* .602
0.73 .015*_1.006**|| .461 | _.752 |.002**|_.461 |.002**| 140 ||.002**._ .092
) .347 .602 .009* .009* .009™*
0.97 .036™ |.006**§ .673 |_.035* | .673 |.006™|.002**| .035* |.002**]_.527
) 17 .076 .009" .009* .009*
1.20 027 [ 114 | 752 | 292 || .752 | .092 | .916 | .015* |.002**._.140
) .754 175 .047* .009" .009*
1.43 140 | .246 | .777 .140 | .527 | .598 | .246 | .035" | _.114
) 917 .047* .209 .016*
.078 | _.598 | .114 | _.246
1.67 .028* .028*
.221 157 || .035" __.916
1.90 .014* .028*
213 011* 752
o .016*
0.37 .020* |_.090
) .014*
2.60
2.83
3.07 /I\
3.30
3.53
3.77
4.0 /\ /\
* difference is significant at 5%
** difference is significant at 1%
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A4.4 The earthmover seat

Table 4-7 The earthmover seat with the long (11.5 cycle) waveform

Base W, VDV
(ms-1.75)

0.50
0.73
0.97
1.20
1.43
1.67
1.90
2.13
2.37
2.60
2.83
3.07
3.30
3.53
3.77

4.0

Frequency
1.25 Hz 1.6 Hz 2.0Hz 2.5 Hz 3.15 Hz
.002**]_.015* |.002**| 140 || .100 | .036" || .433 |_.002**| .036* L 002"
.009” .009* .009” .014* .009"
.058 | _.027* |.004™(_.047* |.003 .396 || .178 | _.027* | .527 | .292
.675 .251 .047* 175 117
.045* | .015* | .461 | _.673 | .027* |_.692 || .062 | .336 | .045* 1,003™
.086 .602 917 .754 A17
Jd11 | _.066 739 | 463 | .062 | .692 | .045" |_.246
.602 221 175 .251 602
.610 | _.610 | .079 | .777 | .035" | _.598
.027* .009" .251 .251 .047*
.610 | .282 | .794 | _.610 | .058 | .343
.009" .059 1.000 .047*
151 | .396 | .100 [ .308
.027* 1.000 .076
.336 | .027* || .206 | .292
.009” .251 A17
713 1 _.020* || .206 | _.246
.009* 175
533 1 .015* | .697 | .734
.009* .881
.327 | _037* || .052 | .833
.009* .086
610 1 .027* | .157 1 _.610
.009” .465
.336 | _.047* | 429 ) _.246
.009" .602
J77 1 036"
/\ .009* .028*
1.000 | .015*
.009*"
692 | 011™
/\/\/\ 009"

* difference is significant at 5%
** difference is significant at 1%
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Table 4-8 The earthmover seat with the medium duration (4.5 cycle) waveform

Base W, VDV Frequency
(ms™7™) 1.25 Hz 1.6 Hz 2.0 Hz 2.5 Hz 3.15 Hz
.027* | _.461 | .027* |_.206 | .598 | _.058 | .673 | .073 || .171 |_.343
0.50 17 .047* .076 175 .602
.006™_027* || .027* 1193 || .396 | _.275 || .206 | _.027* | .140 [.003**
0.73 .076 .047* .564 .347 .009**
.092 | .035* || .903 | 1.000 | .343 | .246 | .461 |_.035*
0.97 .076 .347 1.000 .602 17
916 | .292 | .833 | .752 | .399 | .246
1.20 .014* .009% 175 917 917
.833 | .171 | .206 | 916 | .673 |_.628
1.43 .009" .014* .009” .076 .806
1.67 .045* | .399 || .833 | _.916
) .009" .009* 917
1.90 .073 ;292 .598 | .833
.009 754
213 .206 | _.140 | .752 J_.171
’ .009" .094
.206 | .146 | .092 | .092
2.37 .014* .009*
.399 | .027* | 114 | _.035"
2.60 .009* .009*
916 L .004**
2.83 .014* .009*
.292 | .005**
3.07 014
399 |.002*
3.30 009%
527 [ .002*
3.53 D09
.673 1. .002*
3.77 009"
610 | 002
4.0 009
* difference is significant at 5%
** difference is significant at 1%
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Table 4-9 The earthmover seat with the short (1.5 cycle) waveform

Base W, VDV
(ms-1.75)

0.50
0.73
0.97
1.20
1.43
1.67
1.90
2.13
2.37
2.60
2.83
3.07
3.30
3.53
3.77

4.0

Frequency

1.25 Hz 1.6 Hz 2.0 Hz 2.5 Hz 3.15 Hz
.002°*)_,002**) .011* | ,008**|| .020* | .020" || .777 | _.533 | .114 | _.045*

117 347 .602 754 .602
.004™ | ,002**| .004** | ,004**|.006™ |_171 | .011* | 514 | .073 _.140

917 .754 175 .086 917
0021 ,002**|1.004** | ,002**|| .015*_|.002**)| .020* |_.011* || .020* [ 002**

.009” .009* .076 .602 .076
.045°_1,002*| .036* [ 002**| .092 |.008**

.009” .009" .009" .028* 117
.050* |.002*| 399 1.011*

.014* .009* .009* .009" .016*
2193 1.002**| .955 1. 006™

.025* .009” .009” .009"
.833 | ,008*

.009” .009**
.673 | 020"

.009"
460 | .045*

.009”

.009™"

/\ .025*

s

]

* difference is significant at 5%

** difference is significant at 1%
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APPENDIX 5: THE THEORETICAL MODEL BLOCK DIAGRAM

The following pages contain the SIMULINK block diagram of the seat mode! as used
for the sensitivity analysis in Chapter 12. The model structure is as described in
Chapter 8 with the additional elements introduced in Chapter 9 and Chapter 11. Some
additional elements that were investigated but not validated and therefore not used in
the final model version, such as non-linear end-stop buffer damping, are shown in the

block diagram but are disconnected from or switched out of the model.

The block diagram expects to find the seat component coefficients (shown in the GUI
in Chapter 9) as capitalized global variables. These values and other constants used
by the model are shown in the light colored square blocks. The top level is the first
window shown (Page 1/102) named ‘tgseatmodel. The name of each sub-diagram is

shown at the top of each window.

The model accepts the input time history “c:\winmodel\run\inputaccel.mat” in two
column Matlab format (time and acceleration). The model outputs two files named
‘accelout.mat’ and ‘dispout.mat’ (page 11/102). Each contains a matrix in Matlab
format and contains time as the first column. The ‘dispout.mat’ file contains the relative
displacement across the suspension, the cushion, and the human body model as a
further three columns. The ‘accelout.mat’ matrix contains the acceleration of the base

and of each mass in a further four columns.
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APPENDIX 6: THE PARAMETER OPTIMISATION ROUTINE

The following pages contain the MATLAB code used for the parameter optimization
process described in Chapter 9. The code requires the SIMULINK seat model and the

associated GUI.
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% script written TPG 18/4/2001 to optimise two (or mor v
) seat model coefficients using separate input motion v

updated TPG 9-5-2001 to use PhD data for chapter 9a.

o° o 0 00 1 (D

tgmultioptimisephd.m
OPTseattype='gra’;%’'kab’,isr’, 'gra’

$parameter set
switch OPTseattype

case ’'kab’
OPTmeasured_parameter_file=’'c:\winmodel\kabmessymme v

tric.txt’;

glow

OPTparameters (1) .datapath='E: \pexptldatafromcd\d\d0 v
5k\EART\ ' ;

OPTparameters (1) .basenum=3022;

OPTparameters (1) . loadnum=3024;

%$high

OPTparameters (2) .datapath="E: \pexptldatafromcd\d\d0 ¢
1K\EART\ "’ ;

OPTparameters (2) .basenum=3072;

OPTparameters (2) .loadnum=3074;

case ’‘isr’
OPTmeasured_parameter_file=’'c:\winmodel\isrimessymm v
etric.txt’;

$1low

OPTparameters (1) .datapath="E: \pexptldatafromcd\d\d0 v
1i\EART\ "’ ;

OPTparameters (1l) .basenum=3032;

OPTparameters (1) .loadnum=3034;

high
OPTparameters (2) .datapath='E: \pexptldatafromcd\d\dO ¢
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1i\EART\’;
OPTparameters (2) .basenum=3052;
OPTparameters (2) .loadnum=3054;

case ’‘gra’
OPTmeasured_parameter_file='c:\winmodel\grammessymm ¢

etric.txt’;

%1low
OPTparameters (1) .datapath="E:\pexptldatafromcd\d\d0 ¢

1g\FORW\ ' ;
OPTparameters (1) .basenum=3072;
OPTparameters (1) .loadnum=3074;

ghigh

OPTparameters (2) .datapath="E: \pexptldatafromcd\d\d0 v
1g\FORW\ ' ;

OPTparameters (2) .basenum=3112;

OPTparameters (2) .loadnum=3114;

end

% set the maximum number of simulations
OPTmaxsims=1000;

% solver parameters
OPTstepsize=le-3;
OPTdecfact=1;

% the first parameter name, range of acceptable values ¢
, and input motion to use when optimising
OPTparameters (1) .name='frictgain’;
OPTparameters (1) .min=0;

OPTparameters (l) .max=2;
OPTparameters(1l) .coarse=0.1;
OPTparameters (1) .fine=0.01;

% the second parameter



Page 3

d:\my documents\reference\mfiles\tgmultioptimisephd.m
13:58:55

04 November 2002

OPTparameters (2) .name='csgain’;
OPTparameters (2) .min=0;
OPTparameters (2) .max=2;
OPTparameters (2) .coarse=0.1;
OPTparameters (2) .fine=0.01;

oP
N

00000000000000000000000000000000000000000000000040
555555V 55335383053355%%%%%%%%335%00%

o°
oP
oP
oo

oe
oP
oe
ov

% open the model
seatmodel

% load the model GUI handle list
OPThandlist=allchild (1) ;

% load the measured parameter set
set (findobj (OPThandlist, 'Tag’, 'seatdata’), 'string’,0OPT VvV

measured_parameter_file) ;
mguicode (7) ;

% set the sampling rate and output decimation factor

set (findobj (OPThandlist, 'Tag’, 'stepsize’), 'string’,num ¢
2str (OPTstepsize)) ;
set (findobj (OPThandlist, 'Tag’, 'decfact’), 'string’,num2 «

str (OPTdecfact)) ;

oP
oP
ow
oP
oP
oe
o0
oP
oP
oo
Y
o®
oP
oP
o
oP
oP
oP
oe
ov
oo
oP
oP
oP
o®
oP
oP
oP
oo
oo
oP
oP
oP
oP
oP
o®
oP
oe
oC
oe
oP
oP
0P
oP
o
oP
oP
oP
oo
oP
oP
oe
oP
o
N

oP
oP
oP
oP
oP
oP
oP
oe
oP
oP
oP
oP
oP
oe

OPTsuccessflag=0;

OPTstepsize=0; % coarse step size (fine=1)

OPTnsim=0; % counter of simulations

OPTnparas=1length (OPTparameters); % get the number of p v

arameters to optimise

% set arbitrarily high initial error values

for cc=1:0PTnparas
OPTparameters (cc) .0OPTolderr=100;

end
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oe
oe
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oe
oP
oP
oe
oP
oP
oP
oP
o
0P
oP
oP
o
o
o0
oP
oe
oP
oP
oe
oP
oP
oe
oP
oe
oe
ov
Y
oP
N

oe
0P
oe
oP

% loop through up to OPTmaxiter iterations

tic; % start clock
while OPTsuccessflag==

% randomise the order of the parameters
OPTparaord=randperm (OPTnparas) ;

% loop through parameters
for r=1:0PTnparas

% get current parameter value, name and step siz v

e.
% (OPTparaval (2) i1s the middle of the three value/

s to be investigated)

eval ([ 'OPTparaval (2)="',upper (OPTparameters (OPTpa v
raord(r)) .name), ' ;"’])

OPTcurrpara=upper (OPTparameters (OPTparaord(r)) .n v

ame) ;
% select coarse or fine step size
if OPTstepsize==
OPTcurrstep=0OPTparameters (OPTparaord(r) ) .coar ¢«
se;

else
OPTcurrstep=0PTparameters (OPTparaord(r)).fine

end

get the target acceleration time history and 1V

ow pass filter at 40 Hz
load, invert and filter the data

oP

o0
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eval([’'cd ',OPTparameters (OPTparaord(r)) .datapat ¢

hl);
[OPTmcush, OPTt0, OPTmfs, OPTmode, OPTother] = r v

eadf (OPTparameters (OPTparaord(r) ) . loadnum) ;
OPTmcush= (OPTmcush-mean (OPTmcush (round (0.1 .*0PTm v

fs):round(0.4.*0OPTmfs))));
OPTmtime=0PTtO0 (1:length (OPTmcush)) ;
[OPTb, OPTa]=butter(6,40./ (OPTmfs. /2));
OPTmcush=filtfilt (OPTb, OPTa, OPTmcush) ;

[OPTmdisp, OPTt0, OPTmfs, OPTmode, OPTother] = r <

eadf (OPTparameters (OPTparaord(r) ) .loadnum+l) ;
OPTmdisp= (OPTmdisp-mean (OPTmdisp (round(0.1.*0OPT v

mfs) :round (0.4 .*0PTmfs)) ) ) ;

% set the seat base (model input) motion
set (findobj (OPThandlist, 'Tag’, 'pathnam’), 'string v
", [OPTparameters (OPTparaord(r) ) .datapath, ...
num2str (OPTparameters (OPTparaord(r) ) .basen v

um), ' .dat’]);
mguicode (9)

% evaluate the model at the two wvaluegs either si v
de of the currnet wvalue

5555533533323 55%%93%33%%%%93%53%%5%%%%%%%% ¢
%%%%5%%5%%%%%%%%%%%%

% update the GUI

drawnow

OPTparaval (2)=str2num(get (findobj (OPThandlist, 'T ¢
ag’, [lower (OPTcurrpara), 'val’]l), 'string’) ) ;

% run the simulation
mguicode (3)

% load model acceleration results
load c:\winmodel\run\accelout
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OPTnsim=0PTnsim+1l; % counter of successful simul ¢

ations

% check sample rates and interpolate the prediceV

O

td time history if necessary
OPTmfs=round(1l./ (OPTmtime (2)-OPTmtime (1)) ) ;

OPTpfe=round(1l./(accelout(1l,2)-accelout(l,1)));
if OPTmfs~=0PTpfs

OPTacceloutd4 = interpl (accelout(l, :),accelout v
(4, :),0PTmtime, ‘'spline’);
else
OPTacceloutd=accelout (4, :)';
end

load c:\winmodel\run\dispout
figure(6)

subplot(2,1,1)

plot (OPTmcush, "k-")

hold on

plot (OPTaccelout4d, 'g: ')

hold on

subplot(2,1,2)

plot (OPTmdisp, "'k-")

hold on

plot (dispout(2,:).*1000, 'g:")
hold on

% calculate the error
OPTerror (2)=tgrmserr (OPTmcush, OPTacceloutd) ;

00000000000000000000000000000000000000000000000.0
5555558888835 55%%%%5%83%%%5%%3335%%8%

oo
oP
oP
oP
oe
oe
o®
oe
oP
oP
oo
o°
0P
oP
oP
oP
oo
oo
oP
o

OPTparaval (1)=0PTparaval (2)-OPTcurrstep;

% set the parameter value in the GUI and update V

O
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it

set (findobj (OPThandlist, 'Tag’, [ lower (OPTcurrpara ¢
),’val’]l), 'string’,num2str (OPTparaval (1)))

drawnow

% run the simulation

mguicode (3)

% load model acceleration results

load c:\winmodel\run\accelout

OPTnsim=0PTnsim+1l: % counter of successful simul ¢
ations

% check sample rates and interpolate the predice ?

td time history if necessary
OPTmfs=round(1./ (OPTmtime (2) -OPTmtime (1))) ;

OPTpfs=round(1l./ (accelout(1l,2)-accelout(1l,1)));
if OPTmfs~=0PTpfs

OPTacceloutd4d = interpl (accelout(l, :),accelout v
(4,:),0PTmtime, "spline’) ;
else
OPTacceloutd=accelout(4,:)’;
end

load c:\winmodel\run\dispout
figure(6)
subplot(2,1,1)
hold on
plot (OPTaccelout4d, 'b: ")
hold on
subplot (2,1, 2)
hold on
plot(dispout (2,:).*1000, 'b:")
hold on

% calculate the error

(6]
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OPTerror (l)=tgrmserr (OPTmcush, OPTacceloutd) ;

oP
oP
oP
oP
oP
oe
oe
oP
oe
oP
oP
oP
oP
oe
o®
oP
oP
oP
oP
oe
oo
oo
oP
oP
oP
oP
oo
oP
oP
oP
oP
o
Y
oo
oP
oP
oe
oP
oP
oP
oP
oP
oP
o
oPe
oP
o0
oe
N

oP
oe
oe
oP
oP
oP
o
oP
oP
oe
o
0P
oo
oP
oe
oP
oP
oP
oP
oP

OPTparaval (3)=0PTparaval (2) +OPTcurrstep;

% set the parameter value in the GUI

set (findobj (OPThandlist, 'Tag’, [ lower (OPTcurrpara ¢«
),'val’l), ’string’,num2str (OPTparaval (3)))

drawnow

% run the simulation
mguicode (3)

% load model acceleration results
load c:\winmodel\run\accelout

OPTnsim=0PTnsim+1l; % counter of successful simul v
ations

% check sample rates and interpolate the predict ¢
ed time history if necessary

OPTmfs=round (1./ (OPTmtime (2)-OPTmtime (1)) ) ;

OPTpfs=round(1l./ (accelout(l,2)-accelout(1l,1)));

if OPTmfs~=0PTpfs
OPTacceloutd4d = interpl(accelout(l, :),accelout

(4,:),0PTmtime, 'spline’);
else
OPTacceloutd4=accelout(4,:)’;
end

load c:\winmodel\run\dispout
figure(6)
subplot(2,1,1)
plot (OPTacceloutd, 'r: ')
hold off
subplot(2,1,2)
plot (dispout(2,:).*1000, 'r:")
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hold off

% calculate the error
OPTerror (3)=tgrmserr (OPTmcush, OPTaccelout4);

oP
oe
oP
ol
oP
oP
oP
oP
oe
oP
oP
oP
oP
o
o®
oP
oP
o®
oo
oP
oP
o
oP
o
oP
oP
o®
oP
oP
oP
ol
o
o
oe
oo
oP
o®
oP
oe
oP
oP
oP
oe
oP
oP
oP
o0
oP
N

oe
oP
oP
oP
oP
o
oP
oP
oP
dP o
oP
oP
oe
oP
oP
oP
oe
oP
oe
oP

% set the present error to be the old error
OPTparameters (OPTparaord(r) ) .0OPTolderr=0PTerror ( «

2);

Q

% check for any variation in error between the tJ/
hree values. If all are identical, stay with the curre/
nt one

if OPTerror(l)==0PTerror (2)==0PTerror(3)
OPTnewval=0PTparaval(2);
% set the initial parameter for the next step
OPTerror (2)=0PTminerrval;
% set minima location flag ON
OPTparameters (OPTparaord(r)) .minloc=1;

else
% find the lower error
[OPTminerrval, OPTminerrind]=min (OPTerror) ;

if OPTminerrind==2;
% set minima location flag ON
OPTparameters (OPTparaord(r) ) .minloc=1;
% keep error(2) and parameter (2) as the stV
aring error for next time
OPTnewval=0PTparaval (2) ;

% check 1f the parameter has exceeded the V

allowable bounds
elseif OPTparaval (OPTminerrind) >OPTparameters ¢

(OPTparaord(r)) .max
OPTnewval=0PTparaval (2) ;



Page 10

d:\my documents\reference\mfiles\tgmultioptimisephd.m
13:58:55

04 November 2002

% set minima location flag ON
OPTparameters (OPTparaord(xr) ) .minloc=1;
% keep error(2) as the staring error for nv

ext time

elseif OPTparaval (OPTminerrind)<OPTparameters ¢

(OPTparaord(r) ) .min
OPTnewval=0PTparaval (2) ;

% set minima location flag ON
OPTparameters (OPTparaord(r) ) .minloc=1;
% keep error(2) as the staring error for nv

ext time
else
% set minima location flag OFF
OPTparameters (OPTparaord(r) ) .minloc=0;
% keep error(2) as the staring error for nv
ext time
OPTerror (2)=0PTminerrval;
OPTnewval=0PTparaval (OPTminerrind) ;
end

end % end of if statement looking for difference/
s 1n error value

% set new parameter value in the GUI
set (findobj (OPThandlist, 'Tag’, [OPTparameters (OPT V
paraord(r)) .name, ‘val’]), 'string’,num2str (OPTnewval)) ;

drawnow

% calculate number of parameters at their optima v

1 value
OPTnoptimal=0;
for g=1:0PTnparas;
OPTnoptimal=0PTnoptimal+0OPTparameters (g) .minl v

ocC;
end
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OPTpercentoptimal=0PTnoptimal./OPTnparas.*100;

% chalculate relative change in error
OPTerrchange= (OPTerror (2) -OPTparameters (OPTparao ¢
rd(r)) .0OPTolderr) ./OPTparameters (OPTparaord(r)) .OPTold v

err.*100;

fprintf ([’ \nParameter ’,OPTcurrpara,’ was ’',num2 ¢

str (OPTparaval(2)),’ and is now ', ...
num2str (OPTnewval),’ with error ', num2str ¢

(OPTerror(2)),'\n"1);

fprintf (['Values ’,num2str (OPTparaval),’, ', num/
2str (OPTpercentoptimal), '$% optimal\n’]);

fprintf (['Errors ' ,num2str (OPTerror(l)),’ ',num2 ¢
str (OPTparameters (OPTparaord(r)) .OPTolderr),’ ' ,num2st
r (OPTerror(3)),’, ', num2str (OPTerrchange), '%% change\ v

n’'j]);

end % end of parameter loop

% check for success
if OPTpercentoptimal==100
if OPTstepsize==0;

fprintf ([ \nSWITCHING TO FINE STEP SIZE\n’l]);
OPTnoptimal=0;
for g=1:0PTnparas

OPTparameters (q) .minloc=0;

end
% use the fine step size
OPTstepsize=1;
else
fprintf ([ \nCOMPLETE\n"’]) ;
OPTsuccessflag=1l; % end WHILE statement

end
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end % end of success check

% store result

resl=(get (findobj (OPThandlist, 'Tag’, [lower (OPTpa ¢

rameters (1) .name), ‘val’]), ‘string’) ) ;
res2=(get (findobj (OPThandlist, 'Tag’, [lower (OPTpara ¢
meters(2) .name), ‘'val’l), 'string’));

fid=fopen(’'D:\PHD\Final documents new\09a-Parameter v
optimisation\multiopt\multioptlog.txt’,'a’);

fprintf (fid, ['\n’,OPTseattype,’, ' ,resl,’, ', res2]);

fclose (f£id)

end % end of iteration WHILE loop



APPENDIX 7 : THE SEAT PARAMETER VALUES

The following page shows the seat parameter values used in the model for Chapter 10
and Chapter 12.

71
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Dummy top mass acceleration X, initially 0 ms’
Dummy case mass or semi-rigid load mass acceleration X, initially 0 ms™
Suspension moving mass acceleration X initially 0 ms™
Seat base acceleration X, INPUT
Dummy top mass my 46 kg
Dummy stiffness k; 45.3 kNm™
Dummy damping cy 1.35 kNsm”
Dummy case mass 10 kg
m
Semi-rigid load mass o 56 kg
Cushion stiffness k. 92.1 kNm™
Cushion damping Cs 1.37 kNsm'
Suspended seat mass ms 27 kg
Suspension stiffness K, 4.57 kNm™
Suspension damper gas loading stiffness Ky 2.32 kNm"'
H<_)r|z.ontal distance between damper mounting points at d, 150 mm
mid ride
?i/(?;tlcal distance between damper mounting points at mid d, 111 mm
A: 2.37x10°
A, 1.68x10°
B. 1.49
Suspension damping and friction coefficients (from | Be 1.57
Chapter 9) C. 2.12x10*
Ce 2.36x10°
D 70N
E 44 N
Free travel between end-stops travel 64 mm
Offset of the.mean ride position from the mid point of the offset 10 mm
free suspension travel
a 1.83x10"
7
Bottom buffer axial force-deflection characteristic fit |92 -8.57x10
coefficients s -4.45x1 06
a4 1.50x10
as 7.63x10°
Number of bottom buffers Npp 2
Horizontal distance at mid ride between the ends of the e 295 mm
linkage arm which contacts the top buffer mid
Vertical distance at mid ride between the ends of the . 150 mm
linkage arm which contacts the top buffer mid
b; 5.48x10"
4
Top buffer axial force-deflection characteristic fit 22 226501);102
. . 3 .
coefficients b. 3.27x107
bs 1.35x10°
Number of top buffers My 2
Present time t initially 0 s
Integration time step At 1x10° s
Acceleration due to gravity g 9.81 ms*
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APPENDIX8 : RESULTS OF THE COMPARISON OF THE
PERFORMANCE OF THE FORCE-LIMITED LINEAR CUSHION MODEL
AND THE COMPRESSION-VARYING CUSHION MODEL

The following pages show the predicted SEAT values and r.m.s. errors obtained with
the earthmover seat model as used in Chapter 10 with the force-limited linear
cushion and with the earthmover seat model using the compression-varying cushion
as described in Chapter 11. Both sets of predictions are compared with the

laboratory measurements of the earthmover seat performance obtained in Chapter 5.

The three pages show the results for each waveform (1.5 cycle, 4.5 cycle and 11.5
cycle). The motions corresponding to measured seat behavior classified as stage 1/2
(friction locked or breaking away from friction, defined by less than 15mm peak
suspension displacement), stage 3 (greater than 15mm peak suspension
displacement but no end-stop impacts) and stage 4/5 (end-stop impacts) are labeled

as ‘low’, ‘med’ and ‘high’ respectively.
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Figure 8:1 The left-hand column shows the SEAT values obtained using the 1.5 cycle
input motion in the laboratory (o) and using the seat model with the force-limited linear
(+) and compression-varying (x) cushions. The right-hand column shows the r.m.s. error
between the measured load acceleration and the seat model with the force-limited linear

(+) and compression-varying (x) cushions.
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Figure 8:2 The left-hand column shows the SEAT values obtained using the 4.5 cycle
input motion in the laboratory (o) and using the seat model with the force-limited linear
(+) and compression-varying (x) cushions. The right-hand column shows the r.m.s. error
between the measured load acceleration and the seat model with the force-limited linear

(+) and compression-varying (x) cushions..
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Figure 8:3 The left-hand column shows the SEAT values obtained using the 11.5 cycle
input motion in the laboratory (o) and using the seat model with the force-limited linear
(+) and compression-varying (x) cushions. The right-hand column shows the r.m.s. error
between the measured load acceleration and the seat model with the force-limited linear
(+) and compression-varying (x) cushions.



APPENDIX9  PARAMETRIC SENSITIVITY ANALYSIS RESULTS

This appendix shows the effect of changes in seat component parameters on the
performance of the earthmover seat as quantified by the Wy-weighted SEAT

value.

Each page shows the SEAT values obtained when varying one seat component
parameter value in response to one duration of input motion. There were three
durations of motion (1.5, 4.5 and 11.5 cycles) so there are three pages of results

for each component parameter.

There are five pairs of graphs down each page corresponding to the five input
frequencies used in this study (1.25 Hz, 1.6 Hz, 2.0 Hz, 2.5 Hz and 3.15 Hz).
Each graph shows the SEAT value varying with input magnitude. The input
magnitude is on the x-axis in each case and is shown in terms of the Wy-

weighted VDV at the seat base.

The contour plots on the left of each page show the parameter value (e.g. the
cushion stiffness) varying on the y-axis, and show the SEAT value as shaded
contours. Minor contours are shown at intervals of 0.1, and major contours at
intervals of 1. The SEAT values are expressed such that a value of 1.0 indicates
the same VDV on the seat surface as at the seat base. This notation was used in
place of the more conventional percentages to avoid confusion between a
percentage absolute SEAT value and a percentage change in SEAT value when
discussing the results. Each contour plot is based on a 16 x 19 grid of resulis
(sixteen magnitudes and nineteen parameter values) and uses linear

interpolation between these points to determine the contours locations.

The line graphs on the right of each page show the SEAT value using the

measured component parameter value and half and double this value.
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The influence of the linear cushion stiffness on the seat performance
using the shortduration (1.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1
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Figure 9:1 The effect of the linear cushion stiffness on the predicted SEAT value
using the short duration (1.5 cycle) input motion
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Change in the linear cushion stiffness relative to the measured value of 92.1 kNm™

The influence of the linear cushion stiffness on the seat performance
using the medium duration (4.5 cycle) input motion
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Figure 9:2 The effect of the linear cushion stiffness on the predicted SEAT value
using the medium duration (4.5 cycle) input motion
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Change in the linear cushion stiffness relative to the measured value of 92.1 kNm™'

The influence of the linear cushion stiffness on the seat performance
using the longduration (11.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1 The effect of a factor of 2 change in the linear cushion stiffness
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Figure 9:3 The effect of the linear cushion stiffness on the predicted SEAT value
using the long duration (11.5 cycle) input motion
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Change in the linear cushion damping relative to the measured value of 1.35 kNsm

The influence of the linear cushion damping on the seat performance
using the short duration (1.5 cycle) input motion
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Figure 9:4 The effect of the linear cushion damping on the predicted SEAT value
using the short duration (1.5 cycle) input motion
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1

Change in the linear cushion damping relative to the measured value of 1.35 kNsm

The influence of the linear cushion damping on the seat performance
using the medium duration (4.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1 The effect of a factor of 2 change in the linear cushion damping
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Figure 9:5 The effect of the linear cushion damping on the predicted SEAT value
using the medium duration (4.5 cycle) input motion
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Change in the linear cushion damping relative to the measured value of 1.35 kNsm

The influence of the linear cushion damping on the seat performance
using the long duration (11.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1 The effect of a factor of 2 change in the linear cushion damping
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Change in the suspended seat mass relative to a measured value 27 kg
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Figure 9:7 The effect of the suspended seat mass on the predicted SEAT value using
the short duration (1.5 cycle) input motion
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Change in the suspended seat mass relative to a measured value 27 kg

The influence of the suspended seat mass on the seat performance
using the medium duration (4.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1 The effect of a factor of 2 change in the suspended seat mass
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The influence of the suspended seat mass on the seat performance
using the long duration (11.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1 The effect of a factor of 2 change in the suspended seat mass
T T T 2

Parameter value | A

SEAT value

x4
X2

b 2 ¥

x1

x1

XV

xVa

x4
X2
x1
XYz

XVa

x4
x2

<t

N

SEAT value

Change in the suspended seat mass relative to a measured value 27 kg

1 ' . 1 O
0 1 2 3 4 0 1 2 3 ... B
Seat base vibration magnitude expressed in terms of the Wb—we|ghted VDV (ms™ ")

Figure 9:9 The effect of the suspended seat mass on the predicted SEAT value using
the long duration (11.5 cycle) input motion
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The influence of the suspension stiffness on the seat performance
using the short duration (1.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1 The effect of a factor of 2 change in the suspension stiffness
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Figure 9:10 The effect of the suspension stiffness on the predicted SEAT value using
the short duration (1.5 cycle) input motion
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The influence of the suspension stiffness on the seat performance
using the medium duration (4.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1 The effect of a factor of 2 change in the suspension stiffness
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Figure 9:11 The effect of the suspension stiffness on the predicted SEAT value using

the medium duration (4.5 cycle) input motion
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Figure 9:12 The effect of the suspension stiffness on the predicted SEAT value using
the long duration (11.5 cycle) input motion
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Change in the suspension friction relative to a gain of 1.0 applied to the measured suspension friction forces

The influence of the suspension friction on the seat performance
using the medium duration (4.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1
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Change in the suspension friction relative to a gain of 1.0 applied to the measured suspension friction forces

The influence of the suspension friction on the seat performance
using the long duration (11.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1 The effect of a factor of 2 change in the suspension friction
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Figure 9:15 The effect of the symmetrical suspension friction magnitude on the
predicted SEAT value using the long duration (11.5 cycle) input motion
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The influence of the suspension friction symmetry on the seat performance
using the short duration (1.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1
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Figure 9:16 The effect of the suspension friction symmetry on the predicted SEAT
value using the short duration (1.5 cycle) input motion
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The influence of the suspension friction symmetry on the seat performance
using the medium duration (4.5 cycle) input motion
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The influence of the suspension force-velocity damping on the seat performance
using the short duration (1.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1 The effect of a factor of 2 change in the suspension force-velocity damping
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Figure 9:18 The effect of the suspension (non-frictional) damping magnitude on the
predicted SEAT value using the short duration (1.5 cycle) input motion
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The influence of the suspension force-velocity damping on the seat performance
using the medium duration (4.5 cycle) input motion
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The influence of the suspension force-velocity damping on the seat performance
using the long duration (11.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1 The effect of a factor of 2 change in the suspension force-velocity damping
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Figure 9:20 The effect of the suspension (non-frictional) damping magnitude on the
predicted SEAT value using the long duration (11.5 cycle) input motion
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Percentage of the non-frictional damping force acting in compression

The influence of the suspension damping symmetry on the seat performance

using the short duration (1.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1
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Figure 9:21 The effect of the suspension (non-frictional) damping symmetry on the

predicted SEAT value using the short duration (1.5 cycle) input motion
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Figure 9:22 The effect of the suspension (non-frictional) damping symmetry on the
predicted SEAT value using the medium duration (4.5 cycle) input motion
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83
67
50
33
17

83
67
50
33
17

83
67
50
33
17

83
67
50
33
17

83
67
50
33
17

The influence of the suspension damping symmetry on the seat performance
using the long duration (11.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1
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Figure 9:23 The effect of the suspension (non-frictional) damping symmetry on the
predicted SEAT value using the long duration (11.5 cycle) input motion
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The influence of the suspension free travel on the seat performance
using the short duration (1.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1 The effect of a factor of 2 change in the suspension free travel
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Figure 9:24 The effect of the suspension free travel displacement on the predicted

SEAT value using the short duration (1.5 cycle) input motion
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The influence of the suspension free travel on the seat performance
using the medium duration (4.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1 The effect of a factor of 2 change in the suspension free travel
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Figure 9:25 The effect of the suspension free travel displacement on the predicted
SEAT value using the medium duration (4.5 cycle) input motion
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Change in the suspension free travel relative to the measured 64 mm free travel

The influence of the suspension free travel on the seat performance
using the long duration (11.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1
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Figure 9:26 The effect of the suspension free travel displacement on the predicted
SEAT value using the long duration (11.5 cycle) input motion
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Change in the suspension mean ride offset relative to a mean ride position at the centre of the free travel

The influence of the suspension mean ride offset on the seat performance
using the short duration (1.5 cycle) input motion
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Figure 9:27 The effect of the suspension mean ride offset displacement on the
predicted SEAT value using the short duration (1.5 cycle) input motion
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position at the centre of the free travel

Change in the suspension mean ride offset relative to a mean ride

The influence of the suspension mean ride offset on the seat performance
using the medium duration (4.5 cycle) input motion
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Figure 9:28 The effect of the suspension mean ride offset displacement on the
predicted SEAT value using the medium duration (4.5 cycle) input motion
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Change in the suspension mean ride offset relative to a mean ride position at the centre of the free travel

The influence of the suspension mean ride offset on the seat performance
using the long duration (11.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1 The effect of a factor of 2 change in the suspension mean ride offset
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Figure 9:29 The effect of the suspension mean ride offset displacement on the
predicted SEAT value using the long duration (11.5 cycle) input motion
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Change in the top end-stop buffer stiffness relative to a gain of 1.0 applied to the measured characteristic

The influence of the top end-stop buffer stiffness on the seat performance
using the short duration (1.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1
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Figure 9:30 The effect of the suspension top buffer stiffness on the predicted SEAT
value using the short duration (1.5 cycle) input motion
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-stop buffer stiffness relative to a gain of 1.0 applied to the measured characteristic

Change in the top end

The influence of the top end-stop buffer stiffness on the seat performance
using the medium duration (4.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1 The effect of a factor of 2 change in the top end-stop buffer stiffness
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Figure 9:31 The effect of the suspension top buffer stiffness on the predicted SEAT
value using the medium duration (4.5 cycle) input motion
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Change in the top end-stop buffer stiffness relative to a gain of 1.0 applied to the measured characteristic

The influence of the top end-stop buffer stiffness on the seat performance

using the long duration (11.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1 The effect of a factor of 2 change in the top end-stop buffer stiffness
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Figure 9:32 The effect of the suspension top buffer stiffness on the predicted SEAT

value using the long duration (11.5 cycle) input motion
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Change in the bottom end-stop buffer stiffness relative to a gain of 1.0 applied to the measured characteristic

The influence of the bottom end-stop buffer stiffness on the seat performance
using the short duration (1.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1

The effect of a factor of 2 change in the bottom end-stop buffer stiffness
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Figure 9:33 The effect of the suspension bottom buffer stiffness on the predicted
SEAT value using the short duration (1.5 cycle) input motion
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—stop buffer stiffness relative to a gain of 1.0 applied to the measured characteristic

Change in the bottom end

The influence of the bottom end-stop buffer stiffness on the seat performance
using the medium duration (4.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1 The effect of a factor of 2 change in the bottom end-stop buffer stiffness
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Figure 9:34 The effect of the suspension bottom buffer stiffness on the predicted
SEAT value using the medium duration (4.5 cycle) input motion
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Change in the bottom end-stop buffer stiffness relative to a gain of 1.0 applied to the measured characteristic
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The influence of the bottom end-stop buffer stiffness on the seat performance
using the long duration (11.5 cycle) input motion

Contours show the SEAT values at intervals of 0.1
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Figure 9:35 The effect of the suspension bottom buffer stiffness on the predicted
SEAT value using the long duration (11.5 cycle) input motion

SEAT value



