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ABSTRACT

STUDY OF DRIVER-SEAT INTERACTIONS AND
ENHANCEMENT OF VEHICULAR RIDE VIBRATION ENVIRONMENT

Xuting Wu, Ph.D.
Concordia University, 1998

Prolonged exposure to vehicular vibration and shocks has been related to
discomfort, reduced work efficiency and various health and safety nisks for the drivers,
specifically for the off-road vehicle drivers. Enhancement of shock and vibration
environment of such vehicles involves characterization of vibration environment,
biodynamic response of the driver, design and analysis of secondary suspension, and
seating dynamics. Relationships between biodynamic measures are derived through
analysis of measured data and selected biodynamic models. The response measures
exhibit high sensitivity to variations in subject characteristics and test conditions. The
magnitude of such variations can be significantly reduced by representing ‘to-the-body’
biodynamic characteristics in terms of apparent mass (APMS) and by identifying a range
of test conditions applicable to off-road vehicle driving. It is further shown that
normalized APMS correlates well with the ‘through the body’ biodynamic function,
expressed in terms of seat-to-head transmissibility (STHT). A synthesis of reported data,
applicable within the identified range of conditions, is performed to propose a range of
idealized biodynamic response characteristics. A three degree-of-freedom biodynamic
model of the occupant is developed using measured ‘to-the-body’ and ‘through-the-body’
response characteristics. The model parameters are identified through solution of a
constrained optimization function comprising magnitude and phase components of both
response functions. The validity of the proposed model is demonstrated by comparing its
response with the range of idealized values and measured data.

Occupant-seat interactions are investigated through measurement and analysis of
distribution of contact force and area. The results are utilized to propose a nonlinear and

asymmetric seat cushion model incorporating body hop motion and cushion bottoming
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under high magnitude excitations. The proposed analytical model is validated using
laboratory measured data. A nonlinear suspension seat model is further developed to
incorporate asymmetric force-velocity and nonlinear force-deflection characteristics of
the damper and elastic end-stops, respectively. A combined human-suspension seat
model is finally derived upon integrating the proposed occupant, cushion and suspension
models. The validity of the coupled model is thoroughly examined under harmonic and
stochastic vibration excitations of different classes of vehicles. The results show that the
proposed model can serve as an effective design and analysis tool for assessment of
seating dynamic comfort and whole-body vibration exposure of vehicle drivers.

The results of a comprehensive parametric study clearly revealed that attenuation of
continuous and shock-type excitations pose conflicting design requirements. It is thus
proposed to develop suspension design for optimal attenuation of continuous vibration,
while the severity of end-stop impacts caused by shock-type excitations be minimized
through design of optimal buffers. The suspension performance under continuous and
shock excitations is assessed in terms of Seat Effective Amplitude Transmissibility
(SEAT) and Vibration Dose Value (VDV) ratio, respectively. Two different optimization
problems are formulated to minimize the SEAT and VDV ratios. The first optimization
problem is solved to achieve optimal stiffness and damping properties of the suspension,
while the peak dynamic deflection is constrained to account for occasional end-stop
impacts. The second optimization problem is solved to derive optimal properties of the
end-stop buffers. The results suggest that soft and lightly damped suspension with low
degree of damping asymmetry coupled with low friction and large mass can enhance
vibration isolation performance. Thick and soft elastic buffers with linear stiffness
characteristics result in low VDV ratio response. Although a thick buffer increases the
frequency of impacts slightly, its low stiffness tends to reduce the severity considerably.
The proposed design with optimal suspension and buffer parameters yields considerable

reduction in both SEAT and VDYV ratio response under selected classes of excitations.
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CHAPTER1

INTRODUCTION AND SCOPE OF RESEARCH

1.1 Off-Road Vehicle Vibration and Their Effects on Operators

Vehicle drivers are invariably exposed to whole-body vibration and shocks,
arising primarily from the tire-terrain interactions. Of particular concern are operators of
off-road vehicles, such as agricultural tractors, forestry vehicles, construction vehicles,
erc.. who are constantly exposed to severe vibration and shocks caused by vehicle
moving over rough terrains. Exposure to such vehicular vibration and shocks has been
known to interfere with the driver’s comfort, working efficiency and health. The chronic
health problems, caused by prolonged exposure to such vibration in the 0.5 — 80 Hz
frequency range, include: low back pain, spinal disorders, abdominal pain, digestive and
vision problems, etc. [1].

In view of severe health and safety risks posed by exposure to vibration and shock
environment of off-road vehicles, there has been an increased emphasis towards ride
quality improvement by minimizing the levels of vibration transmitted to the driver.
Improvement in ride quality of off-road vehicles through primary suspension, cab
suspension and seat suspension have been investigated by various researchers [2, 3, 4].
Most of these studies have concluded that implementations of primary suspension and
cab suspension require complex alterations in vehicle design. Furthermore, a primary
suspension would be impractical in vehicles carrying frame-mounted equipment. The
dynamic response of the seat and its suspension, thus plays a critical role in enhancing the

ride vibration environment of off-road vehicles.



1.2 Control of Vehicle Vibration Transmitted to Drivers through Suspension Seats

The ride environment of off-road vehicles comprises comprehensive magnitudes of
low frequency vibration along all three translational and rotational axes. The flow of such
vibration to the operator occurs through the feet, seat back and seat cushion. It has been
reported that the component of vertical vibration on the seat usually is the highest after the
frequency and the axis weightings are applied. Off-road vehicles, due to their interactions
with uneven terrains, are known to yield high magnitudes of longitudinal and lateral
vibrations, which are comparable to those of vertical vibration [1]. Upon recognising high
magnitudes of translational and rotational vibration, a concept in multi-axis seat vibration
isolator has been proposed in the early 80’s [5]. The commercial suspension seats,
employed in heavy road and off-road vehicles, however, are designed to attenuate vibration
in the vertical mode only, since the attenuation of vibration along all the other axes needs
complex suspension mechanisms, which would increase the cost and reduce the reliability
of the products.

The vertical mode suspension seats are known to yield vibration isolation superior
to that of the conventional seats, since the suspensions are designed to achieve their
natural frequency well below the frequency of dominant off-road vehicle vibration.
Because the vertical vibration of off-road vehicles, invariably, predominate in the 2 —
3.25 Hz frequency range, suspension seats are designed to be soft with natural
frequencies below 1.5 Hz to achieve vibration isolation. The low stiffness or low natural
frequency of the seat is realized upon integrating additional restoring elements below a
relatively hard seat cushion, which is primarily intended to provide adequate body

support and body weight distribution. The suspension mechanisms, invariably, consist of



either mechanical or air spring, and an energy dissipating element for resonant vibration
suppression. Figure 1.1 illustrates a comparison of acceleration transmissibility of a
suspension seat with that of a conventional metal spring and foam seat, loaded with an
identical human subject. It may be seen that the suspension seat attenuates vibration
above about 3 Hz, while a conventional foam seat provides attenuation of vibration only
at frequencies above about 5 Hz. A suspension seat also provides considerably superior
1solation of vibration than the foam seat, specifically in the 2 to 12 Hz frequency range. A
suspension seat is thus ideally suited for off-road and heavy road vehicles where
predominant vertical vibration occur within 1 to 15 Hz frequency range. A suspension
seat, however, amplifies vehicle vibration in the vicinity of its resonant frequency, which
may occur in the 1 — 2 Hz frequency range. The suitability of a suspension seat for a given
vibration environment thus depends on whether this amplification can be adequately offset
by the attenuation of vibration occurring at higher frequencies.

Suspension seats, invariably, exhibit resonance at frequencies well below 2 Hz,
while the travel is mostly limited to 100 mm in order to minimise the interference with
control tasks to be performed by the driver. The maximum travel in some suspension seats,
such as forklift truck seats, is limited to only 40 to 50 mm. The low suspension stiffness
coupled with limited travel, yields considerable end-stop impacts when the input motion is
sufficiently large to cause the suspension to reach the end of its travel. Conventional
suspension seats use rubber buffers to reduce the severity of such end-stop impacts. The
considerably high stiffness characteristics of these rubber buffers cause high magnitude
resonant oscillations of the suspension and thus transmit high levels of shock and vibration

to the driver. The vibration isolation performance of a suspension seat thus further relies on
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the frequency and severity of end-stop impacts. The frequency of end-stop impacts is of
considerable concern for both off-road and heavy road vehicle applications. Wheeled off-
road vehicles with large diameter and soft tires yield frequent bottoming of suspension due
to interactions with highly uneven terrains. Modem heavy road vehicles are designed with
relatively low natural frequency wheel or primary suspension to reduce the magnitudes of
dynamic tire loads transmitted to pavements and to achieve enhanced isolation of road
induced vibration. The dynamics of low natural frequency suspension seat coupled with
that of the low natural frequency primary suspension have resulted in increased frequency
of end-stop impacts in seat suspension systems. The frequency of end-stop impacts in such
vehicles increases considerably under vehicle operation on rough roads and roads with
certain discontinuities, such as urban roads.

End-stop impacts in a suspension seat cause high levels of shock and vibration
arising from impacts, and thus driver discomfort. In a field survey of the whole-body
vibration experienced by tractor drivers, Stiles [6] reported that 45% of seats increase the
acceleration levels experienced by the driver. Much of the increase was attributed to the
end-stop impacts. The drivers of certain vehicles indicated preference for an unsuspended
seat due to high severity of end-stop impacts. Burdoff and Swuste [7] measured the
isolation of eleven different suspension seats in the laboratory under standardised vehicle
vibration spectra and also in vehicles driving over typical surfaces. The results showed that
19 of 24 transmissibility measurements performed in vehicles were greater than the
corresponding transmissibilities measured in the laboratory. The study concluded that
laboratory measurements of dynamic response of suspension seats do not provide an

adequate basis for predicting their performance in the field. The discrepancies between



laboratory and field measurements were mostly attributed to non-stationarity of vehicular
motions and relatively high crest factors, defined as the ratio of peak acceleration to its rms
value, of vehicular motions. The presence of shock motion with high crest factor may cause
more frequent occurrence of end-stop impacts than those occurring during laboratory tests.

The dynamic performance characteristics of various passive suspension seats have
been investigated in few studies through laboratory or field measurements, and
development and analysis of linear and nonlinear analytical models [5, 7, 8]. A limited
number of active and semi-active suspension seat concept have also been explored to
enhance the steady-state vibration isolation performance [9, 10, 11]. The dynamics of end-
stop impacts and their contributions to overall vibration attenuation performance of
suspension seats, however, have not yet been explored. The lack of such studies may be
attributed to the complexities associated with end-stop impacts and severe design
constraints associated with suspension seats.

In a recent study, Boileau [8] established that consideration of end-stop impacts
poses contradictory design requirements for suspension seats. Some designs of rubber
buffers in conventional suspension seats induce severe end-stop impacts, and the
standards concerning testing of suspension seat end-stop impacts do not yet exist. In
Europe, a major consortium of both research institutes and seat manufacturers have
recently initiated a study with objectives of developing test methods for suspension seat
end-stop impacts, improving buffer and suspension design and finally reducing the shock
and vibration transmitted to the driver body.

Many studies have further established that the dynamics of the seated human body

contributes considerably to the overall performance of seats [12, 13, 14]. Earlier studies,



however, were performed using passive loads assuming negligible contribution of the
biodynamic response behavior of the seated subjects. A number of experimental studies
on suspension seats have thoroughly investigated the contributions due to the human
driver [14, 15]. The validity of the results derived from such studies, however, is limited
due to extensive inter- and intra-subject variations and the use of limited number of
subjects. Some recent studies have also attempted development of coupled human-seat
models to study the contributions due to seated driver. Although a number of analytical
model representations of seated body have been proposed based upon measured
biodynamic response characteristics, many concems have been raised on the validity of
these models. The need to develop credible human body models has thus been

emphasized.

1.3 Scope of the Dissertation Research

The design and analysis of suspension seats can be effectively performed using
modeling and simulation techniques to examine the suspension’s behavior under known
excitations. The design optimization techniques can be further applied to determine
optimal design parameters necessary to achieve an adequate compromise between the
performance associated with attenuation of continuous steady state vibration and
prevention of severe end-stop impacts. The modeling and simulation based design
approach, however, requires consideration of the biodynamic response of the human
body. It has been established that the human body behaves similar to a rigid mass under
vertical vibration at excitation frequencies below 2 Hz [12]. At higher frequencies, the

human body exhibits complex biodynamic response to vibration and contributes



considerably to the overall performance of the coupled human-seat system. Several
seated human body models have been reported in the literature. Majority of these models,
however, were developed while attempting to match the measurements of biodynamic
response functions either ‘to the body (i.e. driving-point mechanical impedance and
apparent mass) [12, 16, 17] or ‘through the body’ (seat-to-head transmissibility and seat-
to-body segment transmissibility) [18, 19, 20]. For a complex system like the human
body, it is desirable to develop a model on the basis of multiple system input-output
relationships to enhance the uniqueness of the model and to reflect the body dynamics as
close as possible. Only few models have been attempted on the basis of satisfying both
driving-point mechanical impedance or apparent mass and seat-to-head transmissibility
(8, 21, 22]. However, these models also included some biomechanical data and were
based on biodynamic response functions for which the determination of both functions
often implied different experimental conditions. The dynamic responses presented in
different functions may not reveal the same information of the human biodynamic
system, which is highly variable under different test conditions. As a result, large
discrepancies between the simulated model responses and the collected data have been
shown to exist. Furthermore, studies on possible relationships between the biodynamic
functions involved and the proper structures of the model do not yet exist.

A vertical suspension seat is usually modeled as a two-degrees-of-freedom
dynamical system, where the properties of seat cushion, suspension spring and end-stop
buffer are simplified as linear elements [5, 8] and Coulomb friction force is represented
by ideal characteristics. The suspension damper is either considered as an element of

constant velocity squared damping coefficient, or variable damping -coefficients



incorporating bleed and blow-off stages. In both models, symmetric force-velocity
characteristics of dampers have been assumed. The asymmetric damper characteristics in
compression and rebound may cause variations in the mid-ride position of the suspension
sprung mass under excitations of different magnitudes. Such variations in the mid-ride
position from the preset position can cause more frequent and more severe end-stop
impacts. Furthermore, the elastic end-stops in previous models have often been regarded
as springs of linear stiffness. This approximation can be considered sufficient when the
end-stop buffers experience only small deformations during occasional impacts. The
force-deflection characteristics of elastic end-stops, in general, exhibit progressively
hardening properties and hysteresis [23]. Large deflection of the buffer caused by either
high magnitude excitation or repeated impacts can thus lead to significant errors.

Many suspension seats employ softer compression buffers and relatively stiff
rebound buffers. The severity of impacts with the rebound buffers is thus considerably
high. Under such end-stop impacts, the seated driver’s body may lose contact with the
seat cushion during upward motion. The cushion may experience bottoming, as the body
falls back on the seat. While the linear cushion model, employed in earlier studies, might
be considered appropriate under low magnitude vibration, it may cause large
discrepancies between analytical and test results. Therefore it seems essential to develop
a comprehensive seat cushion model incorporating such nonlinearities and to combine
such a model with an appropriate human-suspension seat model.

Once the combined human-suspension seat model is developed, the optimal
suspension seat design characteristics under continuous steady state vibration can be

realized by minimizing the frequency weighted rms acceleration at the driver-seat



interface under given excitation spectra, defined in various standards, by limiting the
relative displacement response of the suspension within a predefined range. Secondly,
optimization of end-stop rubber buffer properties may be achieved to reduce the severity
of end-stop impacts by using vibration excitation levels sufficiently large to cause
successive end-stop impacts. Since the conditions involving the occurrence of end-stop
impacts involve contradictory suspension design requirements to those applying without
such impacts, dampers with variable damping coefficients may be needed to reach the

required compromise under the combined vibration excitation conditions.

1.4 Objectives of the Dissertation Research

From the review of reported studies briefly discussed above, it is apparent that
study of seating dynamics and suspension design necessitate appropriate considerations
of both steady-state vibration and shock excitations. The application of reported
analytical models are limited due to lack of appropriate models for the human body, seat
cushion, end-stop buffers and suspension damping. The primary objective of this
dissertation research is thus formulated to develop a combined human-suspension seat
model, which could be effectively used to study the transmission of vertical vibration and
shocks to the seated driver. The model, incorporating nonlinear characteristics of the
cushion, damper, buffers and human body dynamics could be employed to derive optimal
suspension design to achieve an adequate compromise between both steady-state
vibration and end-stop impacts performance. The specific objectives of the research are
formulated as follows, which also comply with some of the recommendation for future

work outlined in [8]:
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Derive generalized biodynamic response characteristics, including driving point
mechanical impedance, apparent mass and seat-to-head transmissibility, through
systematic synthesis of the measured data reported by various researchers;

Analyze the influence of various test variables and contributing factors on the
biodynamic response characteristics, and define test conditions similar to those
most likely to be encountered in off-road vehicle driving;

Establish the relationships between the ‘to the body’ and ‘through the body’
biodynamic functions and explore the possibility to develop a human body model
based on satisfying both types of functions;

Measure ‘to the body’ and ‘through the body’ biodynamic response functions
applicable to seated subjects under test conditions representative of off-road
vehicle driver vibration environment and develop a human body model based on
the data;

Develop a seat cushion model through systematic investigation on the dynamic
pressure distribution at the driver-seat interface;

Develop a combined human-suspension seat model with particular emphasis on
the nonlinear asymmetric properties of suspension damper, rubber buffer, and seat
cushion;

Compare the response characteristics of the combined human-suspension seat
model with the experimental results to determine the validity of the model;

Perform parametric sensitivity analyses to determine primary contributing factors
influencing the suspension performance under steady-state vibration and shock
excitations;

Perform design optimization to achieve minimum vibration transmission under
specific vibration excitation spectra, and the optimal buffer force-deflection
characteristics and hysteresis to minimize the severity of end-stop impacts;
Propose design guidance for suspension seat parametes and end-stop buffer
properties.

Thesis Organization

This dissertation is organized into eight chapters describing systematic

developments in realizing the above objectives. The literature is reviewed in appropriate

chapters highlighting the research contributions on the various subjects. Chapter 2
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presents the results of a complete review of published data on whole-body biodynamic
response. The influence of various factors on the biodynamic responses is investigated. A
data synthesis is performed to define the range of idealized biodynamic response
characteristics under conditions representative of off-road vehicle driving. Chapter 3
presents the review of some human body models and discusses the various biodynamic
response functions. A seated human body model is proposed based on measured data
representing ‘to the body’ and ‘through the body’ response functions, obtained
simultaneously under a predefined set of test conditions.

The effects of whole-body vertical vibration on the characteristics of dynamic
human-seat interface pressure distribution are investigated in Chapter 4, to enhance an
understanding of the driver-seat interface force-motion relationships. Based on the
results, a nonlinear seat cushion model is proposed and validated. A combined non-linear
human-suspension seat model is developed and validated in Chapter 5. The model is
further utilised in Chapters 6 and 7 to optimise suspension properties, seat cushion
properties and end-stop buffer properties, in order to achieve an adequate compromise
between the steady-state vibration attenuation and end-stop impacts prevention
performance characteristics. The optimum suspension seat for steady-state vibration
attenuation under given random excitations is investigated in Chapter 6, through
parameter sensitivity analysis and optimization techniques. This ‘optimum suspension
seat’ is further used to investigate the effects of end-stop buffer force-deflection
characteristics and buffer damping on end-stop impacts in Chapter 7. Finally, the highlights
of the dissertation research, conclusions and the recommendations for future studies are

presented in Chapter 8.
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CHAPTER 2

WHOLE-BODY BIODYNAMICS: A SYNTHESIS OF THE REPORTED DATA

2.1 Introduction

Attenuation of whole-body vehicular vibration transmitted to the occupants
necessitates a thorough understanding of various factors, including occupants’ response
to vibration, the manner of vibration transmission through the body, and seating
considerations. It has been established that the human-seat system performance is
affected not only by the seat design, but also by the biodynamics of the driver, as
illustrated in Figure 2.1. The characterization of the biodynamic response of the seated
human body under vertical vibration is of particular interest, since the seated posture and
vertical vibration direction are those most likely to be involved in several vibration
environments, including vehicle driving.

The biodynamic response behavior of the human body subjected to whole-body
vibration may be characterized using three different biodynamic functions. Two of these
functions have often been used interchangeably to describe ‘to the body’ force-motion
relationship at the human-seat interface, namely the driving-point mechanical impedance
(DPMI) and the apparent mass (APMS). The DPMI relates the driving force and resulting

velocity response at the driving point, and is given by:

Z(jw) =%0%) (2.1

where Z(jw) is the complex DPMI, and F(j@) and v(j @) are the driving force and response

velocity at the driving point, respectively. @ is the angular frequency inrad/s and
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Figure 2.1: Comparison of vertical vibration transmissibility magnitude
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Jj=+—11is the complex phasor. The APMS relates the driving force and the resulting
acceleration response, and is related to the DPMI by:

F(o) _Z(jo) 22)

Mo = e ™ o

where M(jw) is the apparent mass and a(j@) is the driving point response acceleration.
The magnitude of APMS has a simple physical interpretation that it is equal to the static
mass of the human body supported by the seat at very low frequencies, when the human
body effectively acts as a rigid mass. The acceleration response and the driving force thus
remain in phase at low frequencies. The magnitude of DPMI can be obtained by
multiplying the APMS by the angular frequency, thus tending to make the resonant peaks
appear more apparent at high frequencies, than if they were represented in term of
APMS. From the definitions of DPMI and APMS, it is apparent that DPMI leads the
APMS by a constant 90° phase angle.

The other biodynamic response function may be referred to as ‘through the body’
biodynamic function, and is termed as seat-to-head transmissibility (STHT), which
describes the vibration transmission through the body from seat to head, and is expressed

as:

_ay(Jo) 54
a(jw) @3

H(jw)
where H(jw) is the complex seat-to-head transmissibility function and au(j@) is head
response acceleration. At low frequencies, the motion at the human-seat interface a(jw) is

transmitted directly to the head due to effectively rigid mass behavior of the human body,

leading to unity value of transmissibility magnitude and zero phase difference.
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The above three functions have been employed to characterize the human
biodynamic response by performing measurements under a variety of test conditions.
Based on the measured data, a number of biodynamic models have been proposed in the
literature for the purpose of estimating the magnitudes of the forces transmitted to
particular subsystems within the body (e.g. the spine), and/or establishing potential
damage mechanisms, and/or assessing the tolerance to vibration under exposure to
intensive vibration levels [1]. Majority of the measurement conditions employed in
several investigations, however, can not be considered representative of those likely to
prevail while driving heavy road and off-road vehicles. Since the biodynamic response of
the human body subjected to vibration is strongly related to a wide range of intrinsic (e.g.
body mass and posture) and extrinsic (e.g. vibration type, intensity and frequency)
variables, the applicability of a proposed biodynamic model to driving situations may be
questioned without analyzing the test conditions used for deriving the data on which the
model relies.

In this chapter, the published data on whole-body biodynamic response
characteristics are thoroughly reviewed together with the test conditions. The influence of
various factors on the biodynamic responses are investigated on the basis of published
literature. Based on the analysis, a set of test conditions applicable to heavy vehicle
drivers is defined and a data synthesis is performed while retaining only the data derived
under the corresponding conditions. From the data synthesis, a range of most probable
values is defined that should ideally be used for the development of a human body model,

applicable in off-highway driving situations.
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2.2 Review of Published Data on Whole-Body Biodynamic Response

The vertical biodynamic response characteristics of the seated human body
reported in the literature were thoroughly reviewed in terms of the postural constraints,
excitation levels, number of subjects, and frequency range. As expected, the test
conditions and the response values were observed to vary significantly among the various
investigations. In many of the earlier studies, such as those conducted by Coermann [12],
Suggs er al. [16], Vogt et al. [24] and Miwa [25], the number of subjects included was
usually small and there were few considerations of the many factors, such as seated
postures, subject characteristics, vibration excitations, efc. In some studies, the feet of the
subjects were either not supported or supported but not vibrated [21, 25]. In other cases,
the excitation magnitudes used in deriving the data were significantly higher than those
which could be expected in most common situations. Some studies were conducted under
increasing steady-state acceleration in a centrifuge to investigate the non-linearity of the
human body under increasing gravity [21]. As for subject population, some studies
employed men, women and children as subjects [17], and many studies employed
subjects of significantly different weight. Although all these studies have contributed
greatly to gain an understanding of human biodynamic response, the results could not be
grouped to derive a generally acceptable response behavior due to excessive variations in
test conditions. Several data sets reported in the literature in terms of APMS, DPMI and
STHT are identified in Table 2.1. The different test conditions are categorized in terms of
subject characteristics, excitation type, magnitude and frequency range, and postural

constraints. Although the vibration response characteristics of the human subjects have
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been measured under carefully controlled conditions in each of these studies,
considerably different test conditions have been employed by different researchers. These
differences in test conditions, though not all of them were clearly stated in some studies,
can be considered as the primary reason for the large variations among the reported
biodynamic response characteristics. It is thus essential to examine the influence of
various test conditions before attempting to define a range of most probable values

applicable to a particular situation.

2.3 Factors Influencing Magnitude of APMS or DPMI

Influence of some of the factors on the biodynamic measurements have been
investigated in many studies [8, 17, 21, 25-31]. Table 2.2 lists the factors, which have
been considered in most of the studies. The reported data are reviewed to identify the

influence of those factors, which are discussed in the following subsections.

Table 2.2: Factors influencing the biodynamic response characteristics.

Subject characteristics: Vibration characteristics:

Posture (back support, backrest inclination, | Type (e.g. sine, random, real vehicle floor
muscle tension, feet and hand support; | spectra);
seated and standing); Magnitude (e.g. rms, peak amplitude);

Body mass; Frequency (e.g. range)

2.3.1 Influence of seated posture on APMS and DPMI magnitude
Posture has been shown to have an influence on the biodynamic response

characteristics. The posture of a seated person is related with the orientation of the lower
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back, the contact with the backrest and the backrest inclination. The limbs position can
also affect the biodynamic response. Muscle tension (e.g. sitting normally, erect or tense,
and relaxed) is often cited as a possible cause of alterations in biodynamic response [17].
Since the contributions due to posture and muscle tension may not easily be
distinguished, it appears appropriate to include the discussion of muscle tension in this
section. Furthermore, the biodynamic data were reported on the basis of either APMS or
DPMI in different studies. The measured data sets are thus presented in terms of both
functions in this section in order to compare different data sets, and demonstrate the
different trends arising from the two functions which may affect the analysis.

Miwa [25] measured the human DPMI corresponding to kneeling, sitting and
standing postures. Under the sitting posture, the subjects sat on a vertical vibrator with
feet hanging free, except in one test where the effect of a static footrest was investigated.
Based on the mean value of five subjects, it was observed that the DPMI magnitude
without a footrest was larger than that with a footrest over the entire frequency range
investigated (3 - 200 Hz).

As to the effect of sitting erect and relaxed, the DPMI magnitude under erect
sitting posture at two resonant frequencies (around 7 Hz and 15 Hz, respectively) was
observed to be larger than that for relaxed posture [25]. The influence of sitting erect and
relaxed has also been demonstrated [30], involving a group of 37 subjects. The subjects
sat on a hard seat without backrest, with feet supported and vibrated on a footrest. The
two postures were defined as relaxed posture with hands placed on a steering wheel, and
erect posture with a straight back and the arms crossed in front of the chest. The mean

DPMI magnitudes corresponding to two mass groups (60-70 kg and 70-80 kg) and two
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different postures are shown in Figure 2.2. For both postures, DPMI response exhibits
peaks near 5 Hz, 7 Hz and 13 Hz. The relaxed posture, however, yields significantly
lower magnitude of DPMI than the erect posture at frequencies above 4 Hz. The first
resonant frequency established from DPMI data occurred at higher frequencies with the
erect posture than that with relaxed posture. When the data sets were converted to APMS,
the shift of first resonance frequency is shown more clearly, as shown in Figure 2.3. With
a relaxed posture, the resonant frequency, as seen from APMS data, is at around 3.7 Hz
and with an erect posture the resonance frequency is near 5 Hz. It can be postulated that
the erect posture with high muscle tension increases the stiffness of human body, and
thus the resonant frequency.

The influence of a backrest and variations in its inclination angle has been
investigated by Boileau and Rakheja [31], involving a total of 7 male subjects. The
subjects sat on a rigid seat with an inclined adjustable backrest and feet were supported
on the vibrator. Three postures were defined as: (i) sitting erect with only lower back in
contact with the backrest, referred to as ‘ENS’ posture; (ii) sitting erect with most of the
back in contact with the backrest, referred to as ‘EBS’ posture; (iii) sitting erect with
most of the back in contact with the backrest while the backrest is inclined at an angle of
14 degrees to the vertical, referred to as ‘EBS14’ posture. The mean DPMI magnitude,
illustrated in Figure 2.4, reveals significant influence of the seated posture. An ENS
posture yields higher DPMI magnitude over the entire frequency range and a higher
resonant frequency than those observed for the EBS posture. With an inclination angle of

the backrest, the EBS14 posture yields a higher resonant frequency and higher DPMI
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Figure 2.2: Effects of subject posture and body mass on the mean
magnitude of driving-point mechanical impedance [30].
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magnitude at frequencies above 4.5 Hz than those observed for the EBS posture, where
the backrest remains vertical.

It can be therefore generally concluded that the DPMI and APMS magnitude
appears to be higher for feet not supported than if the feet are supported, and the ENS
posture usually yields higher DPMI and APMS magnitude than the relaxed and/or EBS
posture. Although some studies have considered different hand and arm postures, such as
crossed in front of chest, resting on lap or resting on a steering wheel, the influence of
these factors on the DPMI or APMS has not been reported. Since the hand-arm accounts
for only a small percentage of body weight, the considerations of hand positions is thus
assumed insignificant compared to seated posture, body mass and vibration excitation

magnitude.

2.3.2 Influence of subject mass on DPMI and APMS magnitude

The DPMI or APMS of seated body is strongly affected by the body weight.
Fairley and Griffin [17] reported the APMS of 60 seated subjects including men, women
and children in the vertical axis, which revealed large scatter in the data due to the large
variations in the subject masses. The magnitude of data scatter, however, was greatly
reduced when the individual curves were normalized with respect to the static seated
mass of each subject. The DPMI characteristics, reported by Seidel [30] for a total of 37
male subjects assuming an erect seated posture, was grouped into four sets based upon
different ranges of subject mass, namely subject groups with less than 60 kg mass O
subjects); with mass between 60-70 kg (11 subjects); with mass between 70-80 kg (14

subjects); and with a mass higher than 80 kg (3 subjects). Figure 2.5 illustrates the mean



magnitude of DPMI (averaged across all exposure conditions) for subjects in different
mass ranges. For all the four mass groups, the primary resonant frequency ranges from
4.5 to 5.5 Hz, while the groups with higher mass revealed lower resonant frequency
frequency. The peak magnitude of DPMI corresponding to the primary resonant
frequency also increased for groups with higher mass range. Figure 2.6 illustrates the
same data sets converted into APMS, which clearly illustrates considerably larger
differences in the peak APMS magnitudes for different mass groups. The difference in
the primary resonant frequency, however, is nearly vanished. It can thus be concluded
that the resonant magnitude increases considerably and the resonant frequency decreases

slightly with an increase in subject mass.

2.3.3 Influence of magnitude of excitation on APMS and DPMI magnitude

The biodynamic response characteristics of the seated human body under varying
levels of whole body vibration have been investigated in several studies. Fairley and
Griffin [17] reported the APMS of eight male subjects exposed to four magnitudes of
vibration (0.25, 0.5, 1.0 and 2.0 ms™ ms). For all eight subjects, the primary resonant
frequency appeared to decrease with increase in magnitude of vibration. Holmlund er al.
[29] also reported DPMI magnitude for a group of 15 male subjects exposed to different
excitation levels, with relaxed and erect sitting posture, as shown in Figure 2.7. It can be
observed that both the mean impedance magnitude and the two resonant frequencies
decrease with increasing vibration level. This may be attributed to ‘softening’ of the
human body under higher levels of vibration excitation. These observations are further

supported by the studies performed by Seidel [30]. Different studies, however, have
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reported considerably different quantitative variations in DPMI with varying magnitudes
of excitations. The mean DPMI data acquired for four male subjects exposed to
sinusoidal vibration (2 - 12 Hz) of two different magnitudes (1.5 and 3.0 ms™ rms), as
shown in Figure 2.8, have been reported by Hinz and Seidel [28]. Figure 2.9 illustrates
the corresponding APMS magnitude data derived from the reported DPMI data.

The results show that the peak DPMI magnitude decreases by 21.6% from 3700
to 2900 Nsm™', when excitation magnitude is increased from 1.5 to 3.0 ms? mms. In the
experiment conducted by Holmlund er al. [29], peak DPMI magnitude decreases only by
7.1% from 2390 to 2220 Nsm™', when the excitation magnitude increases from 0.5 to 1.4
ms™ rms. The dependency of DPMI or APMS magnitude on the magnitude of vibration
excitations suggests nonlinear response behavior of the human body. The above studies
may further suggest that the biodynamic response behavior becomes increasing nonlinear
under higher levels of excitations. When the excitation levels vary within a narrow range,
the human response to vibration may be considered nearly linear, as observed from
Figure 2.7. The mean DPMI data reported by Boileau and Rakheja [31] for a total of 7
subjects maintaining an ENS posture exposed to three different levels of sinusoidal
excitations (1.0, 1.5 and 2.0 ms” rms) is further examined to verify the above
observation. Although the mean DPMI, shown in Figure 2.10, reveals a slight decrease in
the primary resonant frequency, the peak magnitude reduces by only 3.2%, from 2786 to
2699 Nsm™', when the excitation level increases from 1.0 to 2.0 ms? mms. This

observation also holds true for the data obtained under EBS postures.
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2.3.4 Influence of type of vibration excitation

The possible influence of type of vibration excitation on the DPMI magnitude has
been investigated by Donati and Bonthoux [27] and Boileau [8]. Donati and Bonthoux
exposed 15 male subjects to both sinusoidal and broad band random vibration excitations.
For both of the vibration stimuli the frequency band was restricted to 1-10 Hz frequency
range and the rms level of the acceleration was held at 1.6 ms™. The statistical analysis of
the measured data showed that different stimuli did not affect the DPMI magnitude
significantly except in the vicinity of primary resonant frequency, where sinusoidal
excitations resulted in DPMI greater than that obtained under random motion. Boileau [8]
investigated the influence of four types of excitation signals, including sinusoidal sweep
and broad-band random excitations in the 1.0 to 2.0 ms™ rms range, and four random
excitation classes defined for off-road vehicles [32, 33]. The DPMI data were averaged
over various vibration excitation levels for different postures. It was concluded that the
DPMI magnitude vary only slightly for all the excitation signals and the seated postures
considered in the study. It was thus suggested that the DPMI characteristics determined
under sinusoidal or broad-band random vibration of similar magnitudgs can be

conveniently applied for off-road vehicle vibration.

24 Factors Influencing Magnitude of STHT

Although the influence of various factors on the DPMI and APMS have been
studied extensively, only few studies have reported their influence on the seat-to-head
vibration transmissibility of the seated subjects [26, 28, 34-37]. The lack of reported

studies on seat-to-head vibration transmissibility may be attributed to complexities
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associated with measurement of acceleration response of the human head. Some
observations, however, may be made on the influence of various factors from the limited

number of reported studies.

2.4.1 Influence of seated posture on STHT magnitude

The changes in seated posture, muscle tension, back support, and head and limb
position may have the most significant influence on the STHT magnitude. Griffin er al.
[26] investigated the STHT of a single subject assuming eight different postures ranging
from ‘slouched’ to ‘erect’, and five head positions ranging from looking 50° down to
looking 50° up under sinusoidal excitations of 1.0 ms™ rms in the 0 to 50 Hz frequency
range. The erect posture resulted in increase in the STHT magnitude at all frequencies
above 3 Hz, and approximately 4 to 1 increase in the range of 15 - 25 Hz. The slouched
posture. however, resulted in STHT magnitude well below unity at frequencies above 3
Hz. In the same study, the mean transmissibility determined for 18 male subjects,
revealed that a stiff posture resulted in increased STHT magnitude at frequencies above 6
Hz, and lower STHT magnitude at frequencies below 6 Hz, when compared to those
obtained for a relaxed posture. It has also been reported that increased muscle tension
results in higher STHT from 5 to 10 Hz.

Cooper [37] investigated the influence of head angle on STHT up to 30 Hz, while
controlling the posture of spine. It was found that raising or lowering the head increased
the pitch vibration of the head, which contributes considerably to the vertical motion of
the head. Paddan and Griffin [34] investigated the influence of leaning against a rigid

backrest when evaluating STHT through experiments involving 12 subjects. The mean
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STHT response characteristics of 12 subjects with and without backrest support are
illustrated in Figure 2.11. The results clearly show that contact with a backrest yields
significant increase in the transmission of vertical vibration at frequencies above 4.5 Hz.
The contact with the backrest also increases the resonance frequency from 4.2 Hz to 6.2
Hz. It is probable that some of the increase is associated with different orientation of the
head and neck, and the vibration transmission from backrest.

Some studies have also reported that the pelvis orientation could affect STHT
magnitude [35, 38]. A footrest may further affect the STHT since it influences the seated
posture, muscle tension, and the area of contact between the vibration input and the body.
The STHT measurements performed by Griffin er al. [26] revealed that presence of a
footrest (normal height) or its absence (legs hanging free) do not influence the STHT
considerably. It is expected that any change in arm position or any other factor which
causes a general posture change will affect the STHT response. This can be considered as
the main reason for larger variations in STHT data between individuals and results

reported by different researchers.

2.4.2 Influence of subject mass or body size on STHT

Only few studies have explored the influence of variation in the body mass and
size on the STHT magnitude. A definite influence of such variations, however, could not
be established due to considerable variations in the measured response of individuals.
Some studies have concluded that increased mass or increased body size can be

associated with lower STHT magnitude over a wide frequency range [39].
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2.4.3 Influence of excitation magnitude

Few studies have concluded that the dynamic response of the seated body varies
with magnitude of vibration excitation [26, 28]. The influence of the excitation
magnitude on the STHT, however, is small, when compared with the contributions due to
inter- and intra-subject variations. Variations in back support and head inclination are
known to cause greater effects on STHT than that caused by variations in magnitude of
the vibration. High levels of vibration excitations, however, can cause a significant
change in STHT, though it is difficult to point out whether the change is caused by the
non-linearity of the human body or the subject’s voluntary control of the dynamic
response of the body in order to reduce discomfort experienced under high levels of
vibration.

Figure 2.12 illustrates the mean STHT of 4 male subjects under sinusoidal
excitations of 1.5 and 3.0 ms™ rms acceleration [28]. The influence of excitation level on
the STHT appears to be significant and very similar to that observed for APMS (Figure
2.8). The primary resonant frequency and resonant magnitude decrease with increasing
vibration intensity. The higher levels of excitation yield lower magnitudes of APMS and
STHT at frequencies above 4 Hz, and higher values at frequencies below 4 Hz. When the
excitation level is increased from 1.5 to 3.0 ms? the primary resonant frequency
established from STHT is reduced significantly from 5.0 to 3.8 Hz, and the resonant

magnitude is reduced from 2.06 to 1.94.



2.5 Definition of Criteria for Developing Generalized Values for Biodynamic
Response Functions

In view of the significant influence of some of the test conditions on the
biodynamic response functions, it has been suggested that any attempt to define
generalized values to characterize the biodynamic magnitude and phase response
functions of the body would not be appropriate unless it could be defined specifically for
a particular application or over a limited and well defined range of conditions.

In an earlier attempt to define generalized values for the biodynamic response of
the body, an ISO 5982 Draft document [22] had proposed DPMI and STHT magnitude
and phase characteristics of the human body based on a synthesis (i.e. combination and
average) of various data sets reported by different investigators for the seated and
standing individuals. The proposed values, particularly with regard to DPMI, were
subsequently found to deviate quite considerably from those which would likely apply
under conditions involving feet and postural constraints, and vibration excitation levels
more typical of those likely to prevail in commonly encountered situations such as
vehicle driving. It was thus postulated that the synthesis performed in defining the
standardized values in the ISO CD 5982 perhaps included data sets, which were
generated under too different and broad range of conditions, not representative of those in
commonly encountered situations such as vehicle driving. In an effort to provide an
understanding of the biodynamic response behavior of the seated body under commonly
encountered work vibration environments, there was a need to use commonly available
published data to define a range of most probable or idealized values to characterize the
magnitude and phase responses of the concerned biodynamic functions under a particular

range of conditions applicable to the situation considered.
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As part of this study, a range of idealized values is defined for the DPMI, APMS
and STHT of subjects maintaining an erect seated posture without backrest support, while
the feet are supported and vibrated. The range of idealized values of the different
biodynamic functions are determined by combining and averaging various data sets
selected from the reported literature. The selected data sets, however, are limited only to
those for which the reported experimental conditions include the specified posture and
involve vibration excitation levels lower than or equal to 5 ms>. Such conditions can be
broadly associated with those prevailing while driving particular types of vehicles,
principally those employed in off-road applications. By extending the frequency span of
interest to cover the range from 0.5 to 20 Hz and by incorporating the most recently
available data, this synthesis may be considered to constitute a follow-up of a previous
work initiated by Boileau [8] and has been reported in [89]. The data sets satisfying all of
the following requirements were thus selected for the synthesis:

e Data sets specifying either individual or group mean subject mass of the test
subject population, with attempt to limit the range of individual body masses to
within 49 to 94 kg, corresponding to the range for which the most numerous

number of data sets are available;

e Data sets on DPMI or APMS acquired with feet supported and vibrated, although
this condition was considered irrelevant for STHT;

e Data sets acquired under vibration excitation amplitudes below 5 ms rms, with
the nature of the excitation specified as either sinusoidal or random;

e Data sets acquired under vibration excitations including spectral components
within the 0.5 to 20 Hz frequency range;

e Data sets acquired under vibration excitations constrained to the vertical direction;

e Darta sets acquired with subject population clearly identified, with particular
analysis of those sets based on single subject;
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e Data sets reporting the subject posture as being erect seated without backrest
support, irrespective of the hands position.

e Data sets reporting either the magnitude, or both the magnitude and phase of the
biodynamic response functions were included for the synthesis.
2.6 Selection of the Published Data on DPMI and APMS
The published data sets are initially selected based on the criteria defined in
Section 2.5. Data sets presenting anomalous behavior, which may be caused by
unreported differences in experimental conditions, subject populations, postural
constraints, and vibration excitations used by the various investigators, are further
removed on the basis of the standard deviation analysis. The remaining data sets are
retained for the synthesis and for defining the most probable or idealized values

applicable to the seated human body under the specified conditions.

2.6.1 Data selection based on predefined criteria

Of a total of 22 data sets identified for DPMI or APMS, summarized in Table 2.1, eight
were rejected on the basis of selection rules outlined in Section 2.5. These included the
data reported by Coermann [12], Edwards and Lange [40], Vogt er al. [24], Miwa [25],
Mertens [21], Fairley and Griffin [17, 41], and Smith [42]. These data sets are excluded
due to two primary factors: (i) subjects' feet neither supported nor vibrated; and (ii)
certain test conditions, such as subject mass, and posture, not reported. The unreported
information of the total body mass of the test subjects is the main reason for not having
considered the mean normalized APMS data reported in Fairley and Griffin [17], which
otherwise is regarded as a very valuable data set in view of the significantly large subject

population involved (60 subjects including 24 men, 24 women and 12 children). The



characteristics related to the subject population, excitation and response function reported
for each of the remaining data sets are summarized in Table 2.3, as they relate to the raw
data considered for the synthesis on DPMI and APMS. While all of these data sets
reported either DPMI or APMS magnitude, only twelve provided the corresponding
phase information between the force and motion variables.

Among the data sets complying with the selection rules, a distinction is made in
Table 2.3 for some data sets, which although reported by the same authors, were
generated using different types and/or levels of excitations. Such is the case in the study
by Hinz and Seidel [28] in which mean APMS data is reported for two levels of
sinusoidal excitations, 1.5 and 3.0 ms™, hereafter referred to as H&S-1.5 and H&S-3.0,
respectively. Suggs et al [16] reported mean DPMI data while using a constant
displacement sinusoidal excitation but without exceeding an acceleration of 3.5 ms™ rms
within the frequency range considered. Donati and Bonthoux [27], and Boileau and
Rakheja [31] reported mean DPMI data under both sinusoidal and random excitations of
equivalent levels, 1.6 ms™ in the former study while the latter included an average of data
acquired at fixed magnitudes ranging from 1.0 to 2.0 ms™. These data sets are further
identified as D& B-sine, D&B-random, B&R-sine and B&R-random in this study.

Seidel [30] reported mean DPMI data grouped according to the mass range of the
population of subjects involved in the experiments. These data sets, referred to as Seidel
60-70 and Seidel 70-80, represent the mean values of DPMI measured under a fixed
range of vibration amplitudes, using subject population with mass ranging from 60 to 70
kg and 70 to 80 kg, respectively. The data by Holmlund ez al. [29] represents the total

group average based on mean normalized DPMI values reported using 15 female and 15
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male subjects under constant excitation level of 0.5 ms™~. Two APMS data sets, acquired
under the same conditions, reported by Fairley and Griffin [43, 44], are considered: one
representing a single subject data (referred to as F&G-1983), while the other is obtained
by averaging individual data reported for 8 subjects (referred to as F&G-1986). The data
extracted from the ISO CD 5982 [22] represents by itself a synthesis of various data sets
having been reported under specific conditions. The curves are said to apply to subjects
under excitation levels of 1 to 2 ms?, although it is admitted that the acceleration
amplitudes were not specified by the authors for some of the studies considered, and it is
not clear exactly which data sets were considered in the synthesis. The data is said to
apply to seated subjects with an upright body position, although it is admitted that posture
was often vaguely defined in the studies considered and that it generally included
subjects with feet hanging free. As for the data referred to as Sandover [45], it represents
an average of six individually reported APMS data.

Figure 2.13 presents a comparison of the DPMI magnitude in the 0.5 to 20 Hz
frequency range derived from the 14 reported data sets identified in Table 2.3. These data
sets are also presented by their equivalent APMS magnitude in Figure 2.14. The
corresponding phase data related to the DPMI response is presented in Figure 2.15. The
APMS phase data is not presented since, by definition, it would only differ from DPMI
phase by a constant phase angle of 90°. Although the conditions pertaining to these data
sets are reported to lie within the common bounds established from the selection rules,
significant variations, which may be more apparent in specific frequency ranges, are
observed among the data. An examination of Figures 2.13 and 2.14 further reveals

significantly larger variations among the reported DPMI magnitude. In contrast, the
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Figure 2.14: A comparison of magnitudes of apparent mass reported
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APMS magnitude data sets appear to be relatively closer, particularly at higher
frequencies, since the frequency dependence present in the DPMI function is eliminated
when APMS function is employed. It can be observed that by presenting the measured
results in terms of either DPMI or APMS, different trends can be noted, which may affect
the analysis. The merits and demerits of these two functions in demonstrating measured
biodynamic data, although very important, have never been addressed in the literature.
This fundamental issue is thus explored in Chapter 3 in an attempt to identify a desirable

biodynamic function.

2.6.2 Data selection based on analysis of the standard deviation

Although all of the identified data sets were extracted from studies in which the
reported conditions satisfied most of the previously defined selection rules, it is difficult
to establish the sources of variability between the various data sets. While every effort
was made to restrict the range of experimental conditions to those defined by the
selection rules, there most certainly remained unreported differences in experimental
procedures, subject populations, postural constraints, and types and levels of vibration
excitations used by the various investigators. These differences could also have
contributed to the observed variations between the data sets. Although it would be
impossible to entirely eliminate these sources of variation when considering data
originating from different studies, their relative influence may be minimized while
performing the synthesis by rejecting the data presenting anomalous behavior and

retaining only those data sets for which similar trends may be observed.
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In an effort to show the extent of the variations between the various data sets and
to identify which should be excluded from the synthesis, the standard deviation on the
mean values is computed as a function of frequency for different combinations of data
sets. The combination presenting the least variation (i.e. lowest standard deviation) over
the broadest frequency range is subsequently retained for the synthesis and for defining
the most probable or idealized values applicable to the seated human body under the
specified conditions.

An examination of the various DPMI data sets, illustrated in Figure 2.13, reveals
that the majority of the curves show certain important trends. Majority of the data sets
exhibit dominant peak in the 4 to 6 Hz frequency range, followed by a decline and a
second weakly apparent peak within the 10 to 14 Hz frequency range. While the absolute
magnitudes observed in various studies clearly differ, most curves show similar trends or
at least have their magnitudes within close bounds except for a few isolated data sets.
Such is the case for the ISO CD 5982 [22] data which definitely forms an outlier over
most of the frequency range. The proposed values are generally much higher than those
provided by the other data sets, particularly near the primary resonant frequency. This
apparent overestimation of the impedance magnitude compared to those reported in
several other studies has also been reported by Holmlund er al. [29]. There have been
suspicions that this might be due to the fact that the ISO CD 5982 data perhaps applies
more closely to subjects with feet hanging freely than to those with feet supported. Hinz
and Seidel’s data [28] reported under an excitation level of 1.5 ms? (H&S-1.5) is also
observed to follow trends similar to that of the ISO CD 5982 data: the magnitude is

considerably higher than those for most of the other data sets over most of the frequency
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range considered. The data reported by Hinz and Seidel [28] under 3.0 ms™ (H&S-3.0)
presents also some concerns with respect to the other data sets in constituting a potential
outlier towards the lower and higher extremities of the frequency range considered.
Another anomaly is observed with Suggs et al. data [16] at frequencies above
approximately 6 Hz, where the reported magnitude is considerably lower than the other
data sets. The pattern showing a continued decrease in magnitude with frequency
contradicts that observed for most other data sets in a similar frequency range. Finally,
the data reported by Seidel er al. [30], identified as Seidel 60-70 and Seidel 70-80, may
be considered to be somewhat anomalous in that both data sets show peak magnitude
occurring at a frequency ranging from 6 to 8 Hz, which is distinctly higher than the 4 to 6
Hz range established from most of the other data sets. While most data sets indicate a
decrease in magnitude within the 6 to 8 Hz frequency range, followed by a subsequent
increase at higher frequencies, these two data sets with peaks occurring in the 6 to 8§ Hz
frequency range contradict with the generally observed trends.

An examination of the selected data sets expressed in terms of APMS (Figure
2.14), generally reveals variations of considerably lesser degree amongst the various data
sets, when compared to the corresponding variations among the DPMI data appearing in
Figure 2.13. This is particularly evident towards higher frequencies, although the spread
may appear broader at low frequencies. Generally, the data sets on DPMI magnitude
identified as forming outliers or presenting anomalies are also found to present such
particularities when presented in terms of the APMS. For three of these data sets,
however, the anomaly may appear to be more or less obvious depending on whether the

data is presented in terms of DPMI or APMS. This is the case for H&S-3.0 data, which
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exhibits considerable deviations from the majority of the other data at lower frequencies,
when presented in terms of the APMS. In contrast, Seidel 60-70 and Seidel 70-80 data
sets are observed to follow more closely the trends prescribed by the majority of APMS
curves than those established on the basis of DPMI.

A quantitative analysis is further performed in an effort to identify the definite
outliers. The standard deviations of the DPMI magnitude are computed for different
combinations of the data sets. Figure 2.16 presents the distribution of the standard
deviation computed as a function of frequency for five different combinations of data sets
of DPMI magnitude. The first combination involves all the 14 data sets identified in
Table 2.3, while subsequent cases gradually exclude some of the data sets identified as
showing anomalies with respect to majority of the data. The exclusion of data sets
reported by ISO CD 5982, H&S-1.5 and Suggs er al. yields considerably lower standard
deviation over most of the frequency range concerned. The results further show the
standard deviation of combinations excluding H&S-3.0, Seidel 60-70 and Seidel 70-80
data sets. The most significant standard deviation, in general, is observed to occur in the 4
to 6 Hz frequency range, indicating that the most important variability amongst the
studies occur at frequencies near the main body resonance. The results presented in
Figure 2.16 suggest that the exclusion of the above data sets (ISO CD 5982, H&S-1.5,
H&S-3.0, Suggs et al., Seidel 60-70 and Seidel 70-80) leads to a probable combination,
which exhibit least deviation amongst various data sets in the entire frequency range.

The standard deviations of the APMS magnitude established from various

combinations of data sets, identified in Table 2.3, are presented in Figure 2.17, as a
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function of the vibration frequency. The results suggest that the exclusion of the above
data sets yield limited degree of variation amongst the data.

The comparison of the selected data sets of DPMI phase, illustrated in Figure
2.15, reveals a relatively consistent pattern. The DPMI phase is approximately 90° at
very low frequencies, which asymptotically approaches 0° at higher frequencies. While
most data sets exhibit generally good agreement in the phase response up to
approximately 5 Hz, large differences are observed to arise at higher frequencies. The
phase data sets presented in Figure 2.15 show that only two of the twelve data sets exhibit
important differences with respect to the rest of the data sets. These include the data
reported by Suggs er al. [16] and Donati & Bonthoux [27] under random excitation
(D&B-random). The DPMI phase response in both cases approaches zero at a frequency
less than 10 Hz, while the rest of the data sets indicate a more gradual decrease in phase
response with frequency.

Following the procedure applied for defining the most probable values of DPMI
and APMS magnitudes, the data sets presenting apparent deviations from majority of the
data sets are excluded to derive the most probable values of DPMI phase. Moreover, a
further selection rule is introduced calling for exclusion of the phase data whenever such
data was produced concurrently with the magnitude information, which was excluded
from the synthesis. This selection rule suggests that the phase information cannot be
applied, if the corresponding magnitude response is considered inapplicable, since both
are determined under identical conditions. In contrast, the inapplicability or unavailability
of phase information does not imply the exclusion of corresponding magnitude

information owing to the difficulties in performing proper phase measurements and to



the fact that poor phase information does not impede the value of magnitude information.
Applying the above stated selection rules to the phase data presented in Figure 2.17
results in exclusion of the data sets referred to as ISO CD 5982, Suggs er al., H&S-1.5
and H&S-3.0. D&B-random data is also excluded in view of its considerable deviations
with respect to most other data sets. The final selection based on the remaining seven data
sets is further justified by the standard deviation shown in Figure 2.18. The results show

relatively small standard deviation, when the above data sets are excluded.

2.7 Selection of the Reported Data on Vertical STHT
The reported data sets on vertical STHT were initially selected based on the
predefined criteria, and the standard deviation of various combinations was performed to

identify a suitable combination.

2.7.1 STHT data selection based on predefined criteria

A total of 10 data sets on the vertical STHT of the seated human body were
identified from the published studies, based on the selection rules described in Section
2.5. Two sets reported by Griffin er al. [46] were rejected, since the mass information of
the test subjects was not specified. The number of subjects used, and the nature and level
of vibration excitations employed in each of the remaining data sets are summarized in
Table 2.4. While all the studies reported STHT magnitude, only five provided the
corresponding phase information. Majority of the data was acquired using sinusoidal
excitation with vibration levels usually much higher than those used for defining DPMI

or APMS. While the levels used for DPMI or APMS were most often maintained below 2
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ms™, the majority of STHT data were acquired under levels ranging from 1.5 to 5.0 ms™.

Most of the data sets identified in Table 2.4 were obtained using a large number
of subjects, except for that reported by Coermann [12], which relates to only one subject.
Hinz and Seidel [28] reported mean STHT data under two different levels of excitations,
1.5 ms? and 3.0 ms™ (referred to as H&S-1.5 and H&S-3.0), using 4 subjects. The values
reported by Mertens [21] and considered in this study are the mean of data obtained from
superposition of a static acceleration of 1 g, representing normal gravity, and of a
dynamic vibration level of 4 ms™. Vogt er al [24] were amongst the earliest investigators
to provide mean data complying with the selection rules, while Paddan and Griffin [34]
(P&G-1988) were amongst the latest. Zimmermann and Cook [35] recently published
mean data on the STHT established using 30 subjects, although the data was reported
only at specific discrete frequencies between 4.5 and 16 Hz, while the corresponding
phase information was not provided. Although such data, referred to as Z&C-1997, is
provided for different pelvic orientations, only that defined for the neutral position is
considered in this study. The data proposed in the ISO CD 5982 [22] presents a synthesis
of various data sets and is said to represent the mean transmissibility of 50 subjects with
mean mass of 75 kg exposed to vibration excitation levels between 2 and 4 ms™. It is
generally admitted that, in some of the studies considered for deriving the ISO CD 5982
curves, the vibration excitation levels and the body position were not specified. The
synthesis did not distinguish between values pertaining to the sitting and standing body
positions.

Figure 2.19 presents a comparison of the STHT magnitude data derived from the

various data sets identified in Table 2.4, while Figure 2.20 presents a comparison of the
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corresponding phase data, whenever available. In comparison with the data on DPMI and
APMS, significantly fewer data sets are available on STHT, while more variations are
found to exist between the various data sets over most of the frequency range considered.
This may be expected in view of the complexities associated with the measurements.
Furthermore the function, being a transfer function through the body, is relatively more
sensitive to some of the experimental conditions, mainly subject posture, than the APMS

or DPMI.

2.7.2 STHT data selection based on standard deviation

Similar to the selection of data sets on DPMI and APMS, the standard deviation
on the mean values of STHT is computed as a function of frequency for different
combinations of data. The combination presenting the least variation (i.e. lowest standard
deviation) over the broadest frequency range is subsequently retained for the synthesis
and for defining the most probable or idealized values applicable to the seated human
body under the specified conditions.

From analysis of the data sets shown in Figure 2.19, the pattern regarding STHT
magnitude indicates a dominant peak occurring within the 4 to 6 Hz frequency range,
corresponding to primary whole-body resonance. This is usually followed by a gradual
decrease of STHT magnitude with frequency, although some data sets indicate potential
secondary peaks at frequencies above 10 Hz. The frequency at which the peak
transmissibility occurs is seen to vary amongst the data sets, as does the peak magnitude
itself. In all cases, the transmissibility magnitude is larger than unity at frequencies below

approximately 6 Hz, while there is a tendency for the magnitude to drop below 1.0 at
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frequencies above 6 Hz. Exceptions to these trends are seen with H&S-1.5 and H&S-3.0.
While the former indicates a transmissibility magnitude greater than 1.0 over the entire
frequency range considered, the latter is only seen to decrease below 1.0 over a very
limited frequency range. Zimmermann and Cook’s data (referred to as Z&C) is also
observed to present discrepancies at frequencies above 10 Hz by indicating a gradual
amplification of vibration with frequency, while most other data sets show a gradual
attenuation over a similar frequency range. Finally, Vogt er al. [24] data constitutes a
definite outlier at frequencies above 6 Hz by presenting a very rapid drop in STHT
magnitude with frequency as opposed to a more gradual decrease for most other data sets.

Figure 2.21 presents the standard deviation on the mean values of STHT
magnitude computed for different combinations of the data sets. Considering the entire
frequency range, the combination of data which generally involves lesser degree of
variation at most frequencies is that based on only four data sets, which exclude those by
H&S-1.5, H&S-3.0, Vogt et al. and Z&C. The five data sets on the STHT phase
response, shown in Figure 2.20, indicate a general pattern with most curves showing a 0°
phase angle at low frequency followed by a gradual decrease in phase angle as the
frequency is increased. Applying the data synthesis selection rule defined in Subsection
2.6.2 to the effect that phase data should be excluded whenever magnitude data is
rejected results in further exclusion of H&S-1.5 and H&S-3.0 data sets. Consequently,
only three data sets are made available to define the STHT phase information. These are
the data reported by Mertens [21], Paddan and Griffin [34] and that proposed in ISO CD

5982 [22].
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2.8 Definition of a Range of Idealized Values

The unexplained differences in biodynamic response characteristics emerging
from different studies serve to justify the exclusion of outliers or data sets, which present
peculiar behavior with respect to generally observed trends established from majority of
the studies. Since the aim of this study is to define idealized values under very specific
range of conditions, the exclusion of any particular data set should not be interpreted as a
value judgment on the quality of the reported data, but more as an indication that the
particular conditions under which the data was acquired perhaps do not comply with the
prescribed conditions. While every effort was made to consider only the data for which
the reported conditions would closely match with those established by the selection rules,
the possibility of particular conditions, either unreported or misinterpreted, could have
led to the observed discrepancies.

The range of idealized or most probable values characterizing the t;iodynamic
response of the seated body under the particular conditions is derived in the 0.5 to 20 Hz
frequency range. by simply averaging of the selected data sets, upon removal of the
outliers, and by smoothing and creating envelopes about the mean values. Smoothing is
accomplished from successive piecewise approximations using a fixed number of points
while creating an overlap. Any data that fall within the range of idealized values defined
by the envelope curves may be considered to be acceptable representation of the
biodynamic response functions of the seated human body under the specific conditions

defined.
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2.8.1 Range of idealized values of DPMI and APMS

Upon exclusion of the data sets identified in Section 2.6 for DPMI and APMS
magnitudes, the synthesis of the data sets within the most desired combinations are
illustrated in Figures 2.22 and 2.23, respectively. The synthesis is based on 8 data sets
1dentified as Sandover, F&G -1983, D&B-sine, D&B-random, F&G -1986, Holmlund et
al., B&R-sine, and B&R-random. The figures show the smoothened envelopes of
maximum and minimum values derived from the data reported in various studies as a
function of the vibration frequency. The mean values of the data sets considered,
indicated in the figures as central bold solid lines, relate to the idealized values, which
may be considered for biodynamic modeling or other applications. For completion, the
smoothened envelopes formed from the computations of standard deviation on the mean
values are also included in the figures. Overall, the figures represent data acquired with
65 different subjects whose mass ranges from 49 to 93 kg, with mean value close to 70
kg. The excitation levels used for generating these data are observed to vary between 0.5
and 2.0 ms™ mms, with a slightly higher proportion of subjects submitted to sinusoidal
than to random excitations. While the mean smoothened DPMI magnitude curve shows a
peak occurring at 4.8 Hz, that for APMS is more towards 4.4 Hz. In both cases, the
envelopes formed from the standard deviation on the mean follow very closely those
formed from maximum and minimum values. The coefficient of variation (i.e. ratio of
standard deviation to the mean) is relatively the same for DPMI and APMS magnitudes,
except at lower frequencies (<1.5 Hz), where the variation is considerably larger when

the data is treated in terms of DPMI than that in terms of APMS.
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It has to be pointed out that there were relatively few data sets available to
perform the data synthesis at frequency above 10 Hz. Among the 8 data sets employed in
defining the range of idealized values, three of them were measured up to 10 Hz, and
another was measured up to 12.5 Hz. Therefore, there are only four data sets appearing
between 12.5 Hz and 20 Hz and this may explain the narrowness of the envolope at such
frequencies.

With regard to the DPMI phase, the exclusion of the data sets identified in
Subsection 2.6.2, resulted in a synthesis based on 7 data sets, including Sandover, F&G-
1983, D&B-sine, F&G-1986, Holmlund er al., and B&R-sine and B&R-random. The
results, shown in Figure 2.24, indicate a significant broadening of the error or coefficient
of vanation at frequencies above 8 Hz, owing to the considerable discrepancies between
the data sets. Overall, these data are established with same subject population and
excitation levels used for defining DPMI and APMS magnitude, with the exception that a
considerably higher proportion of subjects were subjected to sinusoidal than to random

excitations.

2.8.2 Range of Idealized values of STHT

Finally the synthesis of the data on STHT presented in Figures 2.25 and 2.26 for
magnitude and phase is based on four and three data sets, respectively. The synthesis
includes data sets reported by Mertens [21], Paddan and Griffin [34] and ISO CD 5982
[22]. The data reported by Coermann [12] is the fourth data set considered for STHT
magnitude. Overall, 72 subjects are involved in generating the data reported in these

studies with mass ranging from 57 to 90 kg. The largest population of subjects is that
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reported in the ISO CD 5982 [22], which involves 50 out of the 72 subjects. The
excitation levels used in these studies are observed to vary between 1.75 and 5 ms~, with
a considerably higher proportion of subjects reported to have been submitted to
sinusoidal than to random excitations. It should be noted that the data sets, which are
considered to satisfy the selection rules, are the same as those used in a previous study
[8], in which the analysis had been limited to an upper frequency of 10 Hz. From the
results of the synthesis, shown in Figure 2.25, it can be observed that peak STHT
magnitude is expected to occur at a frequency of 5.1 Hz, which is slightly different from
the resonant frequencies of 4.8 and 4.4 Hz, estimated from the DPMI and APMS
idealized values, respectively.

In view of the uncertainties associated with the inclusion of the ISO CD 5982 data
as part of the final data synthesis on STHT, a comparison was further made of the mean
synthesized values reported in Figures 2.25 and 2.26 with those which would have
resulted by not considering the ISO CD 5982 data. The results, shown in Figure 2.27,
indicate that the effect of not including the ISO CD 5982 data while computing the mean
STHT magnitude is almost negligible; while the effect appears to be considerably more
important on phase. Furthermore, the exclusion of the ISO CD 5982 data from the
synthesis does not prevent the resulting mean phase information to fall within the
envelope of values previously defined while retaining this data set (Figures 2.25 and
2.26). On that basis, it is concluded that the range of the idealized STHT values computed
while retaining the ISO CD 5982 data would not be altered in any significant manner by

not considering this data set.
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The very limited number of available data sets employed in defining the idealized
range of STHT (4 data sets for magnitude and 3 data sets for phase, all up to 20 Hz) may
result in an envelope which is too narrow at certain frequency ranges. The mean, upper
and lower bounds, and the standard error corresponding to the range of most probable
values of each of the smoothened biodynamic response functions are also summarized in

Tables 2.5 to 2.7 at central frequencies of one-third octave bands between 0.5 and 20 Hz.

2.9 Summary

The human body exhibits highly complex biodynamic response, which is affected
by many factors, including subject posture, mass, and vibration magnitude and frequency.
While body size and mass can influence the DPMI and APMS, the changes in seated
posture often yield the largest variations. Erect posture yields significantly higher
resonant frequency and magnitude of DPMI than that obtained for relaxed and back
supported postures. Feet and hand position can also have a large influence on the DPMI
and APMS. An increase in the subject mass yields significant increase in the magnitude
at resonance, and a decrease in the resonant frequency as observed from the peak DPMI
and APMS response. An increase in excitation level causes both the resonant frequency
and corresponding magnitude of DPMI to shift towards lower values. However, these
variations are observed to be significant only if the vibration levels vary over a wide
range. The variations in DPMI under high levels of vibration excitation may be due to
either the non-linearity of the human body or the voluntary change of the posture.

Variations in STHT of an individual are primarily caused by changes in body

posture, and head and limbs positions. Both erect posture and ‘looking up’ head position

-70 -



9t 6 0¢ 9 660C 6T GSLI 431 0°0¢
0¢ L Sl 14 I6L1 LE 0SL1 0IL1 091
LT 8 81 L LTET 11z £20¢ 8¢8I X!
S¢ 8 (14 14! €LTT 901 1861 9SLI 0'01
(43 14 74 0¢ €6tT vLT 661 S091 8
9¢ S 9¢ 0¢ 120144 867 $90¢ Geol £9
(4] 6 9¢ 14 8067 ces i %4 €991 S
69 L 19 43 68¢T ol¢ 2002 849! 14
08 ¢ SL 69 (454! (41 (144! 1€11 G1'¢
v8 [4 18 6L vl el LY6 8SL x4
L8 [/ ¥8 08 £68 £6 89L v19 [4
68 [4 68 4] t0L IL LT9 06v 9'1
06 [4 98 £8 L0Y 88 1614 9s¢ STl
06 3 98 £8 %Y L8 1444 01t I
16 ¢ 98 (8 LYy 98 0S¢ 99¢ 80
06 ¢ 98 {8 Y44 S6 144} 81¢ £9°0
06 £ 98 £8 00¥ o1l 144 8vl S0
10110 (39daey) pugy 10400 (3adae)) yuiyy
nunpaaddn | prepue)g BN JIMO'| nungaaddpn | paepue)g UBIA AIM0] (zH)
(s22a480p) aseyy (wi/sN) apnjiuge Kudnbauy

'SUOIIPUOD pauljop ay) Jopun Apoq ueiuny pajeas oy jo souepadiur [eourydaw jwod-Suiaup pozieopt jo aguel pue pSie] 15 7 AGEL

-71-



¥9- 6 0L- 8- 6'91 6l 'yl Sl 0'0T
0L~ L SL- 8- 8'LI ¥'0 p'Ll 0Ll 091
£9- 8 cL- £8- 8°6C LT 6'SC 1AY4 STl
G6- 8 89- 9L- 1'9¢ I'g ¢'ig 8'LC 0°01
86- 14 §9- 69- VLY v'S G'8¢ 6’1t 8
bS- S ¥9- 69- 6'19 L'L C'ts o'y £9
8¢~ 6 vS- 99- £'T6 991 ShL AY Y
1T L 8C- 8¢~ 9v6 X4 £oL 019 14
0l- € Si- 1T- 9'68 v'ol L0L 0'9¢ SI'E
9- [4 6" 11- TSL ¢'8 979 [ 4
- [4 9- 0l- 9'0L 9L 809 0'6v [4
I- [4 G- 8- L99 0L 0'09 ¢'8Y 91
0 [4 - L- ¢'S9 L 6§ 6’9 STl
0 £ v- L~ 's9 79 9°6S 8’6y [
I ¢ - 8- 9'69 0'S 9'09 8'€S 80
0 £ - 8- 8'59 Gt v'19 086 £9°0
0 ) - L- 6'SY 't 9 L8 $0
10409 (39d.4e)) T 10010 (398awy) Ny
nungaaddn | paepue)g UIAl JOMO'] nuyp Rddn | paepueyg UBIAl J9M07] (zH)
(S22133p) asey | (3Y) opmyudepy Kduanbaay

'SUONIpuod pauljop oy sopun Apoq uewuny pajeas oy Jo ssew juotedde pazijeopt jo ofuet pue e

9°T3Aqel,

-72 -



ty0l1- 8'6S [X44% £'90C- ¥8°0 810 £9'0 0y°0 007
0'68- 0’1y Soll- 1'991- 680 S1°0 1L°0 $6°0 091
1'C9- 8°6¢ C't6" alel- 660 €ro 98°0 YL 0 x4
['Sp- §'9C 96L- 1'€6~ 80°1 600 960 98°0 001
£6h- 061 £'99- S'18- 8C'1 61°0 101 L8°0 8
4% £0t 866" 0't6- 144 610 £l 660 £9
8¢ v'8¢ 9'6¢- 6'CL- 9¢’1 o Sl 8C'1 S
%4 681 0'SI- X4 9¢'l 60°0 6Tl 911 14
AN ¥'6 L6 S'0C- 44 SO0 or'l 111 S1'e
90- £9 £9- 811- SI'l SO0 ort v0'1 4
0" 86 - ¥'8- or'l 90°0 801 £0'1 [4
0" 8¢ 6'C 9'6- 14N SO0 90°1 20’1 91
1'0- %4 8'1- y'e- 90°1 200 £0’1 20’1 STl
1'0- 6l Sl- 8'C- €0’ 100 'l 10°1 I
0'0- L'l - v'e- a0l 100 101 00'1 80
00 gl 01~ 6'1- 0l 100 10°1 00'1 £9°0
00 80 90" - 0l 10°0 101 00°1 S0
10019 (»981vy) Nuy| 101D (yo8aw)) yuy
nwy saddpn | paepueyg UeIAl JIMO] nuy paddn | paepuerg B 1IMO7] (zH)
(sda.43ap) aseyy IPNIUBEA] Kduonbaay

"SUOLIPUOD PaULJap AU} JOpUN APy BN PIIRIS oY) JO AJ{I(ISSIUISURI) PEAY-0)-120S POZI[eapl Jo oFuel pue 10Sue ], L 7 Aqe,

-73 -



can cause significant increase in vibration transmitted to the head. Contact with the
backrest increases the transmission of vibration at above 4.5 Hz and the primary
resonance frequency. The primary resonance frequency and resonance magnitude
decrease when vibration intensity is increased considerably.

The reported data on DPMI or APMS, and STHT exhibit excessive variations,
which are attributed to variations in the test conditions, and inter- and intra-subject
variations. A synthesis of reported data thus can not be performed without carefully
specifying the criteria with regards to the body posture, subject population and excitation
magnitude and frequency components. Selection rules are thus formulated to represent
the vehicular vibration environment. The data sets satisfying these rules are selected for
synthesis to identify a most probable values of biodynamic functions. By excluding
outliers based on standard deviation analysis, a synthesis of the selected data was
performed and smoothened envelope contours encompassing the mean values of the
selected data were constructed in the 0.5 to 20 Hz frequency range to characterize the
DPMI, APMS and STHT of the seated subjects with feet supported, and exposed to
vibration excitation levels lower than 5 ms™. The synthesis is based on 8 data sets for
DPMI and APMS magnitudes, and 7 data sets for the phase response. The idealized
curves on STHT are based on considerably fewer data sets: four for the magnitude and
three for the phase. The data that fall within the proposed range of idealized values are
considered to provide acceptable representation of the seated human body’s biodynamic

response behavior under the specific range of conditions.
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CHAPTER 3
WHOLE-BODY BIODYNAMICS:
DEVELOPMENT OF HUMAN BODY MODEL

3.1 Introduction

The biodynamic response characteristics of the seated human body in terms of ‘to
the body’ and ‘through the body’ functions can be described by either the DPMI or
APMS, and the STHT functions. The DPMI or APMS functions describe the force-
motion relationship at the driving-point of the body, while STHT relates to the
transmission of vibration through the body. Majority of the human body models, reported
in the literature, are derived upon curve-fitting the DPMI or APMS data, while neglecting
the physiological structure of the body [16, 17]. Such models, based upon curve-fitting
algorithm, may not be considered unique. The uniqueness of the human body models
may be enhanced by satisfying both the DPMI/APMS and STHT data during model
development. Only three of the reported models have been derived using this approach,
in conjunction with curve-fitting or multi-variable optimization techniques [8, 21, 22].
These models, however, have not been successful in satisfying both the measured
DPMI/APMS and STHT data. Furthermore, the models either are unnecessarily complex,
or yield considerable discrepancies between the model response and measured data. The
poor agreements between the model response and measured data may be attributed to
these primary facts: (i) the models were derived by simply curve-fitting the DPMI/APMS
and STHT data, without investigating analytically the possible relationships between the
biodynamic functions; (ii) the data used to derive the biodynamic response functions have

often been derived from a synthesis of reported data, while the test conditions related to

-75 -



synthesized STHT data may be different from those related to synthesized DPMI/APMS
data (variations in test conditions are known to strongly influence the biodynamic
response characteristics, as discussed in Chapter 2); and (iii) all three models have
attempted to incorporate biomechanical data, resulting in complex models which may not
be necessary to investigate seating dynamics.

In order to derive a reliable seated body model that can satisfy both biodynamic
functions, it is extremely vital to enhance an understanding of the possible relationship
between the two types of functions. It is also necessary to identify a possible model
structure from the measured biodynamic response. Finally, it is essential to consider the
measured biodynamic response characteristics in terms of both DPMI/APMS and STHT
functions, using the same subject population and common test conditions. The measured
response characteristics, however, must correlate well with the range of idealized values
established from the data synthesis performed in Chapter 2, while the model development
may be attempted based on the measured data. A reasonable correlation between the
model response and measured data, if attained, will validate the proposed modeling
approach and lead to a somewhat unique solution. A poor correlation will only indicate
that two functions considered in the study are not representative of the biodynamic
behavior of the seated body.

In this chapter, the principles for developing a biodynamic model representing the
seated body dynamics, while operating off-road vehicles, are discussed. The relationship
between APMS and STHT functions are derived based upon both experimental data and
theoretical analysis. An appropriate function describing the driving-point force-motion

relationship is proposed for modeling consideration. The DPMI/APMS and STHT data to

-76 -



be used in the model development were measured under the predefined test conditions,

and validated by comparing with the target values established in the data synthesis in

Chapter 2. A seated body model is proposed and the model parameters are estimated to

satisfy both the measured APMS and STHT data. The human body model developed in

this chapter will eventually be combined with the seat cushion model to be developed in

Chapter 4 and seat suspension model to be developed in Chapter 5, to investigate the

human-suspension seat performance under different types of excitations.

3.2 Principles for Deriving Biodynamic Models for the Seated Body

Based on the discussions in Section 3.1, the principles for deriving biodynamic

models for the seated body are summarized as follows:

The model should be based on both DPMI or APMS and STHT data measured
using the same subject group under predefined test conditions representing
typical vibration work conditions of off-road vehicle drivers, as defined in
Chapter 2;

The degrees of freedom and the structure of the model should be based on the
general trends observed from the measured biodynamic data, and available
models, instead of knowledge of anatomy and anthropometry;

The model should be derived by mathematically curve-fitting the data sets
presented in terms of the above biodynamic functions, while consideration of
the biomechanical data should be avoided due to associated uncertainties and
complexities;

Masses in the model thus do not need to correspond with any specific body
segment mass. The head motion, however, must be derived from the vibration
response of the representative indicated mass, while the mass value may not
correspond to the human head mass.

33 Discussions on Biodynamic Response Functions

Both the DPMI and APMS can be used to describe the force-motion relationship

at the human-seat interface. The researchers have thus used either one of these functions,
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depending upon their preferences or conveniences. For example, ISO CD 5982 [22]
refers strictly to DPMI data, while Sandover [45] and Fairley and Griffin [17, 41, 43, 44]
have extensively used the APMS function. The benefits and limitations of using either
function in presenting the biodynamic data, however, have not been addressed in the
literature. It is generally assumed that both functions describe the force-motion
relationships equivalently, since they are related by definition. Some differences of
significant importance, however, have been observed, when biodynamic data is presented
in terms of the two functions. The most significant difference occurs in estimation of the
body’s primary resonant frequency, as discussed in Section 2.6. It should be noted that
the primary resonant frequency is taken as the frequency at which peak magnitude of the
function considered occurs. It is therefore essential to study the relationship between the
two functions in order to select an adequate representation of the driving-point force-
motion function for the model development. Since the APMS and STHT characteristics
shown in Figures 2.8 and 2.12 reveal considerable similarities, both functions may be
considered to describe the same dynamic characteristics of the body. A theoretical link

between these two functions, however, has not yet been explored.

3.3.1 Analysis of measured DPMI and APMS functions

The DPMI and APMS data reported in the literature were thoroughly analyzed to
identify the desirable response function to be used and to perform a synthesis for deriving
the 1dealized response characteristics. An analysis of 14 data sets, acquired under a
similar range of test conditions, revealed extensive variations in the DPMI and APMS

magnitude, as illustrated in Figures 2.13 and 2.14. Various APMS data sets, however,
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revealed relatively less variations in the primary resonant frequency, while the range of
primary resonant frequency was observed to be much wider on the basis of DPMI data
(from 4.0 to 7.0 Hz). On the basis of the 14 data sets shown in Figures 2.13 and 2.14, the
standard deviation on the mean value of the primary resonant frequency of the human
body, are computed and listed in Table 3.1 when presented in terms of both DPMI and

APMS.

Table 3.1: Variation in the primary resonant frequency of the human body derived from
data sets reported by different researchers in terms of DPMI and APMS.

Functions Mean (Hz) Standard Deviation (Hz) Range (Hz)
DPMI 4.89 0.77 40-7.0
APNMS 4.51 0.51 3.6-54

It can be observed that the DPMI demonstrates larger variations in both standard
deviation and range of primary resonant frequency of the human body than the APMS.
The DPMI data sets further yield a higher mean value of primary resonant frequency than
that derived from the APMS data sets. The same trend is also observed when the results
obtained within a single study using a group of subjects are compared. The magnitudes of
DPMI and APMS of a group of seven subjects under sine sweep excitation of 1 ms™ rms
in the 0 to 10 Hz frequency range are illustrated in Figures 3.1 and 3.2 [8]. The measured
data was attained for all subjects maintaining an identical posture of upright upper body
without back support and with feet supported and vibrated. It can be observed that large
variations exist among the group of subjects even under identical test conditions, which
are mostly attributed to the inter-subject variability. The results show relatively large

variations in the DPMI at frequencies above 4 Hz, and in APMS data at frequencies
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Figure 3.1: The magnitude of driving-point mechanical impedance
of seven subjects measured under sine sweep excitation
of 1 m/s?* rms with an ENS posture.
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Figure 3.2: The magnitude of apparent mass of seven subjects
measured under sine sweep excitation of 1 m/s? rms
with an ENS posture.
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below 5 Hz. The response in terms of APMS tends to limit the spread between subjects'
data and show slightly closer primary resonant frequencies than those observed from the
DPMI. Again, it can be noticed that the DPMI yields higher mean primary resonant
frequency than the APMS. The mean, standard deviation and range of the primary
resonant frequencies derived from the measured DPMI and APMS data are summarized
in Table 3.2. The results show trends similar to those observed in Table 3.1, though the
standard deviation and range of primary resonant frequency of the subjects are
considerably lower, which is due presumably to the identical test conditions pertaining to
this data set. The variations, presented in Table 3.2, are therefore mainly attributed to the
inter-subject variability. Nevertheless, it would appear that the APMS function perhaps
yields more consistent primary resonant frequency than DPMI among a group of

subjects.

Table 3.2: Variations in primary resonant frequency of the human body using data sets
measured with a group of seven subjects [8].

FUNCTIONS Mean (Hz) Standard Deviation (Hz) Range (Hz)
DPMI 4.84 0.22 4.5-54
APMS 4.75 0.17 4.5-5.0

The variations in whole-body resonant frequency prediction from the DPMI and
APMS functions, are further investigated through analysis of reported biodynamic
models. A total of four biodynamic models, reported in the literature and shown in Figure
3.3, are considered for the analysis [12, 16, 17, 47]. The equations of motion for the four
selected models are then derived to define the modulus and phase expressions of the

DPMI and APMS of the models. The expressions derived for the DPMI and APMS
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Figure 3.3: Selected biodynamic models.
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magnitude and phase response characteristics are summarized in Table 3.3. Various
model variables are defined in Table 3.4.

These expressions may be used to determine the primary resonant frequency,
corresponding to peak value of the APMS or DPMI functions by means of numerical
computations. The biodynamic models subject to inherent differences in the human body
characteristics can be represented by variations in parameters such as mass, stiffness and
damping coefficients. £20% variations are assumed for all the parameters to determine
the sensitivity of the primary resonant frequency (f;) to variations in the model
parameters. The primary resonant frequency with an increase or a decrease of 20% of a
parameter is calculated when other parameters are kept equal to the nominal values
defined for each model, as listed in Table 3.4. f, describes the undamped natural
frequency of single DOF models proposed by Coermann [12] and Fairley and Griffin
[17]. fa1 and fr> are the two natural frequencies of the two DOF models proposed by Allen
[47] and Suggs er al. [16]. The mass, stiffness and damping parameters are represented
by (m, my, m3), (k, ki, k2), and (¢, c1, ¢2), respectively, as indicated in Figure 3.3. The
damping ratio of the SDOF models is represented by £, while £; and &> describe the
uncoupled damping ratios of the two DOF model, proposed by Allen [47], and expressed
as:

% ___ &

G.1

£

B 2mw,, P 2m,w,,
For models with more than one parameter of the same type, all the similar
parameters are varied by the same amount (+20%) for each computation. For example, a

variation of +20% in mass means that all the three masses in Suggs et al’s model are
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increased by 20%, and the corresponding primary resonant frequency is expressed as
Jim=20%)- While the primary resonant frequency of the nominal model is represented by f;,
the sensitivity of the resonant frequency to variation in the model parameters is derived
upon considering +20% variations in all the model parameters. The total variation or
sensitivity, Af;, is defined as the square root of sum of squares of variations in the
primary resonant frequency caused by the variations in each parameter or each type of
parameters:
N, =y = Fuawi)® + ([, = fraw)” + = ficaws) + (= frvaon)’
1
+(f, = fer) + U, = frern) ' T2 (32)

Table 3.4: Parameters of the selected models.

Model Nominal model parameters

Coermann [12] £,=6.3 Hz, k=131181 Nm™', £¢=0.57, m=83.72 kg

Fairley and Griffin | m=45.6 kg, mo=6 kg, £=0.475, c=1360 Nsm', f,=5 Hz
{17]

Allen [47] m;=5.0kg, £; =0.05, f,,=17.0 Hz, m»=50.0kg, &, =0.3, f,,=5.0 Hz

Suggs er al. [16] mo=6 kg, m;=36.4 kg, m>=18.6 kg, k;=25968 Nm™,
k.=41549 Nm™, ¢;=485 Nsm™' , c,=884 Nsm'

The primary resonant frequencies corresponding to variations in each parameter
and the total variation of the primary resonant frequency resulting from the variations of
all the parameters, Af,, for all the four models are listed in Table 3.5. The primary
resonant frequencies computed from DPMI are consistently higher than those derived
from APMS. An increase in the mass parameter(s) tends to reduce the primary resonant
frequency, while an increase in the stiffness parameter(s) tends to increase the primary
resonant frequency for both the DPMI and the APMS. The variations in the damping

coefficient(s), however, yield somewhat contradictory variations in the primary resonant
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frequencies derived from DPMI and APMS. An increase in the damping coefficient(s)
tends to increase the primary resonant frequency derived from the DPMI, and decrease
that from the APMS. This analysis supports the previous conclusions drawn from the
experimental data to the effect that the APMS tends to yield smaller variations in the
primary resonant frequency than the DPMI, and the DPMI yields higher primary resonant
frequency than the APMS. It can be concluded that the wide variations in the primary
resonant frequency is inherent in the biodynamic measure based upon DPMI. Since the
primary resonant frequency is of greatest interest in the study of human biodynamic
response to vibration, the averaging based on APMS seems to be more appropriate in
both the data synthesis and the experimental data processing for a group of subjects. The
averaging based on DPMI is more likely to cover trends than would otherwise appear
using the APMS, due to the larger variations in the primary resonant frequency, resulting

from individual differences in subject characteristics.

Table 3.5: Vaniations in primary resonant frequency caused by model parameter

variations.
MODEL Coermann [12] | Fairley and Allen [47] Suggs et al [16]
Griffin [17]
FUNCTION | DPMI | APMS | DPMI | APMS | DPMI | APMS | DPMI | APMS
/o (Hz)
(nominal 8.2 52 5.6 42 4.9 4.5 4.2 3.9
parameters)

fn-200, (H2) 10.6 5.7 6.7 4.6 5.6 5.0 4.7 4.3

frn-200, (HZ) 6.9 4.9 5.0 4.0 4.5 4.2 3.8 3.6

fi20% (Hz) | 8.6 4.6 5.4 3.7 4.5 4.0 3.8 3.4

Ji20% (Hz) 8.3 5.9 5.9 4.8 5.3 5.0 4.6 4.3

Je-200 (Hz) 7.1 5.5 5.2 4.4 4.8 4.6 4.2 4.0

fes200, (Hz) 11.3 5.0 6.4 4.1 5.0 4.4 43 3.8

Af,  (Hz) 4.4 1.1 1.6 0.9 1.0 0.9 0.9 0.8
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At very low excitation frequencies when the body is effectively rigid, the APMS
of the body is equal to its static mass supported by the seat. The APMS can be
conveniently normalized to the static mass supported by the seat to reduce the extent of
variations attributed to the body mass. Other advantages of presenting results in terms of
APMS include that APMS can be obtained directly from the signals provided by
accelerometers and force transducers, and the mass cancellation or mass correction is
quite simple, since the APMS of a rigid seat is ideally a constant value equal to the static
mass, and the phase angle is nearly zero within a wide frequency range. It is therefore
recommended that the APMS be used to describe the ‘to the body’ biodynamic response
characteristics of the human body and for defining the objective function for parameter

estimation.

3.3.2 Analysis of the relationship between APMS and STHT

The APMS and STHT relate to ‘to the body’ and ‘through the body’ functions,
respectively. Although not related by definition, the similarities between the APMS and
STHT, have been clearly evident especially in view of the primary resonant frequency
(Figures 2.8 and 2.12). A definite relationship between the magnitudes of the two
functions can also be established, when APMS is normalized with respect to the body
mass. The equations of motion, formulated for the four models, shown in Figure 3.3, are
further analyzed to derive expressions for the normalized APMS and STHT magnitude
and phase functions. Table 3.6 summarizes the derived expressions for normalized
APMS, and STHT functions. The normalization of APMS was realized upon dividing the

APMS magnitude by the total mass of the model. Although the models do not describe a
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direct biomechanical representation of the head, the extreme mass response is considered
to describe the transmission of motion through the body model. Certain similarities
between the normalized APMS and the STHT can be directly observed from the
expressions summarized in the table. The single DOF model, proposed by Coermann
[12], yields identical expressions for both STHT and normalized APMS, which suggests
the measurement of either APMS or STHT will provide identical biodynamic
characteristics of the human body. The similarity between the two functions, however, is
less apparent when the order of the model is increased. On the basis of the derived
expressions, the degree of similarity between the normalized APMS and STHT
expressions of the selected models can be expressed in the following order: Coermann,
Fairley and Griffin, Allen and Suggs er al.

The frequency response characteristics of both the normalized APMS and STHT
for the four selected models are illustrated in Figure 3.4. The magnitude and phase
characteristics of both the functions for the single DOF model, proposed by Coermann
[12] are identical, as expected from the expressions. The Fairley and Griffin model [17]
also vields almost identical results in the normalized APMS and STHT magnitudes over
the entire frequency range, while identical phase response only up to 5 Hz. Since the
normalized APMS function tends to suppress the magnitude of APMS at higher
frequencies, the magnitude corresponding to the second resonant frequency of higher
order models, in general, tends to be considerably lower for that function. The model
proposed by Allen [47] yields similar magnitudes of normalized APMS and STHT only
at frequencies below 10 Hz, while the STHT magnitude response exhibits a significant

second resonance at 17.7 Hz. It should be noted that APMS relates to the force-motion
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ratio divided by square of the frequency. The APMS thus diminishes at higher
frequencies. At excitation frequencies below 10 Hz, the phase response of the normalized
APMS and STHT dernived from Allen’s model are almost identical. The results derived
from the Suggs et al's model yield relatively large difference between the magnitudes of
the normalized APMS and STHT in the vicinity of the primary resonant frequency, while
both functions exhibit identical frequency corresponding to peak magnitudes. At higher
frequencies, however, both functions approach similar values in magnitude. The
corresponding phase response of the two functions around the primary resonance are
found to be quite similar. Although certain differences between the magnitude and phase
characteristics of the normalized APMS and STHT of the higher order models exist, the
primary resonant frequencies derived from these two functions are almost identical for all
the models. The primary resonant frequencies derived from the STHT, APMS and DPMI
functions for all the models are summarized in Table 3.7 using the nominal model
parameter values presented in Table 3.4.

An eigenvalue analysis of the selected models is further performed to identify
their primary damped resonant frequencies. For all the four models, the STHT and APMS
functions yield almost identical primary resonant frequencies, which are considerably
different from those derived from the DPMI function. The reported studies have
invariably identified the primary resonant frequencies from the peak magnitude of the
biodynamic function considered. The results clearly show that such prediction can differ
considerably depending upon the function considered. The results of eigenvalue analysis,
also listed in Table 3.7, show that the primary resonant frequencies predicted from STHT

and APMS functions are more likely to represent the primary resonant frequency of the
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body, which is inherent body characteristics, and should not change by using different
biodynamic functions. On the other hand, the primary resonant frequencies, predicted
from DPMI, tend to differ considerably from the primary resonant frequency derived
from eigenvalue analysis, and thus is considered to be less accurate in predicting the
inherent primary resonant frequency. These results suggest that if a model is to be based
on both driving-point force-motion relation transfer function and vibration transmission
function, APMS and STHT functions should be selected. Attempts to use DPMI along
with STHT would result in wide discrepancies in response predictions, specifically for
predicting the primary resonant frequency. Furthermore, the results also suggest that it is
possible to develop a seated body model with relatively lower degrees-of-freedom, on the
basis of analytical functions and measured data.

Table 3.7: Comparison of primary resonant frequencies of the selected models denived
from different functions.

Primary resonant frequency (Hz)
MODEL Coermann Fairley and Allen Suggs et al.
[12] Griffin [17] [47] [16]
Eigenvalue analysis 5.2 4.4 4.6 4.1
STHT magnitude 5.2 4.3 4.5 4.0
APMS magnitude 5.2 4.2 4.5 3.9
DPMI magnitude 8.2 5.6 4.9 4.2

34 Measurement of APMS and STHT

From the review of reported measured data and various studies, it has been
established that many factors influence the biodynamic response of the human body. For
the purpose of developing a reliable model based on both APMS and STHT functions,
one has to ensure that the differences arising from possible variations in the test

conditions and the subjects are minimized while measuring the data. An attempt is made



to measure both functions under identical laboratory test conditions and for the same
group of subjects in order to limit any variations, which may arise from application of
different experimental conditions. On the basis of the measured data, a biodynamic model

is attempted using the principles described in Section 3.2.

3.4.1 Experimental set-ups

A whole-body vehicular vibration simulator (WBVVS) was used to provide the
necessary excitations for measurement of the biodynamic response characteristics of a
group of subjects. The WBVVS can simulate whole-body vibration environment of a
wide range of vehicles, with maximum displacement of 20 cm. A resonance search test
had been performed and it was found that the WBVVS has a nearly flat frequency
response at excitation frequencies below 20 Hz [8]. Emergency safety switches were
provided to the subject and the operator to stop the WBVVS in case of an emergency.

A rigid seat with a height of 424 mm was constructed, with a seat pan (406 mm
wide and 410 mm deep) and a backrest (406 mm wide and 508 mm high) made of 6.35
mm thick aluminum plates. The rigid seat was supported and mounted on a force
platform (20 mm thick), which was fixed to the WBVVS using four load cells (30 mm
thick) of strain-gage type. Therefore, the total seated height of the subject from the
WBVVS platform was 474 mm. The dimensions of the seat were selected based on the
suggested values given in SAE J1163 [48], which describes operator seat location for off-
road work machines, SAE J899 [49], which defines operator’s seat dimensions for off-
road self-propelled work machines, and SAE J826 [50], which suggests devices for use in

defining and measuring vehicle seating accommodation. The total mass of the seat and
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force platform was 23.5 kg. The output of each load cell was connected to a summing
junction to achieve a direct measure of the total force. An accelerometer was attached on
the seat pan to measure the acceleration transmitted to the human body. The resonant
frequency of the load cell-seat system, when loaded with a 65 kg rigid mass, was
measured as approximately 30 Hz, which was well above the upper frequency limit 20
Hz of interest in this study. A bite-bar, proposed as the most convenient device for
measuring head motion [1], was designed and assembled by fixing an accelerometer to a
rigid bar with a diameter of 10 mm and a length of 200 mm. The total mass of the bite-
bar was less than 50 g. Both the accelerometer on the seat pan and on the bite-bar were
KISTLER Translational Angular PiezoBEAM system (model 8832), which can
simultaneously measure translational and angular vibration.

A white noise signal was used to drive the WBVVS. The signal had a flat PSD
spectrum up to 30 Hz. Through calibration and tuning, the WBVVS generated two
acceleration levels: 1 ms™ rms and 2 ms? rms. During the test, the subjects were
requested to put their hands on the steering wheel but without leaning against it, rest feet
flat on the vibration platform and look forward at a fixed point on the front wall. The
subjects were asked to assume two postures, Z.e. sitting erect with only the lower portion
of the back in contact with the backrest (ENS posture) and sitting erect with most of the
back in contact with the backrest (EBS posture). The bite-bar was held between the teeth
(close to the corner of the mouth) with the accelerometer at a location about 100 mm to
the right of the mid-sagittal plane at mouth level. Before each test, the experimenter
directed the properly seated subject to rotate the bite-bar until the sensitivity axis of the

accelerometer was vertical.
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Six male subjects participated in the experiment. The characteristics of the test
subject population are listed in Table 3.8. The ages of the subjects range from 24 to 43
years and the height from 1.65 to 1.76 m (mean height 1.72 m). Sitting mass is the
subject's mass supported by the seat pan, while standing mass is the total mass of the
subject. The subjects fall within the mass range of 58 to 73 kg with a mean mass of 64.2
kg. The percentage of subject mass resting on the seat pan (mass ratio) differs from
subject to subject.

Table 3.8: Characteristics of the test subject population.

Subject Age (years) | Height (m) Mass (kg) Mass (kg) Mass ratio
standing sitting
S 24 1.75 68.5 55 0.80
R 43 1.68 58 48.5 0.84
C 34 1.76 63.5 55 0.87
D 29 1.74 63.5 47 0.74
Z 37 1.73 73 61 0.84
K 34 1.65 58.5 54 0.92

All the subjects who participated in the experiments had no previous record of
low back pain. They were thoroughly informed on the contents of the experiments prior
to the testing and were requested to sign a consent form. The duration of vibration
exposure for any given test did not exceed 90 seconds. The acceleration time histories of
vibration on the seat pan and the vertical and pitch head vibrations measured using the
bite-bar were recorded to allow pitch motion correction. The vertical acceleration signals
from the seat pan accelerometer and from the bite-bar accelerometer were also directly
connected to a B&K 2035 dual channel signal analyzer to monitor the STHT response.

The vertical acceleration signal from the seat pan and the force signal from the load cells
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were directly connected to another B&K 2035 dual channel FFT analyzer to obtain the

APMS response.

3.4.2 Analysis of measured APMS data

The APMS of the seated subjects, was derived upon performing inertia correction
of the measured force data. The measured dynamic force comprises components due to
the biodynamic response of the seated body, and the inertia forces due to rigid seat and
the force platform. The apparent mass, m(s), of the seated body is thus derived as:

m(s)=M(s)—m_,(s) (3.3)
Where m(s) is the APMS of human body, M(s) is the total measured APMS of the
human-seat system and miseu(s) is the APMS of the rigid seat and the force platform
alone, which, ideally, should be a constant real value. The correction defined by Equation
(3.3) was performed at each frequency within the range of interest.

Figures 3.5 to 3.8 illustrate the magnitudes of measured APMS of six different
subjects seated with EBS and ENS postures and subject to two excitation levels (1 and 2
ms™” rms). Although similar trends are observed among the data obtained for different
subjects, large inter-subject variations can also be observed. The inter-subject variability,
however, is significantly reduced when the influence of body mass is eliminated by
normalizing the magnitude of APMS with respect to the individual sitting mass as shown
in Figures 3.9 to 3.12. The results show that an ENS posture yields larger inter-subject
variability than the EBS posture under both excitation levels. This difference is mostly
attributed to the inability of subjects to maintain a constant stable posture, when an ENS

posture is assumed. Under all four test conditions, similar trends can be observed for
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Figure 3.5: The measured apparent mass of six subjects under EBS
posture and 1 m/s? rms acceleration excitation.
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Figure 3.6: The measured apparent mass of six subjects under ENS
posture and 1 m/s? rms acceleration excitation.
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Figure 3.7: The measured apparent mass ot six subjects under EBS
posture and 2 m/s? rms acceleration excitation.
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Figure 3.8: The measured apparent mass of six subjects under ENS
posture and 2 m/s? rms acceleration excitation.
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Figure 3.9: The normalized apparent mass of six subjects measured
under EBS posture and 1 m/s? rms acceleration excitation.
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Figure 3.10: The normalized apparent mass of six subjects measured
under ENS posture and 1 m/s? rms acceleration excitation.
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Figure 3.11: The normalized apparent mass of six subjects measured
under EBS posture and 2 m/s? rms acceleration excitation.
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Figure 3.12: The normalized apparent mass of six subjects measured
under ENS posture and 2 m/s? rms acceleration excitation.
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individual subjects, with two apparent resonant peaks arising in the vicinity of 5 Hz and
10 Hz, respectively.

In an attempt to investigate the influence of the seated posture and excitation
levels on the APMS data, analyses of variance (F-test) were performed at various discrete
frequencies in the 0.5-20 Hz frequency range. The results of the F-test did not indicate
significant postural and excitation level effects on the APMS magnitude within the
frequency range investigated. Lower significance levels associated with a change in the
seated posture, however, were obtained in almost entire frequency range. The lowest
significance level (p=0.11) was obtained at a frequency of 11.5 Hz under 2 ms? rms
excitation. These results indicate that changing from an ENS posture to an EBS posture
has a greater influence on the mean APMS magnitude than that caused by increasing the
excitation level from 1 ms™ rms to 2 ms™ rms. The significance of postural and excitation
level effects were also evaluated using the F-test in a recent study [31]. The study
reported significant postural effect (p<0.05), while no significant effect associated with
excitation magnitude was yielded. The contradictory conclusions with respect to the
postural effect may be attributed to the different biodynamic functions considered in the
reported and present studies, and certain differences in the test conditions. Since the
APMS function reveal considerably smaller variations between the different data sets,
arising from different subject characteristics and test conditions than the DPMI function,
analyses of variance based upon DPMI may yield higher significance levels.

In view of the potential influence of the seated posture on the APMS data, the
data sets measured under two excitation levels with the subjects assuming an ENS

posture are combined to define the mean APMS magnitude and phase response of seated
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subjects (n=12), as illustrated in Figure 3.13, where the upper and lower bounds of the
data are also indicated by the envelope curves. The resonance in the vicinity of 5 Hz has
been reported in almost all the studies on either APMS or DPMI of the seated body,
which is generally associated with the resonance of the chest structure. This has also been
supported by visual observations and subjective response of the subjects [51], as well as
by the observations made during this study. The second resonant peak, however, was not
apparent in several reported data sets. Holmlund ez al. [29] reported the second resonance
near 11.5 Hz on the basis of measuring DPMI of 15 male subjects in a sitting posture.
Subjects sat on a rigid seat pan and positioned their feet on an adjustable footrest. The
footrest was adjusted such that the lower legs were vertical and the upper legs were
horizontal (i.e. the thighs being well in contact with the seat pan). During the tests, they
had noticed the resonance of the subjects' bottom at a frequency corresponding to the
second resonance peak. Smith [42] reported a second resonant peak occurring between 10
and 13 Hz, and speculated that the generation of the second resonance was primarily due
to lack of a footrest and the resulting increased loading of the legs against the seat pan.
Furthermore, Fairley and Griffin [17] had also concluded that the APMS of the body
above 10 Hz increased when the height of the moving footrest was reduced, since this
induced an increased seated height and contact of the thighs with the seat pan.

The influence of variations in thigh cohtact may also explain the apparent
discrepancy between these results and those reported in [31]. The mean APMS
magnitude is further compared with that obtained in [31] through measurements
performed in the same laboratory, as shown in Figure 3.14. The primary differences

between the test conditions employed in two studies included different dimensions of the
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seat pan and mean body mass. The present study employed a seat pan with depth of 410
mm and seat height of 478 mm, while the reported study employed pan depth of only 254
mm with seat height of 474 mm. The present study also employed subjects with lower
mean mass (64.2 kg versus 75.4 kg), a shorter subject group (mean height: 1.72 m versus
1.75 m) and higher excitation levels (1.0 and 2.0 ms™ rms unweighted versus weighted).
Since the subjects were requested to sit with the lower portion of the back in contact with
the backrest, the shorter subjects would most likely sit on a deeper pan with relatively
larger thigh contact area leading to a larger proportion of the body weight supported by
the seat. The present study thus resulted in a higher mean value of the body mass ratio
supported by the seat (84%) when compared to that obtained in the reported study (74%),
even though the mean subject mass was lower. The mean normalized APMS obtained
upon averaging across the two magnitudes were used to compare the different trends
demonstrated in the two studies in order to minimize the contribution due to variations in
the subject mass (see Figure 3.14). The reported data reveals a relatively higher peak at a
slightly lower resonant frequency, when compared to the mean APMS data obtained in

this study.

3.4.3 Analysis of the measured STHT data

The measured STHT response characteristics, in general, reveal considerably
larger variations among the data sets reported in different studies [52], and even within
subjects participating in the same study [34], as discussed earlier in Section 2.4. It has
been stated that intra- and inter-subject variability can be quite significant and that a

change in seated posture can cause considerable variation in STHT than that may be
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caused in APMS [1]. The STHT magnitude of six subjects was measured under various
test conditions, the results of which are illustrated in Figures 3.15 to 3.18. From the data,
it can be observed that the ENS posture yields larger variations among different subjects
than the EBS posture, under both excitation levels. For the EBS posture, peak STHT
magnitude can be observed to occur between 5 and 10 Hz. The results suggest that the
use of a backrest can increase the vibration transmission over a wide frequency range.
This observation is also supported by the results reported by Paddan and Griffin [34] as
illustrated in Figure 2.11. Under an ENS posture, however, the STHT magnitudes for
several subjects tend to fall below unity at all frequencies above 5 Hz, while others show
values constantly in excess of unity up to 20 Hz with the exception of a dip in the 4-4.5
Hz frequency range.

It should be noted that the vertical vibration of the head measured using a bite-bar
located at the comner of the mouth includes the contributions due to both the vertical
vibration of cervical vertebrae and the pitch motion of the head. The measured data thus
needs to be appropriately corrected for the pitch motion. Assuming small pitch angle, the
corrected vertical STHT can be estimated from [53]:

H (s)=H(s)+H ., (s)-£, (3.4)

where H.(s) is the corrected complex STHT function; H(s) is the complex STHT function
measured using the bite-bar and the platform vibration, and Hien(s) 1s the measured

complex pitch STHT function derived as the ratio of bite-bar pith acceleration to the
vertical seat acceleration. 4y is the estimated distance from the bite-bar (i.e. the comer of

the mouthj) to the center of the cervical vertebrae (C7), which may differ from subject to

subject. This distance varied from 0.11 mto 0.13 m, with a mean value of 0.125 m, for
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the group of six subjects considered in the study, compared with the range of 0.1 - 0.2 m,
with a mean value of 0.14 m, for a group of eight subjects employed by Matsumoto and
Griffin [53].

The measured STHT data is corrected for pitch vibration of the head using
Equation (3.4). The corrected magnitude and phase response of the six subjects assuming
an ENS posture are illustrated in Figures 3.19 and 3.20, respectively, for 1 and 2 m/s*
rms acceleration excitations. Compared with the APMS data measured under the same
test conditions (Figures 3.6 and 3.8), larger inter-subject variability can be observed
among the corrected STHT data sets. This may demonstrate that the STHT is
considerably more sensitive to the involuntary changes in seated posture. An apparent
peak in STHT magnitude appears in the vicinity of 5 Hz for most of the subjects. This
primary resonance of the body has been reported repeatedly by various researchers and
considered to be caused by the chest structure resonance. While it can be observed that
majority of the magnitude curves fall below unity at higher excitation frequencies,
specifically under 2 ms™ rms excitation level, some of the curves remain above unity in
most of the frequency range. An analysis of variance (F-test) was performed to determine
the excitation level effects on the STHT magnitude. The results showed insignificant
influence of variation in excitation levels on the STHT magnitude. The STHT data
measured under two excitation levels are thus combined to form the STHT magnitude
and phase values to be used in the model development. Figure 3.21 illustrates the mean
STHT magnitude and phase response and the corresponding upper and lower bound

envelopes.
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35 Comparison of Experimental Results with Range of Idealized Values

The mean APMS and STHT data for the ENS posture, averaged over excitation
levels of 1 and 2 ms? mms (illustrated in Figures 3.13 and 3.21, respectively), are
compared with those derived from the synthesis performed on the various data sets
reported under ENS posture. Figures 3.22 and 3.23 illustrate the comparison of mean and
range of measured magnitude and phase response with those derived from synthesis of
reported data in Chapter 2. The measured mean APMS magnitude demonstrates trend
similar to those observed from the synthesized data, and falls well within the range of
idealized values below 9 Hz. At frequencies above 9 Hz, the mean measured data is
greater than the synthesized data. This may be partly attributed to two factors: (i) the
mean measured APMS magnitude response exhibits a second resonant peak near 10 Hz
due to increased thigh contact with the large seat pan used in this study, while some of
the reported data sets included in the data synthesis do not show such a second peak; and
(i1) there are relatively few data sets available to perform the data synthesis at higher
frequencies above 10 Hz, as described in Section 2.8. The range of idealized values at
frequencies between 12.5 Hz and 20 Hz includes only four data sets, and thus yield
considerable narrowness of the envelope in this frequency range. A close agreement
between the mean measured APMS phase and the range of idealized synthesized phase
can be observed in Figure 3.22.

The mean measured STHT magnitude agrees well with the range of idealized
values only at frequencies above 8 Hz. At lower frequencies, however, the measured
mean STHT magnitudes are observed to be larger than the upper bound of the idealized

values, more particularly at frequencies between 2.5 and 6 Hz. Again, these discrepancies
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can partly be explained by the very limited number of available data sets employed in
defining the idealized range of STHT. The four data sets used in defining the range of
idealized STHT may result in an envelope which is too narrow. Similar to APMS phase
response, the mean measured STHT phase response also agrees well with the synthesized
phase.

The primary resonant frequency and the peak magnitudes derived from the
synthesized and measured data are further compared in Table 3.9. The measured APMS
and STHT data show excellent agreement in terms of primary resonant frequency (5 Hz),
while the same pair of values obtained from the data synthesis shows large variation (4.4
and 5.1 Hz, respectively). This may be sufficient to show that for the same subject
population and test conditions, the APMS and STHT functions can yield similar primary
resonant frequencies, while the difference in predicting primary resonant frequency from
synthesized APMS and STHT may be dué to wide range of different test conditions
employed. For this reason, it may be more appropriate to define a2 model based on the
measured data, instead of synthesized values. In addition to the analytical discussions on
the APMS and STHT functions (Section 3.3), the results may further suggest that it is in
practice possible to develop a seated human body model based on both the APMS and
STHT data.

Table 3.9: Comparison of primary resonant frequency and peak magnitude obtained from
the data synthesis and the experiment.

Synthesized Measured
Primary resonant | Peak Magnitude | Primary resonant | Peak Magnitude
frequency (Hz) (Normalized) frequency (Hz) (Normalized)
APMS 4.4 80 kg (1.33) 5.0 78 kg (1.42)
STHT 5.1 1.45 5.0 1.64
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3.6 Development of Human Driver Model

Since the proposed human body model is to be used in the study of seating
dynamics, the structure should be simple and the number of degrees-of-freedom should
be low for its convenient use. Various mechanical models reported in the literature and
specifically those illustrated in Figure 3.3, with number of degrees-of-freedom ranging
from 1 to 4, were evaluated. The effectiveness of these models in describing the
measured APMS and STHT functions were further evaluated. Based upon these
preliminary evaluations, a three degrees-of-freedom model was attempted to approximate
the human body dynamic responses in terms of both APMS and STHT functions. The
model parameters were identified through minimizing an error function comprising
measured and model response in terms of magnitude and phase characteristics of APMS

and STHT.

3.6.1 Proposed model structure of the seated human body

The proposed three degree-of-freedom model, shown in Figure 3.24, comprises
four masses, coupled by linear elastic and damping elements. The masses m; to m; are
introduced with an objective to describe the biodynamic behavior related to two resonant
peaks observed in the APMS and STHT magnitude response near frequencies of 5 Hz
and 10 Hz, respectively. The lower mass my is introduced to increase the flexibility for
tuning the model parameters without increasing the number of degrees-of-freedom. This
mass specifically affects the APMS response with only negligible effect on the STHT
response. The response of mass 2, is considered to represent the head response for

computing the STHT. Although the model may be related to the biomechanical structure
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of the human body to provide a better understanding, this approach may introduce severe
limit constraints on the parameters leading to parameter uncertainties and complex
minimization problem. The model is developed on the basis of experience obtained from
examinations of various reported mechanical models, while the biomechanical correlation
is not at all attempted. The equations of motion of the model shown in Figure 3.24 are

formulated as follows:

m X, +c (X —Xxg) + ki (x; —x5)+c, (X%, — %)+ ky(x;, —x,)=0
m,X, +¢,(x, —x)+k,(x, —x;) =0 (3.5)

myXy +c3(X; —xy) + k5 (x5 —x,) =0
where m,, ¢ and & (1=1, 2, 3) are the masses, damping coefficients and stiffness

coefficients, respectively, of the model.
Laplace transform of Equations (3.4) yields the following expressions for the

transfer function, where each function relates to the ratio of a mass response to the base

motion:
(X, (5) _ (5 +k)(m,ys® +cys+ky)
Xo(s) A(s)
JXa () _ (es+k)(e,s +ky) (3.6)
Xo(s) A(s)
X,(s) _ c;s +k,
([ Xo(s) mys®+ces+k,
where
A(s) =[m;s* +(c, +c,)s+ (k, + k,)](mys® +c,s +ky) —(c,5 + ky)* (3.7)
The STHT response of the model is computed from:
T(s) = 22() (3.8)

- X,(s)
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The APMS response is derived from the resultant force at mass mj and the

driving-point acceleration X,. The resultant force F at the lower mass can be computed
from the equation of motion for mass mj:
myX, +¢, (X, — X )+ c5(xXy — X)) + k(x5 —x;) + k5 (¢ —x;) = F 3.9)
The solution of Equation (3.5) and (3.9) yields:
F=myX,+mX +m,x, + m,Xx, (3.10)
The APMS response of the model can then be derived as follows:

£ (s) =m, +m, X, (s) + 1, u$1C) +m, X3 (5)
Xo(s) Xo(s) Xo(s)

M(s)= (3.11)

- SZXO(S)

3.6.2 Estimation of model parameters
A parametric optimization technique was used to determine the model parameters.
An objective function was defined to minimize the error between the computed and the
measured values of the two biodynamic response functions over a specific frequency
range. The objective function is defined as the weighted sum of the squared magnitude
and phase errors associated with the APMS or STHT functions, respectively, and
expressed as:
U(z)= minimize[ aU, (2)+ BU(2)] (3.12)
where Uy ») and Urf(y) are sum of squared errors resulting from APMS and STHT,

respectively, given by:

v

Uu (=23 {IM @)= M @) I} + 2 {64 (@)] =180 (@] ]

- . (3.13)
Ur() =Y {lr@)l-In @)l ]f + 3 {lle: @)l -l @) If

i=1
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where M(®;) and pm(w;) are the magnitude and phase of the APMS response of the model
corresponding to excitation frequency w;. M(®;) and om(w;) are the corresponding
measured values. T(®;) and ¢(w;) are the magnitude and phase of the STHT response of
the model, and 7i(®;) and @r(w;) are the corresponding measured values. N is the number
of discrete frequencies selected in the 0.5 to 20 Hz frequency range. y is a vector of
model parameters to be identified, expressed as:
7z = {mo,ml,mz,ms,(,'l,cz,(,'3,lcl,k2,lc3 }T (3.14)

where ‘T’ designates the transpose. A and \y are weighting factors used in the APMS and
STHT error functions, respectively, to ensure somewhat comparable contributions of
magnitude and phase errors in the objective function. Since the range of APMS
magnitude and phase over the frequency range of interest are in the same order, the
weighting factor A is selected as 1. The magnitude of STHT varies in the 0.5 to 1.4 range,
which is considerably smaller than its phase range of 0° to -120° over the frequency
range of interest. The weighting factor y is thus assumed a value of 10’ to emphasize the
contribution due to STHT magnitude. o and 3 are weighting factors on the APMS and
STHT errors. Since driver APMS is critical in seating dynamics, o was given a value of
10 to put more emphasis on the error arising from APMS data.

The minimization problem expressed in Equation (3.12), is solved subject to
constraints applied on the total model mass. Since the mean measured data is related to
mean body mass of 53.4 kg, supported by the seat, a limit constraint is defined to allow

the total mass to vary within a narrow band (£ 4%), such that:

3
51.4kg <Y m, <55.4kg; (3.15)
0
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The optimization function is further subject to the following parameter
constraints:

m,>0, m>0; my,>0; m>0
k,>0; k,>0; k>0 (3.16)

>0, ¢,>0; ¢>0

3.6.3 Model parameter values

The constrained optimization problem, defined in Equations (3.12) through
(3.16), 1s solved using MATLAB software package [54]. The solutions were obtained for
different starting values of the parameter vector y, and the resulting model parameters
were examined to obtain optimal values and minimum error of the objective function.
Different optimization runs corresponding to different starting values converged to
similar values of model parameter and the error function. The model parameters, thus

identified. are summarized below:

mg=3.5kg
m; =42.6 kg ki =45644 N/m ¢1 = 1305 Ns/m
m>=2Kkg k> =29087 N/m c>=91 Ns/m
m3=5.7kg k3 =26617 N/m ¢3 =155 Ns/m
3
m; =53.8kg
i=0

The analytical model of the seated body is evaluated to derive the response
characteristics in terms of STHT and APMS, using Equations (3.8) and (3.11),
respectively. The computed response characteristics are compared with the measured

response, as shown in Figures 3.25 and 3.26, to examine the effectiveness of the proposed
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model. The results, in general, show a reasonably good agreement between the measured
and computed response characteristics. While the APMS magnitude and phase response,
computed from the model, correlates very well with the measured data, the STHT
response exhibits some error at frequencies above 7 Hz. The computed APMS function
reveals two resonant peaks in the vicinity of 5 Hz and 10 Hz, which are quite consistent
from the measured data. The resonance in the vicinity 5 Hz is primarily associated with
the deflection modes of coupled subsystem comprising m; and m,, while the resonance
near 10 Hz is associated with deflection mode for the mass ms;. The STHT is solely
attributed to the dynamic response due to subsystem comprising m; and m,. Similar to the
measured data, the computed STHT function reveals a resonance near 5 Hz. The second
resonant peak near 10 Hz, however, is not apparent in the computed STHT response.

The STHT magnitude response reveals a slight peak near 18 Hz, which is
attributed to the second deflection mode of the subsystem comprising »; and m,. The
measured data does not reveal a peak near this frequency. Among the four target curves,
the model provides a poorest fit with the measured STHT, which was given the lowest
weighting in the optimization function. An eigenvalue analysis shows that the damped
primary resonant frequency is at 4.6 Hz, which is slightly lower than 5 Hz, at which the

maximum APMS and STHT magnitudes of the measured data occur.

3.7 Summary

A seated human body model is required for the study of seating dynamics. For
uniqueness of the model, it may be desirable to include both DPMI/APMS. which describe ‘to’
the body or force-motion relationship at the driving point, and STHT data, which describe

‘through’ the body or vibration transmission function, in the mode! development. In order to
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validate the adequacy of this modeling approach, a relationship between the biodynamic
functions is investigated. The study showed that ‘to’ and ‘through’ the body response can
be best described by APMS and STHT functions. Both functions yield similar values of
primary resonant frequencies. In view of wide inter-subject variations and variation in the
test conditions employed in different studies, both the functions were measured in the
laboratory under identical test conditions, and using same subject group.

The discussions on the DPMI and APMS functions, based on both experimental
data and theoretical analysis, suggest that the APMS might be a better function than
DPMI in that the APMS function tends to show less variations in terms of the primary
resonant frequency among a group of data sets derived either from data synthesis or from
laboratory measurements. A close agreement between the normalized APMS and STHT
functions has been established analytically in terms of the primary resonant frequency of
seated body and the magnitude. This conclusion, together with that observed from the
laboratory measurements, showed that the APMS and STHT data measured under same
test conditions and with the same subject population indeed agrees well in terms of the
primary resonant frequency. A three degrees-of-freedom linear human body model is
proposed and its parameters are estimated using optimization techniques. Reasonable
agreement was observed between the model response and the measured APMS and
STHT data, which validates the modeling procedure and provides a reliable seated body
model. The seated body model will be further used to study the performance

characteristics of coupled human-seat system under various vibration excitations.
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CHAPTER 4
DEVELOPMENT OF A SEAT CUSHION MODEL THROUGH STUDY OF

DYNAMIC PRESSURE DISTRIBUTION AT THE HUMAN-SEAT INTERFACE
4.1 Introduction

The vibration related discomfort characteristics of off-road vehicle drivers is
strongly related to various seat design factors, including posture, the range and ease of
adjustments and ride vibration environment. The driver comfort has been further related
to the pressure distribution at the interface between the human body and the seat support
surfaces. The occurrence of high local pressure at the human-seat interface is known to
cause soft tissue deformation leading to restricted blood and nutrient flows, and thus
human discomfort [55]. Some studies performed on the human subjects seated in a static
environment have concluded that inadequate pressure distribution can cause tissue anoxia
and skin ulceration among the paralyzed patients with lack of sensitivity in the weight-
bearing areas, and discomfort and rapid fatigue among the healthy subjects [56-59]. A
study conducted by Sanders and McCormick [60] proposed that for healthy seated
subjects, the body weight should be uniformly distributed over the buttocks area with
minimal weight under the thighs, since the high pressure at the soft tissues of the thighs
yields considerable discomfort and reduced working efficiency. The comfort
requirements of the vehicle seats, involving postural support and vibration attenuation,
are different from those of the other seats. The influence of seat cushion designs on the
seating comfort and driver posture has been evaluated through a number of subjective
and objective studies. A study performed by Ng er al. [61] reported that an adequate

driver-seat support could reduce the stresses in muscles of the back, buttocks, and legs



caused by prolonged sitting during daily driving activities. The muscles experience
increased static loading in an attempt to restore stability under poor seating posture,
thereby contributing to increased driver discomfort and fatigue. Bowers-Carnahan er al.
[62] performed a subjective survey of the heavy-duty truck operators to identify their seat
design preferences and specific ailments experienced by the drivers. While lower back
pain, neck pain, muscle stiffness, and sore buttocks and legs were identified as the most
commonly reported ailments, most of the drivers identified the need for improvements in
the seat cushion design. Thakurta er al. [63] evaluated the seating comfort related to
various seat zones through subjective studies and correlated the comfort assessments to
measured driver-seat interface pressure under static loads. The subjective evaluations of
the four specific zones including shoulders, lumbar, ischium tuberosities, and thighs
showed good correlation with the measured pressure distribution. A considerably
significant correlation was established between the interface pressure and the subjective
evaluations for the lumbar and ischium support areas. While these studies have reported
the pressure distribution at the human-seat interface under static environment, the
characteristics of the pressure distribution under whole-body vibration have not been
widely reported. The latter is considered to relate more closely with vehicle seating
comfort than static pressure distribution.

The polyurethane foam widely used in seat cushion design has complex
mechanical properties and the ride comfort is closely related with these properties [64].
The effect of the composition, density and thickness of polyurethane foam and the effect
of sample shape and seat cover on vibration transmission have also been studied [65, 66,

67]. The polyurethane foam seats have highly nonlinear visco-elastic properties
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depending upon the excitation vibration magnitude and frequency content, the seated
posture and subjects’ physical characteristics [14]. A linear seat cushion model, however,
has been employed in majority of the simulation studies on seating dynamics [5, 8, 68,
69], by representing the visco-elastic properties of the cushion along the vertical axis with
an equivalent linear spring and a parallel linear viscous damper. Such a model has been
used to predict the vibration transmitted to the human body and to investigate the
optimum seat cushion parameters so as to minimize the vibration exposure of the seated
driver for given vibration excitation spectra. Although the linear cushion model provides
good representation of polyurethane foam seats when the magnitude of input vibration is
low, it will produce large error when the magnitude of input vibration is large.
Furthermore, the model cannot account for two phenomena which may occur under high
levels of excitations leading to suspension seat end-stop impacts: (i) cushion may bottom
out; and (i1) the body may hop. A nonlinear and representative cushion model is thus
needed to account for these two phenomena. The development of a seat cushion model
may require systematic identification of its force-deflection and force-velocity
characterstics. distribution of static and dynamic forces at the driver-seat interface and
force-motion relationship for the human driver.

In this study, the effect of whole-body vertical vibration on the characteristics of
dynamic human-seat interface pressure distﬁbuﬁon is investigated using both a rigid and
a soft seat to enhance an understanding of the force distribution and driver discomfort
related to cushion design. The magnitude of peak pressure and the characteristics of

pressure distribution including ischium pressure, effective contact area and contact force,
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are specifically analyzed as functions of the magnitude and frequency of vertical

vibration. Based on the results, a nonlinear seat cushion model is proposed and validated.

4.2 Pressure Distribution Measurement

Various methods have been proposed during the past three decades to perform
qualitative and quantitative measurements of pressure at the human-seat and human-bed
interface. Swearingen er a/. [70] obtained a qualitative measure of the sitting pressure
using an absorbent paper placed over inked corduroy cloth. The density of the ink
transfer provided a measure of pressure intensity. Lindan [56] developed the “bed of nails
and springs”, comprising nails and springs placed at 1 cm intervals over a hard board, to
quantify the interface pressure through measurement of spring deflection. Frisina [71]
developed a measurement system using the principle of pressure-controlled chemical
reaction. The measurement method, however, was reported to be quite sensitive to
temperature variations. Mooney [72] developed a flexible and pressurized pneumatic cell
to measure the external pressure using the principle of differential pressure based contact
sensor. A pressure evaluation pad (PED), comprising a 12x12 matrix of pneumatically
controlled contact switches based upon the similar principle, was developed by Garber er
al. [73] to carry out relative assessments of various wheelchair cushions. Optical sensors
[57], capacitive [74] and strain-gauge [75] based pressure transducers have also been
employed to measure pressure distribution between the human body and different
surfaces. Most of the systems, however, have been limited in their applications to
measure the human-seat interface pressure distribution on curved elastic surfaces due to

the large size of the available sensors. The visco-elastic properties of the human-seat
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interface are significantly altered when such measurement systems using large size
sensors are used on soft and curved cushion surfaces. Furthermore, the rigid interface
created by the relatively large size pressure transducers results in artificially high pressure
loading on the tissues and poor resolution of the measured data. Accurate measurement of
pressure distribution in the vicinity of ischial tuberosities requires a closely spaced grid of
thin, miniature and flexible sensors. A number of flexible and thin-film resistive and
capacitive pressure sensors have thus been developed to perform the measurements on
flexible and curved surfaces. Piché er al. [76] developed a flexible pressure sensing
matrix using thin film force-sensing resistors to measure the dynamic pressure
distribution at the man-machine interface. Gurram et al. [77] performed the study of
dynamic grip-pressure distribution at the hand-handle interface of a vibrating hand-held
power tool using both resistive sensors developed by Piché ez al. [76] and capacitive
pressure sensors developed by NOVEL Inc (Beichstrafe 8, 8000 Minchen 40,
Germany). The study performed using 20 sensors mounted on the subject hand
demonstrated that the resistive sensors yield considerable measurement errors due to
large hysteresis associated with the force sensing resistors. Such is not the case with the
capacitive sensors developed by NOVEL inc., which were thus used in this study in
conjunction with the signal conditioning, data acquisition and the signal analysis system,

known as the PLIANCE system.
4.2.1 Description of the PLIANCE system

The PLIANCE system comprises a pressure sensing mat of 256 flexible

capacitive sensors, an analyzer with an analogue amplifier and a controVinterface
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module, and a data acquisition system. The sensing matrix comprises sensors arranged in
16 rows and 16 columns, molded within a mat of flexible material of thickness less than 2
mm. The distance between the centers of two successive sensors in a row or a column is
24.5 mm, and each sensor has a dimension of 10 mm x 10 mm. The spacing between the
sensors placed either in a row or a column is 14.5 mm and the effective area of the
sensing mat is thus 39.2x39.2 cm’. The analyzer samples the sensor matrix during a
measurement and transfers the data to a personal computer through the serial interface.
The sampling rate of the entire measurement system is 21.2 Hz. The measured data is
simultaneously displayed in color-coded graphics, which can be stored or output to other

software packages for further analyses.

4.2.2 Experimental design of pressure distribution measurement

The distribution of pressure at the human-seat interface under vertical vibration
has been investigated for a rigid and a soft automotive seat. The rigid seat had been used
in the APMS and STHT measurements and described in Subsection 3.4.1. The seat pan
and backrest were adjusted to be flat and vertical, respectively, during the experiments.
The soft automotive seat consists of a 430 mm x 500 mm foam cushion with a thickness
of 114 mm fixed to a rigid frame. The seat pan and backrest angles were also adjusted to
flat and vertical, respectively. The soft seat height was adjusted to 432 mm, compared
with the height of the rigid seat, 478 mm. The seats were installed on the WBVVS
described in Subsection 3.4.1 to perform the measurements under controlled vertical

vibration.
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The PLIANCE seat pressure mat was installed on the seat pan and an
accelerometer was mounted at the seat base to measure the vibration excitation. The
measurements were performed under sinusoidal excitations of two different magnitudes
(1 ms” rms and 2 ms™ rms) and different frequencies (1, 2, 2.5, 3, 4, 4.5, 5, 6, 8 and 10
Hz). The measurements under the low magnitude vibration (1 ms™? rms) were initiated at
an excitation frequency of 1 Hz, which was gradually increased to selected frequencies.
The measurements at the lowest frequency of 1 Hz, however, could not be performed
under 2 ms™ rms acceleration due to safety constraints imposed on the maximum
displacement of the WBVVS. The measurements under the higher acceleration were thus
initiated at 2 Hz instead of 1 Hz.

A population of six subjects participated in the experiments, with mass ranging
from 47.9 kg to 94.9 kg, as listed in Table 4.1. This range lies close to the subject mass
range of 49 kg to 94 kg, defined in Section 2.5 for performing the data synthesis. During
the measurements, the subjects were requested to sit on the sensing mat, which was taped
on the seat surface, with their ischium tuberosities being located near a line marked on
the sensing mat. The line was 100 mm from the seatback to ensure the ischium
tuberosities and the thighs being well within the effective sensing area. The subjects kept
sitting erect either with backrest (EBS) or without backrest (ENS), as required, with
hands on the lap and feet supported on the vibrating floor. They were advised to maintain
a balanced and consistent posture during the tests. These postures were slightly different
from the ENS and EBS postures defined in Subsection 3.4.1 in that the lower portion of

the subject back was not in contact with the backrest. For the convenience of discussion,
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the two postures are still referred to as the ENS posture and the EBS posture. Each

measurement was performed twice and the data was examined for repeatability.

Table 4.1: Characteristics of subjects participating in the experiments on dynamic
pressure distribution measurements.

Subject A B C D E F
Height (m) 1.60 1.73 1.60 1.73 1.63 1.72
Mass (kg) 47.9 54.6 58.1 76.5 78.7 94.6

4.3 Analysis of the Interface Pressure Distribution

The distribution of human-seat interface pressure on both the rigid and soft seats
under static and dynamic seating environments was acquired under different postures for
each subject. The measured data was analyzed to yield static and dynamic pressure
distribution contours, dynamic ischium pressure, effective contact area and contact force
at the human-seat interface under different excitation frequencies, excitation magnitudes,
and seated postures. It is observed that the dynamic pressure under dynamic seating is
significantly higher than that obtained under static seating. Although the dynamic
pressure distribution obtained using all subjects reveal a similar pattern, the pressure
values under a given vibration excitation differ greatly from one subject to another. The
EBS posture generally induces more force near the tailbone than the ENS posture, which
usually yielded higher pressure values in the vicinity of ischial tuberosities. Under
vibration excitation, the maximum variations of the ischium pressure and the effective
contact area on the soft seat are yielded around the resonant frequency of the human-seat
system. Increased excitation magnitude causes increased maximum ischium pressure and

maximum effective contact area around the resonant frequency of the human-seat system.
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The results have been reported and analyzed in two papers [77, 78]. While the inter-
subject variability and the effect of posture have been discussed in these two papers, this
chapter mainly focuses on results measured with a single subject (subject D) under one
posture (ENS), except where stated, to reveal the general trends of dynamic pressure

distribution and lead to the development of a seat cushion model.

4.3.1 Static pressure distribution contour maps

Figure 4.1 illustrates the typical three dimensional maps of the interface pressure
measured at the surfaces of the rigid and the soft seats under static seating conditions.
The results show that sitting on a rigid surface yields dominant pressure distribution
within the ischium region with peak pressure occurring in the vicinity of the ischial
tuberosities. The high interface pressure peaks observed with the rigid seat are expected
to cause fatigue and discomfort over prolonged sitting [74]. The resulting effective
human-seat contact area is thus quite small and the magnitude of pressure under the
thighs 1s relatively negligible. The interface pressure distribution obtained for a soft seat,
however, is considerably different. The seated weight is more or less uniformly
distributed over a considerably larger sitting area and the peak interface pressure is
significantly lower than that encountered on a rigid seat. The maximum static pressure,
however, still appears in the vicinity of ischial tuberosities. The soft seat with low level
peak interface pressure can thus be expected to reduce driver fatigue and discomfort

caused by the local concentration of interface pressure.
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4.3.2 Time histories of dynamic ischium and thigh pressures

Since the interface pressure is mostly concentrated in the vicinity of the
tuberosities. an examination of the dynamic pressure distribution in this region can
provide considerable insight into the design requirements for the seat cushions. The
magnitude of ischium pressure is strongly related to the properties of seating surface,
posture, magnitude and frequency of vibration excitation and the resonant frequency of
the coupled seat-human system. The time histories of typical ischium pressure measured
on the rigid and soft seat surfaces are illustrated in Figures 4.2 under both static and
dynamic conditions (Subject D, ENS posture). The results were obtained under two
sinusoidal excitation magnitudes (1 ms? rms and 2 ms? rms acceleration) at different
frequencies (5 Hz for the rigid seat; and 2.5 Hz for the soft seat). The two different
frequencies were selected corresponding to respective resonant frequencies of the
coupled rigid and soft seat-human systems. The ischium pressure on a rigid seat surface
approaches its peak value near 5 Hz, attributed to the fundamental resonance of the
seated subject. The measurements performed with the soft seat revealed peak ischium
pressure under vibration excitations in the 2.5 - 3.0 Hz range, attributed to the resonance
of the coupled seat-human system, as illustrated in Figure 4.3. The figure presents the
acceleration transmissibility of the soft seat coupled with a human subject. The results
show peak response in the 2.5-3.0 Hz frequency range. The pressure time histories
presented in Figure 4.2 show that the static ischium pressure measured on the rigid seat is
almost 6 times that of the pressure measured on the soft seat for the same subject. The
dynamic ischium pressure oscillates at the respective frequencies of excitations, and the

magnitude of pressure varies considerably with the magnitude of excitation for both
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Figure 4.2: Typical time histories of dynamic and static ischium
pressure measured on the rigid and the soft seats.
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seating surfaces. While the rigid seat exhibits almost symmetric variations in the ischium
pressure, the soft seat yields considerable asymmetry in the ischium pressure variation
with respect to time. The peak ischium pressure on a soft seat tends to increase
significantly under compression, and decrease only slightly under rebound. The degree of
asymmetry increases with increase in the acceleration excitation. Under 2 ms? rms
acceleration, the peak ischium pressure on a soft seat is 25 kPa in compression and only 8
kPa in rebound, while the corresponding variations for the rigid seat are observed to be
approximately £50 kPa. The asymmetric behavior of the soft seat thus yields mean
dynamic pressure considerably larger than the corresponding static pressure.

While the soft seat yields considerably lower ischium pressure than the rigid seat,
there appears to be increased pressure under the thighs on a soft seat, as illustrated by the
three dimensional maps in Figure 4.1. Furthermore, the contact area and the pressure at
the thigh-seat interface are strongly influenced by the magnitude of vertical vibration.
Figure 4.4 presents typical time histories of the static and dynamic pressures at a single
location within the interface between the thigh and the soft seat under different
magnitudes of acceleration excitation, corresponding to an excitation frequency of 2.5 Hz
(Subject D, ENS posture). The peak interface pressure approaches considerably high
values during compression when the dynamic acceleration excitation magnitude is
increased. A loss of contact between the thighs and the seat and thus zero pressure occur
during the rebound cycle of vibration, under 2 m/s®> rms acceleration. While the static
thigh pressure remains constant near 4 kPa, the peak dynamic pressure approaches

approximately 14 kPa under 2 ms'_2 rms acceleration excitation. Seats, in general, are

designed to yield minimal static contact pressure at the thighs in order to reduce the
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loading of the soft tissues, and thus the fatigue and discomfort in blood flow and nerve
conductivity that would otherwise occur under high interface pressure [57]. From the
results shown in Figure 4.4, it is apparent that such a design practice based upon static
pressure alone may be inadequate to achieve dynamic comfort. The high levels of
dynamic thigh pressure observed during the compression cycle may cause driver
discomfort and numbness. Although the peak ischium and thigh pressures in the vicinity
of the resonant frequencies are illustrated in Figures 4.2 and 4.4 for a single subject, an

analysis of the measured data obtained for all six subjects revealed identical trends.

4.3.3 Dynamic ischium pressure as a function of excitation frequency

While the vibration acceleration transmitted to the human body is identical to the
excitation level at the base of the rigid seat due to its unity transmissibility, the magnitude
of vibration transmitted to the subject seated on a soft seat is strongly dependent upon the
visco-elastic properties of the seat cushion. The acceleration transmissibility of the
coupled human-seat system, measured under sinusoidal excitations swept in the 0.5 to 10
Hz frequency range at a rate of 1 octave/minute has been illustrated in Figure 4.3. The
magnitude of sinusoidal excitations was selected to achieve an overall rms acceleration of
1 ms™ rms. The coupled cushion-human system results in considerable amplification of
vibration in the 2 - 4 Hz frequency range, and significant vibration attenuation at
excitation frequencies above 4 Hz. The fundamental resonant frequency of the coupled
system occurs in the vicinity of 2.8 Hz. The magnitude of the transmissibility at
resonance is approximately 2.2. The transmissibility characteristics also reveal a weak

secondary peak near 6.3 Hz, most likely related to the structural resonance of the seat.
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For other subjects, the fundamental resonant frequency and the transmissibility
magnitude at resonance may vary due to inter-subject variability, however, the trend in
the transmissibility and the frequency range of the vibration amplification remain similar.

The magnitude of acceleration at the interface and thus the dynamic ischium
pressure further depend upon the excitation frequency. The dynamic interface pressure
data measured on the soft seat were analyzed to study the variations in maximum ischium
pressure (IPma), the peak value of the pressure obtained from the time history, for two
postures (ENS and EBS), two excitation levels (1 ms? and 2 ms? rms acceleration), and
different excitation frequencies (1 to 10 Hz). While the data acquired for all the subjects
revealed similar trends in IP,, the important observation and trends are discussed here
using the data for a single subject (subject D). Figure 4.5 illustrates that the frequency
response characteristics of [Pmac approach its peak value in the vicinity of the resonant
frequency of the loaded seat (2.5 - 3 Hz), which can be attributed to the vibration
amplification in this frequency range. Since the seat exhibits considerable attenuation of
vibration at higher frequencies, IPm, varies only slightly at excitation frequencies
exceeding 5 Hz, irrespective of the posture and the excitation levels. The results further
show that an ENS posture yields considerably higher ischium pressure peaks at
frequencies below 5 Hz than those observed with an EBS posture. The peak value of
IPmax Increases considerably with increase in the acceleration excitation for both postures,

while the increase is more significant for the ENS posture.
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4.3.4 Analysis of dynamic effective contact area

In view of the strong dependency of maximum ischium pressure (IPmax) on the
excitation frequency and magnitude, the human-seat interface pressure was further
analyzed in terms of effective contact area (ECA) and dynamic contact force. To compare
the rigid and soft seat systems, a sinusoidal vibration with a magnitude of 1 ms™ rms and
a frequency of 1 Hz was selected, since the vibration transmissibility of the human-soft
seat system is also almost unity at 1 Hz. The results show that the ECA and the variations
in ECA with respect to time on the soft seat are much larger than those obtained for a
rigid seat, as shown in Figure 4.6 (subject D, ENS posture). The ECA of the rigid seat is
caused by the deformation of the subject’s buttocks tissues alone, while that on a soft seat
is caused by the deformations of both the seat and the buttocks, thereby contributing to
significantly larger ECA and its variation.

Figure 4.7 further illustrates the ECA time histories on the soft seat at an
excitation frequency of 2.5 Hz (subject D, ENS posture). Under dynamic conditions, the
ECA varies at the same frequency as that of the excitation and the peak magnitude of
ECA increases with vibration excitation magnitude. The variations in ECA are observed
to be asymmetric with respect to the static value, which remains nearly constant with
time. The ECA during upward or rebound motion tends to be lower than that obtained
during downward or compressive motion. Large magnitude excitation may lead to loss of
contact between the subject and the seat, thus inducing zero ECA. In contrast, under
compression, the ECA tends to increase in a nonlinear manner due to the deformation of
both the buttocks tissue and the cushion. Under 2 ms™ rms acceleration, the maximum

ECA is more than three times the corresponding static value. The loss of contact between
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cushion and subject begins from the thighs contact region and the areas surrounding the
ischial tuberosities. The ischial tuberosities are usually the last part to lose contact with
the cushion due to the largest deformation of the seat in this region. In view of the large
variations in ECA under dynamic conditions, the assumption of point contact or constant
area contact between the seat cushion and human body can be questionable, although
such a concept has been widely used in the model development. The nonlinear behavior
mn ECA of the interface under the influence of vibration necessitates consideration of

perhaps a nonlinear seat cushion model to account for such observed behavior.

4.3.5 Analysis of dynamic contact force

It can be expected that the dynamic contact force at the human-seat interface is
also a function of the excitation magnitude and frequency, just as is the case for ischium
pressure and the effective contact area. At a given excitation frequency, the value of the
contact force varies at the same frequency as that of the excitation, and the contact force
magnitude increases with an increase in excitation magnitude. Similar to the ischium
pressure. shown in Figure 4.2, the dynamic contact force on a rigid seat has been
observed to be almost symmetric, with respect to the static contact force, over the range
of excitation magnitudes studied. The variation in the contact force on the soft seat,
however, is significantly asymmetric, specifically under high levels of vibration
transmitted to the human body. This occurs when the excitation magnitude is large and
the excitation frequency is close to the resonant frequency of the human-seat system, as
observed in Figure 4.8, where the time histories of contact force on the soft seat at 2.5 Hz

excitation frequency are illustrated. Under 2 ms™ rms acceleration, the peak dynamic
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contact force on a soft seat is approximately 2.5 times the corresponding static contact
force, while the minimum contact force approaches close to zero. The pattern is similar to
that of the ischium pressure, shown in Figure 4.2.

The high magnitude progressively increasing contact force during compression
suggests that the human-cushion system may “ bottom out” , under higher magnitudes
of excitation. The stiffness of the coupled system increases considerably due to deflection
of the buttock tissue and seat cushion. The progressively increasing contact force during
compression is also partially caused by a wrapping phenomenon during the pressure
measurement, which i1s shown in Figure 4.9. The flexible sensing mat can only sample
pressure perpendicular to the local contact surface, while the measured contact force is
just a simple summation of the contact force at various locations. Therefore, the
measured contact force is always higher than the vertical load when a human subject sits
on a soft cushion. Large deformations of the cushion and the human buttocks causes a
higher degree of wrapping, which in turn, will cause a higher error in the contact force
measurement. The near zero contact force under rebound with an excitation magnitude of
2 ms™ rms indicates that the seated body has nearly left the seat surface, or body hopping
has almost occurred. It has been examined that under small excitation magnitude and/or
at excitation frequencies far from the resonance frequency of the human-seat system (e.g.
above 5 Hz), the contact force is almost symmetric with respect to the static body weight

supported by the seat, due to the small deflection at the human-seat interface.
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Figure 4.9: Schematic of human-seat interface illustrating the sensing mat
measuring pressure perpendicular to the local interfaces.
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4.4 Development and Validation of the Seat Cushion Model

The asymmetric characteristics of the contact force under high levels of
excitation, shown in Figure 4.8, suggest that the contact stiffness increases progressively
when the seat cushion tends to bottom out. The contact stiffness during extension may
approach zero when the contact between the body and the cushion is lost or the body hop
motion occurs. The nonlinear force-deflection characteristics, however, cannot be
attributed solely to the nonlinear properties of polyurethane foam material, which can be
measured with an indentor of a fixed area using the procedure outlined in SAE J1051
[79], as shown in Figure 4.10. The nonlinear elastic properties and the contour shape of
human buttocks (thus the varying contact area at different deflection) also contribute to
the nonlinear force-deflection characteristics. These factors can cause the stiffness at the
human-seat interface to vary in a more progressive manner during compression. In this
section, a seat cushion model is derived upon considerations of nonlinear contributions
due to all the above factors.

The force-deflection properties of a seat cushion have mostly been represented by
a linear stiffness element, which may be considered appropriate under small deflections
in the vicinity of the static cushion equilibrium position. The force-deflection
characteristics of the human-seat interface, in general, require adequate considerations of
the nonlinear stiffness and stiffness gradients for different human-seat combinations. A
proposed relationship between the contact force and deflection at the human-seat
interface is presented in Figure 4.11, which illustrates progressively hardening and
softening behaviors in the vicinity of static equilibrium position y, corresponding to the

seated load F. Further hardening characteristics at the onset of bottoming can be
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observed, when the deflection exceeds y;. The proposed force-deflection properties also
show that the contact force during extension approaches zero for y<0. The proposed

force-deflection characteristics can be expressed by the following nonlinear

relation:
Fot+ky - y=y)+ ) +ks(y—y)° n<sy<T,
Fro={Fuotky-(7=y)+ () 0<y<y “D
0 y=0

where F.. is the cushion force associated with elastic deflections of the human-seat
interface, F.o is the static load on the seat cushion under which the seat cushion
undergoes a static deformation of 5. y is the deflection of the seat cushion with reference
to the free thickness of the seat cushion, which should not exceed its free thickness, Tt.. A
compression of the cushion corresponds to positive value of deformation and a negative
deflection of the seat cushion indicates the loss of contact between the human body and
the seat. k. is the linear stiffness coefficient; and k.3 is the nonlinear progressively
increasing stiffness coefficient of the human-seat system, when cushion bottoming is
initiated beyond the deflection threshold of the seat cushion, y;. The deflection threshold
of the seat cushion y,; should be greater than the cushion deflection at the equilibrium
position yo. f{y) is a nonlinear force function, which mostly relates to the nonlinearity
associated with body hop motion. The force function f{y) and the stiffness coefficients are
derived from the proposed force-deflection characteristics and the contact force model
presented in Equation (4.1).

As the cushion deformation approaches its free surface (y=0), both the contact

force and its derivative with respect to the deflection must vanish:
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Fce ¥=0 = F;O -kclyo +f(0) = O
dF, (4.2)
—= 0 =k +£|y=o =0

dy " dy

In the vicinity of static equilibrium position (y=yg), the contact force and its derivative

equal the static load Fg and linear stiffness coefficient &, respectively:

F,

ce

r=yg =1:‘c0 +f(y0) =F~cO

M = kd +£f—‘|y=_‘.° = kd
dy dy

(4.3)

From Equations (4.2) and (4.3), it can be established that the nonlinear force

function f{1) must satisfv the following conditions:

kYo —Fo; =0 ) [~ka; y=0
e Y and L (})z{ @2 (4.4)

0; Y=Yy, dy 0; Y=Y,

SO = {
A function of the following form can be used to satisfy the above condition:
f(¥)=a,sin(a.y +a;)+a, (4.5)

where the coefficient a;, a2, as:, and a; can be derived from the static load Fy,

equilibrium position 1 and linear stiffness coefficient k.

a = koyo—Fo
' (=1)" +sin(a,)
(Cn-1)rx

{a, = (4.6)

a, = arcsin[(1 - i) (a, + w) -cos(a,) +(-1)"]

clyO

n
la, =(-1)"g
where n is an integer, —oc < n <oc. Due to the periodic nature of the sinusoidal function,

there exists infinite sets of solutions. When n=0, the above equation can be simplified as:
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— kayo —Foo
' 1+sin(a,)

2
@, == 4.7
Ve (4.7)

a, = arcsin[(1 — Feo )a, +_7£) cos(a,)—1]
aXo 2

a, =a,

The elastic force-deflection characteristics of the human-cushion system can thus
be described by Equations (4.1), (4.5) and (4.7). The dynamic stiffness properties of the
polyurethane foam may further vary as a function of the excitation frequency. The
dynamic stiffness, in general, tends to increase with increase in excitation frequency,
from an initial value given by the stiffness of the foam matrix alone to an upper limit
given by the resistance to deformation of the matrix and the contained air [80]. The
dynamic stiffness of the soft cushion, described in Subsection 4.2.2 and measured using
an indentor proposed in [79], is illustrated in Figure 4.12, as a function of excitation
frequency. It can be observed that the dynamic stiffness tends to increase with an increase
in excitation frequency. The increase, however, is relatively low at frequencies below 10
Hz. The stiffness tends to increase more rapidly at higher frequencies. Within the range
of resonant frequency of the human-seat system (2.5 to 4.0 Hz), the stiffness of the
cushion can be considered to be less sensitive to excitation frequencies. The stiffness
characteristics of the cushion are thus considered to be independent of excitation
frequency in order to reduce complexities associated with the seat cushion model.

The mechanism of energy dissipation in polyurethane foam is also quite complex.
Under dynamic deformations, the energy is dissipated in open-cell foams by a viscous

mechanism when air flows through the pores, as well as by the mechanical hysteresis of
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the constituent material. At extremely low frequencies the air flow is slow and the
viscous damping may be expected to be relatively small. The vibration energy is
dissipated mainly by the mechanical hysteresis. As the excitation frequency increases,
viscous damping rises due to the increased rate of flow through the pores. However, the
viscous resistance increasingly constrains the air within the foam, where it undergoes
volume changes in phase with the deformation. Consequently, at higher frequencies the
amount of air passing through the pores diminishes and the viscous damping decreases
again [80]. The equivalent viscous damping coefficient of the soft seat cushion is
presented as a function of excitation frequency in Figure 4.13, as measured with an
indentor specified in [79]. The figure illustrates that the equivalent viscous damping
coefficient is almost a constant at frequencies above 4 Hz. Although the equivalent
viscous damping coefficient at frequencies below 2 Hz is relatively high, this high
damping at low frequencies is not expected to affect the vibration transmission of the
human-seat system significantly. Since the resonant frequencies of the human-seat
cushion system may be expected to lie between 2.5 and 4 Hz in many situations, it may
be considered that the equivalent viscous damping coefficient is almost constant, without
introducing any large error in the vibration transmission characteristics.

Based on the above discussions, the proposed seat cushion model consists of a
parallel nonlinear spring and a linear viscous damper. The force — motion relationship at

the human-seat interface of the seat cushion model can then be expressed as:

Fot+k, -(y=y)+ O +ks(y=y) +c-p, y Sy<T,
F.(3)=<Fo+k, - (y=y)+ () +c ¥, 0<y<y (4.8)
0, y<0
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where c is equivalent viscous damping coefficient which can be estimated from vibration

transmission charactenstics of the human-seat system. y is the relative velocity due to

foam deformation. The mass of the seat cushion is further assumed to be negligible, since
the density of polyurethane foam is quite low (in the order of 50 kg/m?>).

The vibration transmission characteristics of a coupled human-seat model were
evaluated to examine the validity of the proposed seat cushion model. The coupled model
1s derived upon integrating the human body model, developed in Chapter 3, to the
proposed cushion model, as illustrated in Figure 4.14, where F.(y) represents the cushion
force, defined in Equation (4.8). The differential equations of the coupled human-seat
cushion model are denived as:

mix; = F, —m,g
m,x, =F,—m,
m,-i‘; = FI-— F, .—gmlg (49)
moX, =F (y)—F —F; —mg
where F and F3 are vertical forces acting between the masses m; and mjg, and the masses
ms and myg, respectively, and F» is the vertical forces acting between the masses m; and

ms, given by:

Fy=ki(xy —x;)+c;(%g —X3) +m, g
F,=k,(x, =x,)+c, (X, —x,) +m,g (4.10)
Fi=k(x,—x)+c/ (X, —X%)+(m +m,)g

The dynamic deflection of the cushion, is computed from the displacement

response of the body interface mass myg (xo) and the excitation displacement (x;), such that

¥ =x, —Xx,. The dynamic force, developed by the cushion, may thus be rewritten as:
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Figure 4.14: Coupled human-seat cushion model.
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FtO +kcl(x: —xo —y0)+f(x: —x0)+kc3(xs _xO _y1)3

X, —X,), <x, - T
F.(»)= relh mx) =X TR gy
F o +k (x, —xq=y,)+ f(x, =x3) +c(x, —%,), 0<x, —x, <y
0, x, —x, <0
where
f(x, —xy)=a,sin(a,(x, —x,)+a;)+a, (4.12)

The parameters of the seat cushion model used in the simulation are listed in Table 4.2,
while those for the human body model are presented in Section 3.6. The static load Fq is
the total mass in the human body model defined in Chapter 3. The linear stiffness
coefficient A.; and the static deformation yy under the static load were determined from
the measured force-deflection characteristics of a seat cushion. The nonlinear stiffness k.3
and deflection threshold of bottoming y, were estimated from the force-deflection

characteristics shown in Figure 4.10. The viscous damping coefficient ¢ was estimated

Table 4.2: Parameters of seat cushion model.

Static load, Fe.o (N): 527
Static deformation, yo (m): 0.047
Linear stiffness coefficient, k.; (N/m): 2.25x10*
Nonlinear stiffness, .3 (N/m3 ): 3x10%
Deformation threshold of cushion bottoming, y; (m): 0.065
Free thickness of the seat cushion, 7. (m): 0.114
Viscous damping coefficient, ¢ (Ns/m): 200
Coefficient a; (N) 1.4111x10°
Coefficient a» (m") -76.648
Coefficient a; 0.3454
Coefficient a; (N) 1.4111x10°
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from Figure 4.13. The four parameters in the nonlinear force function f{y), expressed in
Equation (4.12), can be computed from static load F.o, linear stiffness coefficient k.; and
the static deformation y, using Equation (4.7).

The differential equations of the coupled human-seat model were solved using the
MATLAB software package. The time histories of cushion deflection, contact force and
body acceleration are derived at an excitation frequency of 2.5 Hz under different
excitation magnitudes, and illustrated in Figures 4.15 to 4.17, respectively. Under
low excitation amplitude (1 m/s® rms), the dynamic cushion deflection, contact force and
body acceleration are almost symmetric with respect to their static values. The symmetric
response behavior is attributed to nearly linear stiffness characteristics in the vicinity of
the static deformation (yo =47 mm). An increase in the excitation amplitude to 2 m/s” rms
causes the dynamic deformation to vary within a wider range, which results in a higher
degree of asymmetry in the contact force and body acceleration. The variation in rebound
deflection tends to be larger than that in compression deflection with respect to the static
equilibrium position due to the progressively nonlinear cushion stiffness. The variation in
contact force during rebound is thus observed to be lower than that during cushion
compression. The trend is very comparable with the experimental data presented in
Figure 4.8. The corresponding magnitudes of contact force, however, differ slightly. The
greatest difference between measured and computed values of peak contact forces occurs
during compression under an excitation of 2 m/s* rms acceleration. The peak measured
force was obtained near 1450 N, while the proposed model revealed a peak force of
approximately 1200 N. This discrepancy may be partly explained by the wrapping

phenomenon during the pressure measurement, as shown in Figure 4.9. This wrapping
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phenomenon causes the measured contact force to be always higher than the vertical load
due to a seated subject. The discrepancy between the measured and computed contact
forces may be furthzr attributed to the differences associated with the biodynamic
characteristics of the individual human subject involved in the measurements and the
human body model, which is based on the mean biodynamic data of a group of subjects.
Upon recognizing the contributions due to above two factors, it can be concluded that the
proposed seat cushion model, resulting in the curves shown in Figure 4.14, provides
reasonably good prediction of the measured contact force presented in Figure 4.8.

A further increase in the excitation amplitude to 2.6 m/s* rms results in loss of
body-seat contact and cushion bottoming, as shown in the figures. During rebound
motion, the cushion deflection and contact force thus approach zero, and the body
acceleration approaches a value of —1 g. During compression motion, both the contact
force and body acceleration reach high values, while the increase in cushion deflection is
limited, due to the occurrence of cushion bottoming. The acceleration level transmitted to
the body can be as high as 2.5 g. Although body hop motion and cushion bottoming may
not occur frequently during passenger car driving, they might occur more frequently
during off-road vehicle operation. Large magnitude and low frequency vibration of off-
road vehicle are more susceptible to cause high magnitude of impacts at the base of the
seat cushion, leading to possible body hop and cushion bottoming.

The proposed seat cushion model is further verified by comparing the measured
and computed acceleration transmissibility characteristics of the human-seat system. The
acceleration transmissibility is derived as the ratio of acceleration response at the human-

seat interface to that at the seat base. The acceleration transmissibility characteristics
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derived from the measurements performed in the laboratory using a 75 kg subject under 1
m/s’ rms acceleration excitation have been presented in Figure 4.3. The acceleration
transmissibility response of the model, derived under same excitation magnitude, is
compared with the measured data, as shown in Figure 4.18. Both the measured and
computed transmissibility characteristics reveal almost identical resonant frequency
around 2.8 Hz. While the analytical model response correlates well with the measured
data at frequencies below 2.5 Hz, discrepancies are cbserved in the vicinity of the
resonant frequency. The acceleration transmissibility response of the model is higher than
transmissibility. This discrepancy may arise from that the human body model was
developed on the basis of the mean biodynamic data of a group of subjects, and the
measured transmissibility was obtained with a single subject of somewhat different mass
(75 kg). It may also be partly attributed to errors in estimation of damping coefficient
using an indentor. In view of the similar trends and comparable magnitude response, the
model may be considered acceptable for predicting the dynamic characteristics of the

human-seat cushion system.

4.5 Summary

The pressure distribution at the human-seat interface of both rigid and soft seats
was measured using a flexible pressure sensing mat, under sinusoidal vibration of
different magnitudes and frequencies. The three dimensional maps of static pressure
distribution, the time histories of the ischium pressure and the effective contact area on
the soft seat were compared with those measured on a rigid seat. The effects of

magnitude and frequency of vibration on the pressure distribution on the soft seat were
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investigated in terms of ischium pressure, effective contact area and contact force. The
study revealed that the interface pressure on the soft seat is more evenly distributed over
a larger effective contact area than on the rigid seat. Maximum pressure on a soft seat is
reduced significantly compared with that on a rigid seat. Under vibration excitations, the
maximum variations in the ischium pressure and the effective contact area on a soft seat
are attained around the resonant frequency of the human-seat system. An increase in
excitation magnitude results in higher maximum ischium pressure and maximum
effective contact area around the resonant frequency of the human-seat system. The time
histories of dynamic ischium pressure, effective contact area and contact force on the
rigid seats are almost symmetric with respect to their static values within the range of
excitation magnitudes and frequencies considered.

Based on the interface pressure measurements, a nonlinear seat cushion model
was developed to account for the body hop motion and cushion bottoming, occurring
under large magnitudes of vibration excitation. Although the proposed model behaves
like a conventional linear element when the dynamic deflection is in the vicinity of the
static equilibrium position, it demonstrates progressively hardening/softening behavior
over a wider range of deflections to account for the body hop and cushion bottoming
phenomena. Computed results of contact force, cushion deflection and body acceleration
under different excitation magnitudes clearly demonstrate the occurrence of body hop
and cushion bottoming, as well as the near linear behavior of the cushion under low
excitation magnitudes. The response characteristics of proposed model, derived in terms
of contact force and acceleration transmissibility characteristics, revealed reasonably

good agreement with the experimental data.
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CHAPTERS

MODEL DEVELOPMENT OF HUMAN-SUSPENSION SEAT SYSTEM

5.1 Introduction

Suspension seats are employed in various vehicles in the industrial, agricultural,
forestry, construction and transportation sectors to isolate the whole body vibration
transmitted to the operator. For maximum vibration isolation, it has been established that
the resonant frequency of the human-suspension seat system should be well below the
dominant frequency of vehicle vibration and that the suspension damping ratio should be
kept to be low for the suspension to provide greatest attenuation at higher vibration
frequencies. The requirements for suspension design parameters have been reflected in
current International Standards [32, 33, 81], describing laboratory seat testing methodology
applicable to off-road machinery, agricultural tractors and general purpose seats. According
to these standards. the dynamic performance of suspension seats are evaluated according to
two different tests. The first test determines the maximum vibration response of the seat at
a frequency close to the resonance frequency of the loaded suspension seat, with specified
standard inert masses being used in place of the human subject. The second test measures
the ratio of frequency-weighted rms acceleration at the seat cushion-human subject
interface to the weighted rms acceleration at the seat base, referred to as SEAT value (Seat
Effective Amplitude Transmissibility), where human subjects are used to define the SEAT
ratio. The input motions used for this test are defined as standardised narrow-band random
input spectra characterising the vehicle vibration environment in which the seat is to be
used. The use of an idealised narrow-band random input spectrum in the standard tests

generates low crest factors compared to the situations in vehicles. The stiffness and the
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damping for the seat suspension may therefore be required to assume low values in order to
maximise the isolation of the idealised spectra in the first test without the transmissibility at
resonance exceeding the acceptance level given in the second test. A suspension design
with soft spring and light damping yields high magnitudes of dynamic deflection of the
suspension, when exposed to shocks, or low frequency vibration of high magnitude. A
large deflection may cause the suspension to reach the limits of its travel and thus
impacts against relatively stiff motion limits. Majority of suspension seats use rubber
buffers at the extremities of the clearance provided by the suspensions to minimize the
severity of these impacts. Obviously, the laboratory tests defined in current standards, only
partially reflect the real operating conditions of seats and therefore do not fully predict the
performance of seats when in real use. In order to achieve a reasonable compromise
between steady-state vibration attenuation and end-stop impacts prevention, careful
consideration must be given to the selection of the spring rate and damping of the
suspension. Furthermore, end-stop buffer properties need to be optimised to minimize the
severity of end-stop impacts, which has seldom been investigated previously.

In earlier studies, vertical suspension seats have often been characterized by a two
degree-of-freedom dynamic system, in which the seat cushion, suspension spring and
suspension damper have been simplified as linear elements, and end-stop buffer
properties have seldom been considered. Analytical models incorporating nonlinearities
due to shock absorber damping, Coulomb friction force and elastic limit stops have been
proposed in some other studies [5, 8, 69]. These models were developed mainly to
investigate the attenuation performance of suspension seats under steady state vibration

excitations. In such studies, although an attempt was made to extrapolate its use to shock
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type excitation in [8], the damper was either considered as an element of constant
velocity squared damping force, or with a variable damping coefficient incorporating
bleed and blow-off stages. Most suspension dampers provide asymmetric forces in
compression and rebound, which may cause variations in suspension sprung mass mid-
ride position under excitations of different magnitudes. Such variations in the mid-ride
position can usually induce more frequently and more severe end-stop impacts.
Furthermore, the representation of elastic limit stops as springs of linear stiffness may be
considered applicable only when the end-stop buffers are subject to small deformation
and when only occasional impacts are involved. When the vibration causes large
deflection of the end-stop buffers and/or repeated impacts, the linear approximation may
result in large errors, since the resulting vibration dose value due to end-stop impacts
would account for most of the total vibration dose value. Furthermore, the force-
deflection characteristics of conventional rubber buffers show progressively hardening
nonlinear stiffness and hysteresis, as shown in Figure 5.1. In a human-suspension seat
model developed to investigate specifically end-stop impacts, Wu and Griffin [69]
simplified this progressively hardening spring with dual-linear stiffness characteristics: the
lower stiffness corresponding to shorter buffer deformation and the higher stiffness
corresponding to larger deformation. The hysteresis was modelled assuming linear viscous
damping. Although the non-linear elastic and damping properties were taken into
consideration, the model did not account for the material damping which is related to the
deflection of the buffer instead of the velocity of the deformation as viscous damping. Some
suspension seats employ only bottom compression buffers, while the upper displacement

limit is either limited by the extension limit of the damper, or by a rigid end-stop.
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Figure 5.1: Force-deflection characteristics of a typical end-stop bufter.
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In the model, therefore, the top and bottom buffers should be proposed to have different

properties, in order to investigate the influence of these properties on suspension seat
performance.

In this chapter, a non-linear human-suspension seat model is proposed and
validated. The model incorporates the nonlinear cushion model developed in Chapter 4 and
the human body model developed in Chapter 3, along with asymmetric damping
characteristics, nonlinear end-stop buffer properties and Coulomb friction. The suspension
seat model is first validated by comparing the computed results by using a mass in place of
human model with those obtained in laboratory measurements by loading the seat with a
rigid mass. The coupled human-suspension seat model is further validated by comparing
the computed results, with those obtained in laboratory measurements using a human

subject.

h
¥

Modeling Human-Suspension Seat System

Development of an analytical suspension seat model necessitates adequate
consideration of the realistic static and dynamic characteristics of the basic components
including the cushion, the suspension spring, the shock absorber, the friction and the
bump-stops. Dynamic characteristics of the human driver also need to be considered in
order to formulate an effective driver-suspension seat model. The proposed vertical
human-suspension seat system is characterized by a five degrees-of-freedom nonlinear
mechanical model as shown in Figure 5.2, where mg represents the mass due to
suspension; and Fs, Fy, Fy and Fy are the suspension forces due to suspension spring,

Coulomb friction, damper and end-stop buffer, respectively. The damper is mounted at an
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inclination angle ay. The total suspension free travel is expressed as 2d, which is the
clearance between the top (rebound) and bottom (compression) end-stop buffers. The
displacement excitation at the base of the suspension is expressed as x,, while the
displacement response of the suspension mass is expressed as x;. Various suspension
elements are modeled in the following subsections and the simplifying assumptions

associated with the model are:

1) The masses due to suspension and driver models are constrained to move
along the vertical direction only;

i1) Coulomb friction due to shock absorber seals, various sliding surfaces, and
linkage joints is assumed tc possess ideal characteristics;

iii) The resilient means of the suspension system is modeled as a vertical spring
with linear stiffness coefficient;

iv) The shock absorber is modeled as a nonlinear damper with asymmetric
characteristics in rebound and compression incorporating bleed and blow-off
stages;

v) End-stop buffers are modeled as progressively hardening springs with variable
hysteresis;

vi) The human body is modeled as a three degrees-of-freedom system, as
proposed in Chapter 3;

vii) The seat cushion is modeled as a nonlinear elastic element with linear viscous

damping coefficient, as defined in Chapter 4.
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5.2.1 Modeling asymmetric damper properties

A typical hydraulic damper involves operations at different velocities rangiﬁg
from very low to very high. For low piston velocity, the fluid flows through the bleed
orifices to yield high damping and thus to improve control of resonant vibrations. The
flow modulation, using blow-off or pressure control valves, at higher piston velocity
leads to low damping and thus to improved vibration isolation and ride quality at higher
excitation frequencies. Furthermore, dampers are usually designed to provide a
considerably larger damping force during rebound than that developed during the
compression stroke. Typical force-velocity characteristics of a hydraulic damper are
illustrated in Figure 5.3 [82]. The damping force developed by the suspension seat
damper is thus modeled considering the multi-phase and asymmetric damping

characteristics. From Figure 5.3, the damper force F; can be expressed as:

v for0<v<y,

av, +c,(v—v); for v>v, _
F, = (5.1

civ; forv, <v<0

c;v, +c,(v=v,); forv<yv,

where v is the relative velocity across the damper along its axis, ¢; and ¢; are high
damping coefficients at low piston velocity in compression and rebound, respectively,
and c¢; and ¢; are low damping coefficients corresponding to high piston velocity in
compression and rebound, respectively. The transition from high to low values of
damping occurs at preset velocities, v; and v, in compression and rebound, respectively.

The damping force developed by a hydraulic damper may also be expressed as:
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Figure 5.3: Force-velocity characteristics of a typical hydraulic damper.
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c,v; for0<v<y,

Ciivy T v—v)j; forv>v

Fd _ .\'[ 1- 71( 1)] ] (5.2)
¢ Pv; forv, <v<0
Csp[vz +72(v-v2)]; fOI'V(V2

where c¢=c;, is the low speed compression mode damping coefficient,
7, =c./c, andy, =c, [c; are the compression and the rebound damping reduction factors,
respectively, and p =c,/c, is the asymmetry factor, which describes the ratio of low
speed rebound to low speed compression damping.

In various seat suspension linkages. hydraulic dampers are usually installed with
inclination angle, ag. For the commonly used cross-linkage shown in Figure 5.4, the

vertical component of damping force developed by the shock absorber is related to the

relative velocity of the suspension, =, = x, — x,, and its instantaneous angle of inclination,
«. The instantaneous inclination angle of the damper is related to the initial inclination

angle ¢ at mid-ride position Hy, the instantaneous suspension relative displacement z,

and the horizontal distance between the attachment points of the damper, B:

a=tan~ [tan(ao)—E‘] (5.3)

The vertical component of damping force developed by the hydraulic damper can

thus be expressed as:

¢, 2, sin’ a; for 0<Z sina<v,
£ c,[v, + (G, sina —v,)]sing; for z sina>v, (5.4)
d = . -2 . - °
¢, pz,sin” a; forv, <z sina<0
¢, plv, +7,(Z, sina—v,)]sina; for z sina <v,
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Figure 5.4: Cross linkage mechanism of seat suspension.
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The damper force described in Equation (5.4) can also be applied to other linkage
mechanisms with some modifications. In a behind-the-seat linkage mechanism, the

instantaneous inclination angle o remains constant during the motion.

5.2.2 Modeling of the elastic end stops

Suspension seats are designed with end-stops or rubber buffers to limit the
excessive relative motion of soft suspension that may occur under high levels of
excitation. Figure 5.4 illustrates the location of compression and extension end-stop
buffers. The elastic buffers, invariably, exhibits nonlinear force-deflection characteristics
and hysteresis characteristics, similar to those illustrated in Figure 5.1. Such buffers can
be modeled as nonlinear clearance springs and the force-deflection characteristics can be
presented as shown in Figure 5.5. The force due to an end-stop buffer (F}) is related to
the suspension clearance (2d) and relative displacement response of the suspension mass
(z5). The elastic buffers experience deformation beyond the suspension clearance. The
effective suspension travel thus includes the maximum deflections. Let dn® and dm”
represent the maximum suspension travel in compression and extension, respectively,
with respect to the mid-ride position, as shown in Figure 5.5. The differences between the
maximum and free travels, (dm®-d), and (d,"-d) thus represent the maximum
deformations due to compression and extension buffers, respectively. They also represent
the thickness of bottom and top buffers, respectively. The hysteresis due to the buffers

yields displacement lags, A® and A9, due to compression (bottom) and extension (top)

buffers, given by:
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0<h® <d? -d; forz, >0
(5-5)

0<h"<d” -d; forz, <0

The progressively hardening properties of the buffers may be expressed as a
cubic function of the deformation. The bottom end-stop characteristics during loading

and unloading stages are thus expressed as:

Fb(b) - {

where ky,;® and ky»™ are the linear and cubic stiffness coefficients of the bottom buffer

ky (2, —d) +kg3 (z, ~d)*; forz, >d and z, >0

k92, —(d + )]+ k@ [z, —(d +h®); forz, >d and 2, <0

3

(5.6)

during loading, respectively, and ky;® and /ys® are the linear and cubic stiffness
coefficients of the bottom buffer during unloading, respectively. Fu® is the force
developed by the bottom buffer due to impacts. Similarly, the force developed by top

buffer (Fu"), under an impacts with the top buffer may be expressed as follows:

oz (= 3. z - -
Eo = {/\é,’(as +d) + k3 (z, +dY; forz, <-dand%, <0

ESz, +(d + W)+ k=, +(d + h)); forz, <-dandZ, >0

where k" and ky,»" are the linear and cubic stiffness coefficients of the top buffer during

@ are the corresponding coefficients during unloading,

loading, and ku:¥ and A
respectively.

The suspension force developed by elastic end-stops, in general, may be

expressed as:

0; for |z,|<d
F, =4 F"; for z,>d (5.8)
Fi", for z, <-d

The force-deflection characteristics illustrated in Figure 5.5 suggest that the buffer

forces during loading and unloading approach identical values corresponding to
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maximum deformation, d* or d.\". The force-deflection characteristics, expressed in

Equations (5.6) and (5.7), must satisfy the following:

{k,ﬁf’(d,‘f’ -d)+ k2@ -dy =k[d® —(d + hP)]+ kB [dD —(d + )] (5.9)

kDAY +d)+ K2 @Y +d) = kG +(d +h)+ kDAL +(d + )P

5.2.3 Seat cushion model

The vertical force developed by the cushion is derived from the nonlinear cushion
model developed in Chapter 4. The model incorporates the dynamics associated with
body hop motion and the cushion bottoming. The cushion force is derived from

Equations (4.11) and (4.12), as a function of relative deflection, y =x, —x,, and

velocity, y =X, —X,.

5.2.4 Modeling of spring and friction forces

The effective suspension spring rate is affected by the stiffness of spring elements
and the suspension linkage. The magnitude of friction force is attributed to shock
absorber seals, various sliding contact surfaces and linkage joints. The effective spring
rate and hysteresis due to the suspension can be characterized from force-deflection
characteristics measured during uploading and downloading. The force-deflection
properties, however, must be measured for the suspension adjusted to its mid-ride
position under the preload due to the operator. The measurements performed in earlier
studies have revealed nearly linear effective spring rate, k;, of the suspension [13]. The

measured data have further been used to determine the magnitude of total friction force,
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Fo. Assuming linear spring rate and ideal friction characteristics, the components of
suspension and Coulomb friction forces can be expressed as:

F,=k.z +(m,+m, +m, +m; +m,)g (5.10)

F, = Fysgn(Z,) (5.11)
where F; and Fy are component forces developed by suspension spring and friction,
respectively, and the function sgn(.) is given by:

+1; if()=0

-1 if()<0 G2

sgn(.) = {

5.2.5 Differential equations of motion of the human-suspension seat system model
The differential equations of motion of the total human-suspension seat system

can be written as:

""355‘3 =F,-mg

myX, = Fy—m,g

smi, =F —F,-mg (5.13)
my¥y,=F, —F —F,—m,g

m¥ =F +F +F,+F -F —-mg

where F, Fr, Fa, and Fy, are suspension component forces defined in Equations (5.4) to
(5.12), respectively. The cushion force F. has been presented in Equations (4.11) and
(4.12). The forces acting between the masses of human body model, Fy, F> and F3, have

been expressed in Equations (4.10).
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53 Human-Suspension Seat Model Validation

The analytical model of the human-suspension seat system, described in
Equations (5.3) to (5.13), is analyzed under deterministic and random vehicle vibration.
The response characteristics are compared with those derived from laboratory
measurements to examine the validity of the model. The nonlinear model of the
suspension seat coupled with a rigid mass is first evaluated and the response
characteristics are compared with those measured with a rigid mass. The validity of the
nonlinear human-suspension seat model is then examined by comparing its results with
those measured using a human subject as the load, whose seated mass was equivalent to
that defined by the mass model parameters. Both acceleration transmissibility and power
spectral density response characteristics at the cushion interface were measured and

analyzed under identical excitation signals.

5.3.1 Determination of model parameters

A suspension seat with behind-the-seat suspension was used for performing the
model validation. The parameters of some of the suspension components were taken to be
those previously identified from the static and dynamic laboratory measurements and
reported in an earlier study [83]. The reported force-deflection and force-velocity
characteristics are further analyzed to derive the static deflection yq, stiffness coefficients
ke, ke; and bottoming threshold deflection of the cushion y;. The cushion damping
coefficient c. is identified from the measured dynamic characteristics of the cushion. The
coefficients ai, aa. a; and as of the force function f{y) are computed from static load F,

linear stiffness coefficient k.; and the static deformation, y, using Equation (4.7). The
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measured force-deflection properties of the suspension system were further analyzed to
derive stiffness coefficients of the elastic limit stops in compression and extension, while
the damping properties of the shock absorber were estimated from the reported force-
velocity characteristics. Various parameters of the suspension seat model are summarized

in Table 5.1.

5.3.2 Excitation signals

Sinusoidal excitations and two random type excitations defined in International
Standard ISO 7096 [32] were employed for performing the model validation, as used in
the respective experiments. Sinusoidal excitation was used to derive the acceleration
transmissibility of the human-suspension seat system at discrete frequencies. The
harmonic excitation possesses a constant displacement amplitude of 25 mm between 0.5
to 2 Hz, and a constant acceleration amplitude of 3.95 m/s> (2.8 m/s’ rms) between 2 to
10 Hz. The harmonic excitation was initially designed to limit the extremely large
displacement requirement of the WBVVS at very low frequencies during the
experiments. International Standard ISO 7096 defines Class I for tractor-scrapers without
primary suspension or vibration absorber and Class II for tractor-scrapers with either
front axle suspension or vibration absorber hitch. The acceleration PSD characteristics of

these classes of excitations are given in terms of filter equations:

ClassI PSD =5.30(HP,,)*(LP,,)* (5.14)
ClassII PSD =2.72(HP,,)*(LP,,)* (5.15)

where (LP).s and (HP).s characterize low- and high-pass filters respectively with 24

dB/octave attenuation. The filter transfer functions are given by:
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Table 5.1: Parameters for the suspension seat model.

Description Symbol Value
Static Load (N) Feo 5.27x10°
Static deflection (m) Yo 2.5x107
Linear stiffness (N/m) ke 8.23x10*
Cubic stiffness (N/m’) ke3 2.10x10°
Cushion Deﬂe.ction thre.shold of bottoming (m) Yi 3.8x107
Cushion damping (Ns/m) Ce 300
Coefficient (N) a 1.1405x10°
Coefficient (1/m) as -76.78
Coefficient as 0.3487
Coefficient (N) as 1.1405x10°
Low speed compression damping coefficient | c; 8.92x10°
(Ns/m)
Compression damping reduction factor v 0.43
Damper | Rebound damping reduction factor ¥a 0.53
Compression transition velocity (m/s) Vi 1.12x107
Rebound transition velocity (m/s) 1) -3.32x107
Asymmetry factor D 1.47
Inclination angle (degrees) o 70
Total travel between end-stop buffers (m) 2d 0.1
Compression travel limit (m) d 0.06
Rebound travel limit (m) d? 0.06
Bottom buffer loading linear stiffness (N/m) kot ™ 1.2x10°
Bottom buffer loading cubic stiffness (N/m°) k2™ 1.3x10°
Ebndf-fstop Bottom buffer unloading linear stiffness (IN/m) ko3 ™ 1.8x10°
uHers MBotiom buffer unloading cubic stiffness (N/m~) Fep 5™ 2.1x10°
Bottom buffer hysteresis displacement lag (m) A 2.0x10%
Top buffer loading linear stiffness (N/m) ko 1.0x10°
Top buffer loading cubic stiffness (N/m°) k2™ 1.5x10°
Top buffer unloading linear stiffness (N/m) k3 1.2x10°
Top buffer unloading cubic stiffness (N/m”) kps” 3.0x10°
Top buffer hysteresis displacement lag (m) Y 2.0x107
Suspension spring stiffness (N/m) ks 5.33x10°
Others | Suspension sprung mass (kg) ms 10
Coulomb friction force (N) Fy 15
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1
s*+2631s* +3.4145 +2.631s+1

4

S
HP),, = " 5.17
(HP)s. s*+2.631s* +3.4145% +2.631s +1 (5.17)

(LP),, = (5.16)

where s = jflf.; f1s the excitation frequency and f: is the cut-off frequency in Hz. The cut-
off frequency for the HP,; filter is 1.5 Hz for both classes of vehicles, while that for the
LP,41s 2.5 Hz for Class I and 3.0 Hz for Class II excitation. The peak acceleration PSD
of Class I excitation is 4.13 (ms2)?/Hz occurring at a frequency of 1.85 Hz, while the
peak acceleration PSD of Class II excitation is 2.4 (ms'z)Z/Hz occurring at a frequency of
2.1 Hz. Figure 5.6 illustrates the acceleration PSD of Class I and Class II excitations. The
rms accelerations corresponding to Class I and Class II excitations are 2.35 and 2.05 m/s’

rms, respectively.

5.3.3 Validation of the suspension seat model

The suspension seat model and the coupled human-suspension seat model are
validated by comparing the computed results with the measured data reported in [8]. The
analytical model of the suspension seat is initially validated in conjunction with a rigid
mass in place of the human body model. The equations of motion for the model are
solved under deterministic and random excitations using the MATLAB software. The
acceleration time histories of floor vibration were generated first by passing a white noise
signal (with a unity rms value) through a given band-limiting filter applicable to the
selected excitation classes. The band-limiting filtered acceleration time histories were
then integrated to yield displacement and velocity time histories to be used as excitation

signals in the computation. The differential equations of motion were solved in the time
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domain for each type of vibration excitation using Runge-Kutta integration method to
evaluate the acceleration response at the load-cushion interface. Fast Fourier Transform
(FFT) techniques are then applied to derive the vibration acceleration PSD and/or the
acceleration transmissibility.

The response characteristics of the suspension seat model are compared to those
established from the laboratory measured data, obtained by loading the seat with a mass
of 63.6 kg. Figure 5.7 illustrates a comparison of measured and computed seat
acceleration transmissibility with a rigid mass. A good agreement between the computed
and measured transmissibility characteristics can be observed at frequencies below 5 Hz.
The resonant frequency of the analytical model of the load-suspension seat system
correlates very well with that obtained from the measured data. Above 5 Hz, however,
the measured transmissibility is observed to be consistently higher than the computed
data. The discrepancy between the computed and measured response at higher
frequencies of excitation is attributed to the contact vibrations caused by clearance
between the seat base and the mounting rails.

Figures 5.8 to 5.9 further illustrate the comparison of measured and computed
acceleration PSD response at the seat interface when loaded with a rigid mass and
subjected to random excitations due to Class I and Class II vehicles, respectively.
Compared with those of the excitation spectra illustrated in Figure 5.6, the peak
frequencies of response spectra have been shifted towards lower values due to the fact
that the mass-seat system amplifies vibration below 2 Hz and attenuates vibration at

frequencies above 2 Hz. The results show that the model provides good agreement with
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the measured response under both classes of excitation over most of the frequency range
investigated. The discrepancies observed in the acceleration transmissibility at high
frequencies do not have significant influence on the PSD response under the two classes
of excitations, attributed to the lack of excitation energy at these frequencies. In view of
the high level of difficulty involved in determining the model parameters related to
cushion and suspension damping, the degree of correlation between computed and
measured response is considered relatively good under the excitations selected. The
suspension seat model can thus be considered as a useful tool to further study the
behavior of coupled driver-suspension seat system, the influence of the suspension
parameters on the vibration attenuation performance, and the optimal suspension design to

minimize whole body vibration exposure.

5.3.4 Validation of the human-suspension seat model

Upon validating the suspension seat model, the combined human-suspension seat
model is further validated by comparing the measured results obtained while using a
human subject as the seat load (total mass 73.2 kg; 55.6 kg on the seat) with the
computed results, as illustrated in Figure 5.10. The total mass on the seat due to the
human body model (mg+n+my+m3;=53.8 kg) is quite comparable to that due to the
human subject (55.6 kg). The figure illustrates reasonably good agreement between the
measured and computed acceleration transmissibilities of the seat loaded with a human
subject. The comparison reveals good agreement in terms of the resonant frequency,
which occurs at around 1.3 Hz, and the trends in acceleration transmissibility. The

measured and computed transmissibilities, however, demonstrate larger discrepancies
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between 1 to 5 Hz and at frequencies above 7 Hz. The measured values are observed to
be consistently higher than the computed values in most of the frequency range. As
observed from the previous validation using a rigid mass, the measured transmissibility at
high frequencies are also higher than the computed values. This difference is mostly
attributed to the contact vibration caused by clearance between the seat base and
mounting rails. It should be further noted that the human body model in this study is
developed on the basis of the biodynamic response characteristics of a group of subjects,
while the measurements were performed with one subject only. The proposed model may
thus be expected to yield dynamic characteristics different from those of the single
subject.

The validity of the coupled human-suspension seat model is further examined
under random excitations due to Class I and Class II vehicles. The PSD of acceleration
response at the driver model-seat interface, derived under both excitations, are compared
with those established from the measured response. Figures 5.11 and 5.12 illustrate the
comparison between PSD of computed and measured acceleration response under Class I
and II excitations, respectively. The results, in general, show reasonably good agreement

between the measured and model response under both excitations.

54 Summary

A combined nonlinear human-suspension seat model is developed by integrating
the seated human body model proposed in Chapter 3, and the seat cushion model
developed in Chapter 4 to the suspension seat model. The coupled human-suspension seat

model incorporates nonlinear and asymmetric properties of the damper, cushion and end-
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stops. The combined human-suspension seat model is analyzed under sinusoidal and
random excitations. The response characteristics in terms of acceleration transmissibility
and PSD response are compared with those obtained from the laboratory measurements
performed using a rigid mass and a human subject. The comparison revealed reasonably
good agreement between the computed and measured response under both sinusoidal and
random excitations. The proposed model is thus considered to serve as a valid analytical
tool for design and assessment studies. The model is further utilized to design optimal
parameters under steady state vibration and to minimize the severity of end-stop impacts

in Chapters 6 and 7.
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CHAPTER 6
STEADY-STATE VIBRATION PERFORMANCE
OF HUMAN-SUSPENSION SEAT SYSTEM
6.1 Introduction

The dynamic performance of the nonlinear human-suspension seat system,
defined in Chapter 5, depends on system parameters, including the suspension travel, the
spring stiffness, the damping coefficient, the asymmetry and reduction factors in
damping, the transition velocity, the damper inclination angle, the suspension mass, the
Coulomb friction force, and the seat cushion and end-stop buffer properties. The
effectiveness of the system also heavily depends on the frequency contents and
magnitude of vibration excitation as well as on the applicable frequency weighting
function, which defines the vibration frequency sensitivity of the human body. While the
system design parameters and the excitation magnitude have a significant effect on the
acceleration transmissibility of the human-suspension seat system, it is predominantly the
frequency components of the excitation and the frequency weighting function that
determine how severely the human body is exposed to vibration through the human-
suspension seat system.

The performance of a human-suspension seat system can be characterised in three
categories based upon the excitation magnitude. When the excitation acceleration is too
low to overcome suspension friction, the suspension mechanism exhibits lock-up
behaviour and the sprung part of the seat, including the body, moves in phase with the
seat base. Under such low vibration excitation levels, the influence of vibration on the

human body may be regarded as being not significant. With increased acceleration, or
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within the second category, the suspension begins to move relative to its base, resulting in
amplification and/or attenuation of vibration depending on the suspension design
parameters and frequency components of the excitation. Further increase in excitation
magnitude causes the suspension to reach the limits of the available free travel resulting
in collision with the end-stop buffers. Within this third category, increased vibration and
shock is transmitted to the human body. It has been discussed in the literature that
improved attenuation performance of the system under steady-state vibration and the
prevention of severe end-stop impacts pose contradictory requirements on the suspension
design parameters [8, 84]. It is a challenging task to realize a generally optimum
suspension seat performance under excitations of different steady-state floor spectra, let
alone satisfying the contradictory requirements for steady-state and shock excitations. It
is therefore essential to divide the problem of suspension design into two steps: (i)
optimizing the seat suspension and seat cushion properties with constrained suspension
travel under given steady-state floor spectra not likely to cause severe end-stop impacts;
and (ii) optimizing the end-stop buffer properties once the seat suspension and seat
cushion properties have been fixed to minimize the severity of end-stop impacts under
excitations likely to cause end-stop impacts.

In this chapter, the frequency weighting function defined for vertical vibration
exposure for a seated subject and criteria for evaluating the dynamic performance of the
human-suspension seat system are firstly introduced. The influence of variations in
various design factors on the performance characteristics is investigated and an optimal

suspension design under steady-state vibration is attempted.
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6.2 Frequency Weighting Function

Vibration discomfort assessment of drivers is primarily based on laboratory
evaluations of subjects’ judgment when exposed to various vibration stimuli. Equivalent
sensitivity contours express the vibration magnitude required to produce equivalent
discomfort for each vibration frequency, axis and input position. Frequency weighting
functions are defined to express the differences in discomfort at different vibration
frequencies and axes for a given and fixed measurement position.

The most widely used standard for evaluating human exposure to whole-body
vibration and shock is the Intemational Standard ISO 2631/1 [85], which replaces several
older versions. For the assessment of health and comfort effects due to vertical vibration
transmitted at the seat level, a frequency weighting function, W, is defined in the 0.5 to
80 Hz frequency range. The frequency weighting function is defined from a combination
of a band-limiting filter and a network weighting filter. Mathematically, the transfer

function of the band-limiting filter is expressed as:

22
@,"s

H,(s)=— T3 3
’ (s” +ﬁw,s +@,”)(s” +ﬁwzs +w,")

(6.1)

where @ = 2nf; and @» = 27f>; fi and f> are the band-pass corner frequencies (f; = 0.4 Hz
and > = 100 Hz), and s = jw. The transfer function of the network weighting filter 1s

given by:

@, (s +w,)(s* + D gy @)
H (s)= 2 (6.2)

@ @
@,(s* + s+ 0,° )5 + =25+ @)
3 6
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where ar = 2nf;, @y = 2nfa, wx = 27nfs and ax = 27fs; f3 =f4 =12.5 Hz, fs =237 Hz, fs =
3.35 Hz. 0: = 0.63, Os = Qs = 0.91. The transfer function of the total weighting filter is
then obtained from:

W.(s)=H,(s)H . (s) (6.3)

6.3 Criteria for Evaluating the Dynamic Performance of Human-Suspension
Seat System

The criteria for evaluating the dynamic performance of the human-suspension seat
system depend on the crest factor, which separates steady-state vibration from shock-type
vibration. The crest factor is defined as the ratio of peak value of frequency-weighted
acceleration to frequency-weighted rms acceleration [85]. For a crest factor below 9, the
vibration can be considered as steady-state vibration and the vibration exposure level can

be expressed using the frequency-weighted rms acceleration:

1 g0 s
= [— “(t)drt 6.4
@u.m ‘/rl [ao (6.4)

where awms is the overall frequency-weighted rms acceleration, a.(z) is the frequency-
weighted acceleration and 7; is the exposure duration. A SEAT value (Seat Effective
Amplitude Transmissibility) is further defined to measure the efficiency of a seat in
isolating the body from vibration [1]. It represents the ratio of the frequency-weighted
rms acceleration measured on the seat to the frequency-weighted rms acceleration
measured at the seat base along the same direction. A SEAT value lower than unity
suggests that the human-suspension seat system is effective in reducing vibration
exposure, while a SEAT value greater than unity suggests that the human-suspension seat

system amplifies the vibration exposure. Mathematically, the SEAT is defined as:
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of seat vibration

SEAT (%)= Zms

x100 (6.5)
a,. ... of base vibration

When the crest factor is larger than 9, the vibration can be considered as shock-
type vibration and the exposure is characterized by both the frequency-weighted mms
acceleration and a vibration dose value (VDV) according to the ISO 2631-1 [85]. The
VDV relies on the fourth power of the frequency-weighted acceleration, thus providing
greater emphasis on large instantaneous acceleration values which may arise from
shocks. The VDV method thus appears to be appropriate for evaluating the severity of
end-stop impacts caused by high level excitation. The vibration dose value is not only
influenced by the most severe shock, it accumulates in value according to the magnitude
and duration of the frequency-weighted acceleration time histories. The VDV value is
used to provide guidance on exposures to vibration or shocks that may cause injury [85,

86], defined as:
—_ iy %4 -1.75
roV =[[ai ()i} (ms™) (6.6)
4}

A VDV ratio may be defined to measure the efficiency of a seat in isolating the
body from shock-type vibration or preventing severe end-stop impacts [84]. The VDV
ratio is defined as the ratio of the frequency-weighted VDV measured on the seat to the

VDYV measured at the seat base along the same direction. The VDV ratio is expressed as:

VDV of seat vibration ”

VDV ratio (%)= - -
VDV of base vibration

100 (6.7)
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6.4 Parametric Sensitivity Analysis on the Basis of Vibration Transmissibilities
The steady-state vibration transmission characteristics of a human-suspension seat
system can be conveniently evaluated in terms of acceleration transmissibility and
relative displacement transmissibility in the frequency range of interest. The vibration
transmissibility response can provide significant information related to vibration
attenuation characteristics and probable frequency range of vibration isolation. The
acceleration transmissibility is defined as the ratio of acceleration magnitude transmitted to
the human-seat interface to the magnitude of excitation acceleration at the base. The
relative displacement transmissibility is defined as the ratio of magnitude of relative
displacement across the suspension mechanism to the excitation displacement at the base.
Occasionally, suspension acceleration transmissibility is also used to demonstrate the
performance of the suspension mechanism, defined as the ratio of suspension mass
acceleration to the excitation acceleration at the base. The vibration transmissibility
characteristics are known to be influenced by many design and operating parameters, such
as suspension spring rate, friction, damping, and cushion properties, and magnitude of
excitation. A study of the influence of variations in such parameters on the vibration
transmission performance can yield significant insight into the most desirable design
parameters for a suspension seat. In this section, the influence of variations in a single
parameter at one time on the acceleration transmissibility is investigated under a nominal
excitation level of 1.4 m/s’ rms, except where otherwise stated. All the other suspension

parameters are held at their nominal values listed in Table 5.1.

-199 -



6.4.1 Influence of excitation magnitude

The vibration transmission performance of a human-suspension seat system is
strongly affected by the excitation magnitude due to its nonlinear properties arising from
force-velocity characteristics of the damper, Coulomb friction, end-stops and cushion. The
equations of motion for the human-suspension seat model are solved under harmonic
excitations of constant acceleration magnitude at discrete frequencies. The response
charactenistics are analysed to derive the acceleration transmissibility of the driver mass
interfacing with the seat (m) and the suspension mass (m;s), and the relative displacement
transmissibility of the suspension. Figures 6.1 to 6.3 illustrate the acceleration
transmissibility of the suspension and driver masses, and relative displacement
transmissibility under different excitation magnitudes, ranging from 0.1 to 2.1 m/s> rms.
Under very low excitation magnitude (0.1 m/s® rms), the excitation acceleration is too low
to overcome the friction force in the suspension. The suspension mechanism experiences
'lock-up' and the sprung part of the seat moves in phase with the seat base. The ‘lock-up’

behaviour of the suspension mechanism is examined using the following condition:

mxX +myXy, +mi, +mX, +m¥;|< Fy (6.8)

where ms, mo, my, my and m; are the system masses, X, X,,X,, %, and ¥, are their

corresponding acceleration responses, as illustrated in Figure 5.2. Under lock-up condition,
the suspension acceleration transmissibility approaches a value of almost unity, while the
acceleration transmissibility of the system reflects the vibration transmissibility of the seat
cushion only. The peak acceleration transmissibility occurs near 6 Hz, which is the
resonant frequency of the human-cushion subsystem. An increase in excitation magnitude,

in general, yields higher peak acceleration and relative displacement transmissibility
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response, and improved vibration attenuation at frequencies above 2 Hz. This may be
attributed to two factors: (i) the damper tends to operate in both bleed and blow-off stages,
which leads to lower equivalent damping coefficient; and ii) the equivalent damping
coefficient due to a constant Coulomb friction force decreases with increase in the relative
motion, when the excitation level is increased [87]:

_ __4F, _4Fo
“ IZ'a)l.".':| - 7212:[

(6.9)

where c.q is the equivalent viscous damping coefficient, Fo is the constant Coulomb friction

force, w is the excitation frequency, and |z,|and|%| are the magnitudes of relative

displacement and relative acceleration of suspension mass, respectively.

A further increase in the excitation magnitude (2.1 m/s® rms) causes the suspension
to reach the limits of the available travel, which results in collisions with the end-stop
buffers. Body hop motion and cushion bottoming may also occur under such large
magnitude of vibration excitation, as evident in the significant increase in the peak seat and
suspension acceleration transmissibility characteristics, shown in Figures 6.1 and 6.2. The
peak relative displacement response does not increase as significantly when the magnitude
is increased from 1.4 to 2.1 m/s® rms, as illustrated in Figure 6.3, which is attributed to the
effective operation of the end-stop buffers.

The results presented in Figures 6.1 to 6.3 suggest that the performance
characteristics of the human-seat system are directly affected by the vibration levels of
the vehicle. It is thus vital to tune the suspension parameters for specific vehicle vibration

environment. In view of the strong dependence of the system performance on excitation
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level, the parametric analyses presented in the following sections are restricted to only

one excitation magnitude, 1.4 m/s*> mms.

6.4.2 Influence of Coulomb friction

The magnitude of Coulomb friction force affects the suspension performance
mainly under low level excitation. The friction may cause suspension lock-up at
extremely low excitation frequencies due to relatively low inertia forces, and stick-slip
motion at higher frequencies, when the excitation levels are relatively low. The influence
of variations in friction force, in most of the frequency range of interest, can be best
described as a variation in the viscous damping as evident in Equation (6.9). Figure 6.4
illustrates the influence of variation in the friction force on the seat acceleration
transmissibility under 1.4 m/s’> rms acceleration excitation. The seat does not exhibit
lock-up behavior due to relatively higher excitation level. An increase in friction force,
however, yields lower peak transmissibility magnitude and higher acceleration response

in the range of vibration isolation (above 2 Hz).

6.4.3 Influence of suspension spring rate

Under a given vibration excitation, the dynamic performance of the human-
suspension seat system heavily depends on its spring rate k. The variations in spring
stiffness coefficient affect the resonant frequency of the system, the frequency range of
vibration isolation, the relative displacement response, and the frequency and potential of
impacts against the end-stop buffers. The variations may also affect the static mid-ride

height in seats, where a height-compensation mechanism is not available. The influence
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of the spring rate on the acceleration transmissibilities of the human-suspension seat
system is investigated by varying the suspension spring stiffness ks by *+25% of its
nominal value, while all other parameters assume their nominal values. Figure 6.5
illustrates the influence of such variations on the acceleration transmissibility of the seat.
The results show that an increase in suspension spring stiffness yields increase in both the
resonant frequency and the acceleration transmissibility at resonance. The effective
damping ratio also tends to decrease with increase in the spring stiffness. The resonant
response thus tends to increase with higher spring rate suspension. The vibration
transmissibility at frequencies greater than 4.6 Hz, however, remains almost unaffected
due to £25% variations in the spring rate. The results show that suspension seats with low
suspension stiffness can greatly attenuate vehicular vibration over a wide frequency
range. Soft suspension seats, however, induce large dynamic deflection of the suspension,
that may cause more frequent and severe end-stop impacts. Since most wheeled off-road
vehicles have dominant whole-body ride vibration in the 1.8 to 2.6 Hz frequency range, it

is desirable to select lower suspension spring rate.

6.4.4 Influence of suspension damping parameters

The suspension damping affects the suspension performance in a most significant
and complex manner, since the damping properties are expressed in terms of various
design parameters (asymmetry factor, reduction factors, transition velocities and low
speed compression mode damping coefficient). A parametric study is performed in a
systematic manner to highlight the influence of each variable with appropriate coupling

among different variables.
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The influence of variations in low speed compression damping coefficient ¢s on
acceleration transmissibility of the human-suspension seat system is initially investigated,
as illustrated in Figure 6.6. It should be noted that a variation in ¢, causes changes in all
the damping coefficients associated with low speed damping in compression and
rebound, as evident from Subsection 5.2. Figure 6.6 illustrates the influence of +25%
variations in ¢s from its nominal value, on the seat acceleration transmissibility. The high
speed compression mode damping coefficient (¢2), and low and high speed rebound mode
damping coefficients (c; and c¢4), thus also vary by +25%. While an increase in
suspension damping coefficient decreases the transmissibility at resonance, the
acceleration transmissibility at frequencies above 2 Hz increases. The contributions of
damping to the overall vibration attenuation performance of the system thus depend on
the frequency components of vibration excitations. A high value of low speed
compression damping coefficient ¢ may be desirable, when the excitation vibrations
predominate around lower frequencies close to the suspension resonant frequencies or
when excessive relative motions are anticipated.

The symmetric damping properties in rebound and compression are expressed by
the asymmetry factor p, as the ratio of low speed rebound damping coefficient to low
speed compression damping coefficient. A variation in p value thus causes considerable
variation in the rebound mode damping coefficients (c; and c4), since the values of ¢; and
# are held constant. Figure 6.7 illustrates the influence of variations in p on the seat
acceleration transmissibility, for three values of p: 0.5, 1.0 and 2.0. Such variations are
realized by selecting rebound mode damping coefficient ¢, as: 446, 892, 1784 Ns/m,

respectively. The results show that p=0.5 (rebound damping lower than the compression
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mode damping) yields significant increase in resonant transmissibility and improved
vibration attenuation performance in the isolation range. A high value of p (p=2, rebound
damping higher than the compression damping) tends to effectively suppress the resonant
peak with poor vibration attenuation performance at frequencies above 2 Hz. Symmetric
damping properties yield a compromise response between the two types of asymmetry.
The above results can be considered valid only when ¢ is held fixed at its nominal value.
Alternatively, variations in asymmetry factor may be realized by selecting the ¢
values, as: 1784, 892, 446 Ns/m. Figures 6.7 to 6.9 illustrate the influence of variations in
both ¢s and p, on the seat acceleration transmissibility. It should be noted that a low p
value yields a lower equivalent damping coefficient for the system, which is
demonstrated by the respective high resonant response and lower response at frequencies
above 2 Hz, irrespective of the low speed compression damping coefficient. A high p
value, however, is desirable when the low speed compression damping coefficient
assumes a low value, as evident in Figure 6.8, where both p values of 0.5 and 1.0 relate to
high peaks in acceleration transmissibility around resonance, indicating that severe end-
stop impacts and/or cushion bottoming have occurred due to low equivalent damping
coefficient. On the other hand, a low p value may be preferable when the low speed
compression damping coefficient assumes a high value, as evident in Figure 6.9, where
both p values of 1.0 and 2.0 relate to high magnitudes at frequencies above 2 Hz, where
the dominant vibration excitation energy is expected. This severely deteriorates the
vibration attenuation performance of the system due to high equivalent damping

coefficient. The dampers, in general, provide p value greater than unity to prevent the
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suspension to hit the top buffers, which may cause body hop motion resulting in
interference with the vehicle controls.

The damping reduction factors in compresvsion and rebound, y; and v,, express the
ratio of the blow-off stage damping coefficient to the bleed stage damping coefficient. A
low value of y implies that the damper provides low damping effect at high velocity. The
influence of reduction factors on the acceleration transmissibility, when both the factors
are varied by +25%, is illustrated in Figure 6.10. An increase in reduction factor reduces
the transmissibility at resonance with only a slight increase in the acceleration
transmissibility at frequencies above 2 Hz. A two-stage damper is thus desirable for
applications in seat suspension. At low piston velocity, related with low frequency
vibration components, fluid flows through the bleed orifices to yield high damping and
thus improved control of resonant vibrations. At higher piston velocity, related with high
frequency vibration components, the flow modulation using blow-off or pressure control
valves leads to low damping and thus improved vibration isolation.

The transition velocities v; and v, determine the condition when the damper
changes from ‘bleed’ to ‘blow-off” stage. Zero or infinite transition velocities imply only
single stage damping. The influence of variations in transition velocities (+25%
variations with respect to their nominal values) on the acceleration transmissibility is
illustrated in Figure 6.11. The influence is observed to be relatively insignificant for the
nominal parameters of the suspension seat listed in Table 5.1. An increase in transition
velocity slightly suppresses the transmissibility at resonance, and causes an insignificant

increase in acceleration transmissibility at high frequencies.
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The variations in damper inclination angle ag affect the vertical component of the
damper force, as shown in Equations (5.3) and (5.4). An increase in the inclination angle
causes an increase in vertical damper force, resulting in-lower resonant transmissibility
and higher response at frequencies above 2 Hz, as shown in Figure 6.12, which is similar

to that observed for variations in cs.

6.4.5 Influence of suspension mass

The suspension mass m; is usually low compared to drivers’ weight supported by
the seat. Its influence on seat acceleration transmissibility can thus be expected to be
insignificant. Variations in the suspension mass, however, may affect the critical damping
coefficient and the resonant frequency of the coupled system. Figure 6.13 illustrates the
influence on the acceleration transmissibility of the system when the suspension mass is
varied from 5 to 15 kg. An increase in suspension mass causes the resonant frequency to
shift towards a slightly lower value, and the resonant transmissibility to increase slightly.
The vibration attenuation performance of the human-suspension seat system, however,

improves slightly, when the dominant excitation frequency components are above 2 Hz.

6.4.6 Influence of seat cushion parameters

Relatively hard cushions are frequently used in suspension seats to provide
controlled seated posture. The influence of cushion properties are usually considered
insignificant. A significantly soft cushion may cause similar resonant frequencies
associated with deflection of the suspension mass and the seated body. Soft cushions can

thus yield increase in acceleration transmissibility at resonance, and lower magnitude at
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higher frequencies, as illustrated in Figure 6.14. It should be mentioned that a variation in
the cushion linear stiffness coefficient also causes the variations in parameters a;, az, a;
and as, as evident from Equation (4.7). Since the parametric study is performed under
relatively lower levels of sinusoidal excitations, the variations in nonlinear cushion
parameter k.3 does not influence the acceleration transmissibility of the human-cushion
system.

Since foam cushions offer very light damping, the variations in its damping
coefficient are known to have very little influence on the acceleration transmissibility at
the primary resonant frequency of the system. A higher cushion damping coefficient,
however, relates to lower magnitude of acceleration transmissibility, attributed to the
suppression of the resonance of the human-cushion subsystem, at a frequency around 6

Hz, as illustrated in Figure 6.15.

6.5 Parametric Sensitivity Analysis on the Basis of SEAT Values

Although the influence of variations in suspension seat parameters on acceleration
transmissibility of the system has been shown clearly in Figures 6.1 to 6.15, the
quantitative sensitivity of any parameter variation can not be determined for a given
excitation spectrum without computing its SEAT value under a specific excitation. A
quantitative parametric sensitivity analysis is thus performed for excitations arising from
Class I and Class II vehicles, while the parameters are varied by *25% about their
respective nominal values. Figures 6.16 and 6.17 illustrate the variations in SEAT values
caused by +25% variations in individual suspension seat parameters under Class I and

Class II excitation spectra, respectively. The variations in parameters are expressed in

-215-



Acceleration Transmissibility

Acceleration Transmissibility

-
n
P

ot
(6}
1

N

—
44 42 4 4
]

44

T

-
oo

0 1 2 3 4 5 6 7 8 9 10
Frequency (Hz)
Figure 6.14: Influence of cushion linear stiffness k., on acceleration
transmissibility.

0 1 2 3 4 5 6 7 8 9 10

Frequency (Hz)

Figure 6.15: Influence of cushion damping coefficient on the
acceleration transmissibility.



SEAT value

SEAT value

1.10

1.05 ¢

1.00 $

0.95 1

0.90 e e
0.7 0.8 0.9 1 1.1 1.2 1.3

Normalized parameter Value

1.00 -

0.99 ¥

0.98 ¥

0.97 Ittt
0.7 0.8 0.9 1 1.1 1.2 1.3

Normalized Parameter Value

Figure 6.16: The SEAT values as functions of normalized parameter
values for Class [ excitation spectrum.



SEAT value

SEAT value

1.02 -

1.00 1

L\

0.98

0.96

0.94

0.92

242l paaad g3 g t o g g gty

0.90 Frr—rr e e
0.9 1 1.1 1.2 1.3

Normalized parameter Value

o
N
o
o

1.00

0.99
0.98
0.97
0.96 ¥
0.95
0.94
0.93
0.92
0.91 3
0.90 Fmrmrrmpm et

R ——7 v —k—p -k ¥,

Adablaasatlasaslasag

aalaaatlagy

claasatagsatngy

[ 1
p— Ty

0.7 0.8 0.8 1 1.1 1.2 1.3
Normalized Parameter Value

Figure 6.17: The SEAT values as functions of normalized parameter
values for Class II excitation spectrum.



terms of percent change normalized with the nominal parameter value. The percentage
variations in SEAT values attained for £25% variations in the parameters are further
summarized in Table 6.1. The variation in SEAT value caused by -25% change in a
parameters is expressed as 100% to 75% SEAT value variation, and that caused by +25%
change in a parameters is defined as 100% to 125% SEAT value variation, respectively:

SEA T?S% — SEA I;oo%
SEAT, g5

100% to 75% SEAT value variation (%) = x100 (6.9)

SEAT, 555, — SEAT 05, x

100 (6.10)
SEAZ;OO!G

100% t0 125% SEAT value variation (%) =

where SEAT 750, SEAT 002, and SEAT)25, refer to the SEAT values corresponding to a
parameter assuming 75%, 100% and 125% of its nominal values, respectively, while all

other parameters assume their nominal values.

Table 6.1: Variation in SEAT value caused by parameter variations.

Parameter variations
Excitation | Variation in | £, Cs ms |Fo |ao | vi |p ko |ecc
Classes parameters v, Vo
Percentage change in SEAT value
Class I 100% to 69| 1.7] 10{-04] 02| 1.0 0.0} 04| 1.2]| 0.1
75 %
100% to 85( 1.1(-1.1| 08} 64 0.1} 0.1 | 0.7}-1.2]-0.1
125 %
Class I1 100% to 4427 12{-19| 22}{-09]-08|-23| 0.7] 0.1
75 %
100% to 56| 3.5(-12) 2.1 23| 10| 06 25|-22]-02
125 %

From both Figures 6.16 and 6.17, and Table 6.1, it can be observed that the

influence of variations in most of the parameters on the SEAT value is similar under both
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excitation spectra. The variations in a few parameters, however, yield contradictory
influence on the SEAT value. The first group of these parameters includes the suspension
spring stiffness k;, Coulomb friction Fp and transition velocities v; and v;. An increase in
those values causes an increase in the SEAT value, or worsened vibration attenuation
performance. The second group of these parameters includes the suspension mass ms,
cushion linear stiffness & and damping coefficient c.. An increase in values of these
parameters causes a decrease in the SEAT values, or improved vibration attenuation
performance. For both excitation spectra, both an increase and a decrease in the damper
inclination angle og from the nominal value cause higher SEAT values, which means that
the nominal value of inclination angle oy may be near optimal for the excitation spectra
considered.

Although for Class I excitation spectrum, both an increase and a decrease in the
low speed compression damping coefficient ¢, reduction factors y; and y;, and
asymmetric factor p cause an increase in the SEAT value, which means that the nominal
value of these parameters may be considered near optimal. An increase in these
parameters of the suspension seat subject to Class II excitation, however, causes an
increase in the SEAT value. An examination of the acceleration transmissibility
characteristics related with the last three parameters (Figures 6.6, 6.7 and 6.10) suggests
that an increase in their values suppress the transmissibility magnitude at resonance, and
increase the transmissibility magnitude at frequencies above 2 Hz. Since Class II
excitation spectrum exhibits a higher peak frequency (2.15 Hz) compared to Class I
excitation spectrum (1.85 Hz), Class II excitation spectrum is more likely to be in the

attenuation region of the human-suspension seat system. For Class I excitation spectrum,
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benefits derived from lower values of last three parameters, resulting in low acceleration
magnitude at above 2 Hz, may outweigh the vibration attenuation loss near the resonant
frequency. The results show that SEAT values range from approximately 0.92 to 1.07 and
0.91 to 1.00 under Class I and II excitations, respectively, for all the variations
considered. These SEAT values reflect poor vibration attenuation performance under
these classes of excitation.

The sensitivity of the overall suspension seat to variations in a given parameter
can be conveniently derived from the percentage change in SEAT value. For Class I
excitation spectrum, suspension spring stiffness 4, suspension mass m; and cushion linear
stiffness k.;, are among the parameters which pose significant influence on the SEAT
values. The low speed compression damping coefficient ¢, asymmetric factor p,
Coulomb friction Fy and damper inclination angle o are further added to the above list of
parameters, which show significant influence on the SEAT value under Class II
excitation spectrum. The variations in reduction factors y; and y,, transition velocities v,
and va, and cushion damping coefficient c. are considered to have insignificant influence

on the SEAT values under both classes of excitation spectra.

6.6 Optimization of Suspension Seat Parameters under Steady-State Vibration
Excitations

The attenuation of steady-state vibration and transient or shock-type excitation
poses contradictory design requirements for the suspension seats. While the steady-state
vibration isolation performance of a suspension seat mostly relates to the suspension seat
parameters, the attenuation of shock-type excitation is mostly affected by the limited

suspension travel and properties of the end-stop buffers. The attenuation of shock
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excitations can be ideally attained through relaxation of the free travel and/or with design
of adequately damped stiff suspension. Such design variations, however, will
significantly deteriorate the suspension performance under continuous excitations. In
view of such contradictory design requirements, design optimization in this study is
attempted in two sequential stages. In the initial stage, optimal suspension seat
parameters are derived by minimizing the SEAT value under a given vibration excitation,
and limiting the relative suspension displacement within the free travel of the suspension
mechanism. These optimal suspension seat parameters are further employed as fixed
parameters in the second stage, where the end-stop buffer characteristics are optimized by
minimizing the VDV ratio under high level vibration excitations, which cause successive
end-stop impacts. This approach is expected to provide an optimal design to yield
improved isolation of vibration and reduced severity of impacts under high magnitude
transient excitations. It should be noted that the vibration spectra of most vehicles
comprise of continuous vibration arising from tire-terrain interactions with occasional
high magnitude jolts caused by sudden unevenness in the terrain. Such a design
methodology is thus considered appropriate, which will ensure optimal isolation of
continuous vibration encountered during most of the operation, and reduced frequency

and severity of occasional impacts.

6.6.1 Formulation of optimization problem
From the results of the parametric study, presented in Section 6.5, it is apparent
that suspension spring stiffness k;, low speed compression damping coefficient c;,

suspension mass n1;, Coulomb friction Fy, damper inclination angle o, asymmetric factor
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p, and cushion linear stiffness k., affect the suspension performance in the most
considerable manner. The optimization problem for suspension seat parameters under
steady-state vibration excitations is thus formulated to include these design parameters.
The optimization problem is formulated to minimize the SEAT value, and expressed as:
U(x) = minimize[ SEAT] (6.12)
where U(y) is the objective function and g is the vector of parameters to be optimized,
given by:
x=1{k,c,,m Fo,ay p, k., } (6.13)

where ‘7" designates the transpose. The optimal vibration isolation or SEAT values under
steady-state vibration attenuation can be attained by limiting the dynamic suspension
deflection within its free travel. The optimization function is thus subject to the following

constraint:

|z,|< Bd (6.14)

where z; is the suspension relative displacement response, 4 is half the free travel of the
suspension, and a scaling factor <1.0 is introduced to ensure that the impacts with the
end-stop buffers do not occur under continuous vibration.

Apart from the above constraint, limit constraints are imposed on the design
parameters, to achieve more feasible optimal solutions. The suspension stiffness &, and
low speed compression rebound damping coefficient ¢, are limited by their nominal
values to prevent the convergence to very high values, which may produce near unity
transmissibility and SEAT values. The suspension stiffness ; is limited to a lower limit
of 2000 N/m to ensure somewhat realistic spring rate of the suspension. The suspension

mass is limited to an upper value of 20 kg to limit the total weight of the optimal
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suspension seat. The inclination angle of the hydraulic damper is limited to values below
85% and above 45°. The value of Fy 1s limited to a maximum value of 25 N to ensure
availability of maximum travel. Finally, an upper limit of cushion linear stiffness is
imposed to provide reasonable pressure distribution, while a lower limit is provided to
prevent the resonance of the human-cushion subsystem to occur at a frequency in the
vicinity of the resonant frequency of the human-suspension seat system. The limit
constraints posed on the design parameters are summarized below:

2000 < k; < 5330 N/m
0<¢s <892 Ns/m

1 kg <my<20kg

45%< 0y <85°

p=1

0<Fy<25N

5x10% <k < 1x10° N/m

6.6.2 Results

The constrained optimization problem was solved using the MATLAB software.
The optimization was performed with different values of starting design vector, and the
resulting function values were examined to identify the existence of a global optimum.
The results of various solutions revealed convergence to similar design vector. It should
be noted that the excitation signals (Class I and Class II) used in the optimization study
were generated from narrow-band excitation spectra representing the motions of specific
vehicles. Both classes of excitations reveal near-Gaussian amplitude distributions, with
crest factor ranging from 3.2 to 3.9. Actual vehicle floor motions often include occasional

high accelerations with crest factors ranging from 4.3 for a tractor operating on a farm road
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to 8.5 for a hay turning tractor [1]. The occasional high accelerations cause large magnitude
relative displacement of the seat suspension. The relative displacement response is thus
constrained to be well below the available free travel to account for relatively low crest
factors of the synthesized excitation signals. The relative displacement is constrained by
selecting 3=0.8. The results of the optimisation study under Class I and II excitations are

summarised in Table 6.2.

Table 6.2: Optimal parameters under the excitations of Class I and Class II spectra.

Parameters k Cs ms Ol P Fy ke
(N/m) | (Ns/m) | (kg) |(degrees) N) | (N/m)
Nominal 5330 892 10 70 1.47 15 82300
Optimal for Class I{ 3605 531 20 72 1.2 0 100000
Optimal for Class II| 2000 0 20 - - 0 100000
Recommended 3600 530 20 70 1.2 15 100000

It can be observed that for both excitation spectra, suspension mass ms and
cushion linear stiffness k. converge to their upper limits, while Coulomb friction Fj
converges to its lower limit, to allow for maximum vibration attenuation. For Class I
spectrum, the optimal values of suspension spring stiffness ks, low speed compression
damping coefficient ¢; and asymmetry factor p are lower than the respective nominal
values. Although Table 6.1 shows that under Class I excitation spectrum a decrease in
low speed compression damping coefficient ¢ causes an increase in SEAT value for the
nominal parameters, the significantly lower value of spring rate k; tends to shift the
resonant frequency well below the dominant frequency of Class I excitation spectrum. A
lower value of cs is thus attained to achieve effective attenuation of such vibration energy.

The optimal damper inclination o is also observed to be close to its nominal value. The



solution of the optimization problem is most significantly affected by the relative
displacement constraint, expressed in Equation (6.14). The convergence achieved
corresponds to the limiting value of the allowable relative motion for Class I excitation.
The optimization under Class II excitation, however, converges to lower limits of & and
cs, where the peak relative travel remains below Bd. The convergence to such values is
due to relatively lower level and higher frequency excitation of Class II excitation
spectrum. The ¢, value converges to zero, due to relatively low excitation in the vicinity
of suspension resonance. This suggests that the suspension seat can be designed to
provide excellent vibration attenuation performance without causing any end-stop
impacts under this excitation class. Since the results of optimization suggest that a
damper is not needed for the vibration attenuation of Class II spectrum, the corresponding
optimal asymmetry factor p and damper inclination o are not relevant. Since the Class I
excitation exhibits a lower central frequency and higher peak value of acceleration PSD
than the Class II excitation, the suspension needs to be designed with relatively stiffer
spring and heavier damping to limit the relative displacement within the permissible
travel. The resulting SEAT value is thus considerably higher than that observed under
Class II excitation.

Since the Class I vibration excitation is more severe among the two classes
considered, the optimal parameters obtained corresponding to Class I excitation are
recommended for the optimal seat design, as listed in Table 6.2. Although the solution
converges to zero value of Coulomb friction force, a value of 15 N is recommended to
account for friction inherent to the linkages and pin joints. This recommended design

vector is considered as optimal parameter vector in the investigation of suspension seat



end-stop impacts, to be performed in Chapter 7. The SEAT values corresponding to the
nominal, optimal and recommended parameter values under the two excitation classes are
illustrated in Figure 6.18. The optimal parameter values can be observed to reduce the
SEAT values significantly from those obtained using the nominal values. It can be
observed that the optimal design yields a SEAT value of 0.73 under Class I excitation,
which is 26% lower than that obtained with nominal design. The optimal design under
Class II excitation yields a SEAT value of 0.3, which is 68% lower than that obtained
from the nominal design (0.95). The optimal design attained under Class II excitation,
however, can not be considered adequate due to the associated undamped and extremely
soft suspension. Such a suspension will yield excessively high levels of vibration under
occasional transient motions. It is thus recommended to adapt the optimal parameters
attained under Class I excitation. This recommended design vector, however, yields
SEAT value, which is significantly higher than that obtained for the optimal design under
Class II excitation. Figure 6.18 illustrates that the SEAT value of the recommended
design is nearly 120% larger than the optimal, but nearly 30% lower than that of the
nominal design. Under Class I excitation, the recommended design, however, yields
SEAT value similar to that obtained for the optimal design. The suspension seat designed
using the recommended parameter values may be implemented in vehicles with floor

vibration spectra similar to those defined in Class I and Class II excitation.

6.7 Summary
A comprehensive parametric study is performed to quantify the influence of

various parameters on the overall vibration attenuation performance of the coupled
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human-suspension seat system, in terms of both the vibration transmissibility and SEAT
value. Under the two classes of excitations defined in this chapter, suspension spring rate,
low speed compression damping coefficient, suspension mass, Coulomb friction, shock
absorber inclination angle, asymmetry factor and cushion linear stiffness were found to
be the factors, which most significantly influence the steady-state vibration attenuation
performance. Optimization techniques are employed to derive the optimal values of these
parameters, through minimizing the SEAT value and limiting the relative displacement of
the suspension within its free travel. A set of recommended design parameters is derived,
from the optimal design vectors obtained under two classes of excitation. The proposed
design vector is considered as the optimal design vector for attenuation of steady-state
vibration in vehicles with floor vibration spectra similar to those defined in Class I and
Class II excitation. These parameter values will be further used in Chapter 7 to optimize

the end-stop buffer characteristics under vibration excitations of large magnitudes.
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CHAPTER 7
ANALYSIS OF DRIVER SUSPENSION SEAT SYSTEM
UNDER END-STOP IMPACTS
7.1 Introduction

It is believed that severe shocks and vibration encountered by some off-road
vehicle drivers may induce various disorders in the human body, particularly low back
injury [1]. Although the intensity of these shocks and vibration transmitted to the driver
can often be reduced by incorporating a properly adapted suspension seat, the end-stop
impacts occurring under exposure to low frequency high magnitude motion may result in
an increased risk of injury. Adjustments to the stiffness and damping of the suspension
mechanism so as to minimize the occurrence of end-stop impacts may involve a
compromise in the vibration isolation efficiency provided by the suspension under
conditions where end-stop impacts do not occur.

There is currently no mandatory requirement or standard aimed at measuring the
performance of a suspension seat, when end-stop impacts occur. In current seat designs, it
is common to use rubber end-stop buffers to limit the suspension displacement to within a
fixed clearance. Some of these seats, however, use relatively hard buffers, which result in
high magnitude shocks during end-stop impacts. The optimization of suspension seats
should thus involve recognition that both the motions transmitted to the human body
caused by terrain roughness and also the shocks arising from end-stop impacts are
relevant to the health of drivers. The vibration dose value is used to provide guidance on
exposures to vibration or shocks that may cause injury, or when the excitations due to

terrain roughness are characterized by a crest factor value larger than 9. A VDYV ratio has



been defined in Chapter 6 to evaluate the dynamic performance of suspension seats when
end-stop impacts occur.

In this chapter, the effects of end-stop buffer force-deflection characteristics and
buffer hysteresis on end-stop impacts are investigated be means of analysis and optimization
techniques, using the coupled human-suspension seat model developed in Chapter 5. The
optimal buffer force-deflection characteristics and buffer thickness are examined under both
sinusoidal and random excitations of different magnitudes. The general guidance of buffer

design is recommended on the basis of the above analysis.

7.2 Optimization Methodology

It has been illustrated in Figure 6.1 that a suspension seat subject to high
magnitude vibration excitation can induce high magnitude of resonant acceleration
transmissibility due to end-stop impacts. Such impacts may also cause possible loss of
contact between the driver and seat. The attenuation of continuous vibration, however, is
considered to be of utmost importance, since the vehicle-terrain interactions yield ride
vibration of such nature over majority of the operations. The suspension seat design is
thus optimized in Chapter 6, under vibration excitation of two different classes of
vehicles. The recommended optimal design, however, does not incorporate the
transmission of vibration due to occasional end-stop impacts. The proposed design thus
can not be considered truly optimal, since the realistic vibration environment of a vehicle
comprises both continuous vibration of low crest factors, and high magnitude transient
vibration. An analysis of the optimal suspension seat subject to excitation levels that are

twice the magnitude of Class I excitation revealed that the SEAT value of the 'optimal’

-231-



suspension seat increases from its optimal value of 0.73 to 2.24. The significant
deterioration of the suspension seat performance is primarily attributed to the occurrence
of end-stop impacts. It is therefore necessary to further optimize the buffer design to
improve the overall performance of the seat.

A second stage optimization study is thus performed with an objective to
minimize the VDV ratio, by reducing the severity of end-stop impacts. The relative
displacement of a suspension seat, in general, is constrained by physical limits described
by the geometry of the suspension and end-stop buffers. The suspension travel between
the free thickness of end-stop buffers is defined as its free travel. For a given buffer
thickness, the optimization problem can be defined as to select the proper buffer force-
deflection characteristics to minimize the VDV ratio of the seated body with respect to a
given vibration excitation. The optimization may thus be expressed as:

U(y) = minimize[VDV ratio]
d (r) + d o)

2 (7.1)

subject to |z, | <

where U(y) is the objective function, and dn" and d,® are the suspension travel limits
corresponding to compression of the buffers, as described in Figure 5.5. ¥ is the vector of
design parameters. The design optimization in the second stage is attempted to derive the
buffer parameters only, while the suspension parameters are taken as the recommended
values to ensure optimal vibration isolation. The design vector in Equation (7.1) may
include various stiffness coefficients due to top and bottom buffers (kb,-(‘) and k&, i=1 to
4), hysteresis properties (b and A®) and the effective travel determined from the
thickness of the buffers (2d). The optimization problem thus involves a large number of

nonlinear design parameters, given by:
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_ (5) (b) (5) (b) (b) (r) () (1) () (1)
A= {kbl :kbz ,kb3 ’kb4 ,h ’kbl ’kbl ’kb3 ’kb4 ,h ,d? (7.2)

The contributions due to various parameters are carefully examined to derive a
reduced design vector comprising the most significant parameters. The influence of
various design parameters on the VDV ratio is investigated under harmonic excitation
near the resonant frequency of the coupled human-suspension seat system. Such an
excitation of varying magnitudes is considered to represent the most severe situation that
will most likely cause repetitive impacts against the end-stop buffers. The contributions
due to various parameters are investigated upon considering the set of recommended
design parameters, iisted in Table 6.2, for achieving optimal vibration isolation. The
remaining design parameters are considered to assume their former nominal values. Table
7.1 summarizes the above parameters, considered as the nominal values for the study of

end-stop impacts.

7.3 Influence of Hysteresis due to End-Stop Buffers on the VDV Ratio

The severity and frequency of end-stop impacts have been directly related to the
magnitude and frequency contents of the excitations. The elastic and hysteretic
properties, and the allowable travel of a suspension seat also affect the severity of the
resulting impacts. It has been established that a lightly damped suspension is highly
desirable to achieve improved vibration isolation. Such lightly damped suspension,
however, yields more frequent and severe end-stop impacts under high magnitude
excitation due to the associated high dynamic relative displacement response. High
suspension damping is thus considered desirable to dissipate vibration energy associated

with shock motions.



Table 7.1: Nominal parameter values considered for study of end-stop impacts

performance.
Description Symbol Value
Static Load (N) Feo 5.27x10?
Static deflection (m) Yo 2.5x107
Linear stiffness (N/m) ke 1.0x10°
Cubic stiffness (N/m’) ke3 2.1x108
Cushion Deflection threshold of bottoming (m) Y1 3.8x107
Cushion damping (Ns/m) Cc 300
Coefficient (N) a 1.374x10°
Coefficient (m™) a -80.782
Coefficient as 0.4488
Coefficient (N) as 1.374x10°
Low speed compression damping coefficient | ¢ 530
(Ns/m)
Compression damping reduction factor 71 0.43
Damper | Rebound damping reduction factor Y2 0.53
Compression transition velocity (m/s) Vi 1.12x10?
Rebound transition velocity (m/s) Va -3.32x107
Asymmetry factor )2 1.2
Inclination angle (degrees) oo 70
Total free travel between end-stop buffers (m) 2d 0.1
Compression travel limit (m) o 0.06
Rebound travel limit (m) d'? 0.06
Bottom buffer loading linear stiffness (N/m) P 1.2x10°
Bottom buffer loading cubic stiffness (N/m") kepa™ 1.3x10°
Encif}stop Bottom buffer unloading linear stiffness (N/m) ko™ 1.8x10°
buffers Bottom buffer unloading cubic stiffness (N/m’ ) k™ 2.1x10°
Bottom buffer hysteresis displacement lag (m) A 2.0x107
Top buffer loading linear stiffness (N/m) ki, 1.0x10°
Top buffer loading cubic stiffness (N/m”) k2™ 1.5x10°
Top buffer unloading linear stiffness (N/m) k3 1.2x10°
Top buffer unloading cubic stiffness (N/m>) kipstY 3.0x10°
Top buffer hysteresis displacement lag (m) A 2.0x107°
Suspension spring stiffness (N/m) ks 3.6x10°
Others | Suspension sprung mass (kg) mq 20
Coulomb friction force (N) Fy 15
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The high vibration energy may also be dissipated by hysteresis due to the elastic
end-stop buffers, which would ensure optimal suspension performance in terms of
vibration isolation. The coupled human-suspension seat model is analyzed for elastic
buffers with zero and maximum hysteresis to explore the potential for such hysteresis to
reduce the severity of end-stop impacts. It should be noted that maximum hysteresis
represents an extreme situation, involving dissipation of the entire energy absorbed by the
buffer. The maximum hysteresis is realized by letting the unloading forces approach zero,
such that the entire energy absorbed by the buffer is dissipated. Equations (5.6) to (5.8),
describing the force-deflection properties of top and bottom buffers, can thus be

simplified as:

[0; for |z,|<d
ki (z, —d) + kg2 (z, —d); forz, >d and 2,>0
F, =40; forz,>d and 2z, <0 (7.3)
by (z, +d) + k3 (z, +d)’; forz, <—d and z, <0
0; forz, <-d and z, >0

.

where kbl(b’ and kbp_(b) are the linear and cubic stiffness coefficients of the bottom buffer
during loading, respectively; and Ay and ky," are the linear and cubic stiffness
coefficients of the top buffer during loading, respectively.

The zero hysteresis due to a buffer is realized by letting the unloading forces
equal to the loading forces, such that the buffer does not dissipate any energy. Equations

(5.6) to (5.8) are thus simplified as:

0; for|z,| < d
F, =k (z, —d) + ki (z, = d)’; forz, >d (7.4)
kg (z, +d)+ kg3 (z, +d)’; forz, < -d
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The resulting VDV ratio with the zero and maximum hysteresis are evaluated and
compared as a function of harmonic excitation magnitudes, as illustrated in Figure 7.1.
The results show a constant VDV ratio of 1.7 for excitation magnitudes ranging from 0.7
to 1.25 m/s” rms. This high value of VDV is attributed to the excitation near the resonant
frequency of the coupled human-suspension seat system. The VDV ratio increases
rapidly to a value above 5.0 due to occurrence of end-stop impacts under excitation
magnitudes exceeding 1.25 m/s® rms. The extreme buffer hysteresis yields only slightly
lower values of VDV ratio over the entire range of excitation magnitude. The elastic
buffers, in general, offer low hysteresis rate, and thus relatively negligible potential for
reducing the severity of suspension seat end-stop impacts. It can thus be concluded that
the severity of end-stop impacts can not be significantly reduced through hysteretic
properties of passive buffers. High end-stop damping, however, may be realized through
semi-active and active control of an electro-rheological fluid damper. The performance of
such an actively controlled end-stop damper in reducing the severity of impacts has been
shown to be promising [88].

In view of the negligible contribution due to hysteresis, the simplified force-
deflection characteristics of the nonlinear buffer, described in Equation (7.4), may be
considered appropriate. This simplification eliminates the consideration of stiffness

coefficients kis”, kps®, ko3® and k™, associated with the unloading curve, and the

(t) (b)

hysteresis coefficients /'’ and 4
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Figure 7.1: The influence of buffer hysteresis on the VDV ratio.
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7.4 Design Optimization for Minimizing End-Stop Impacts

The optimization problem, described in Equation (7.1), is solved using the force-
deflection relationship for end-stop impacts. The force-deflection characteristics of the
buffers are further simplified by assuming symmetric behavior due to compression
(bottom) and extension (top) buffers. The force-deflection characteristics are thus

simplified by letting ko “=ko1®'=ky; and ko1 "=kp1 ®=kv1, such that:

0; for |z,|<d
F, = kbl(:s—d)-i-kbz(zs—d)s; forz, >d (7.5)
Lkbl(:s +d)+ kb:(:: +d)3; for z, < ~d

where ky; and ky» are the linear and cubic stiffness of both the top and bottom buffers,
respectively. The top and bottom buffers are also considered to yield identical maximum
deflection, which is related to their thickness. Considering dm(‘)=dm(b)=a'm, the
optimization problem defined in Equation (7.1) may be expressed as:

U(») = minimize[VDV ratio)
subject to|z,| < d,, (7.6)

where the design vector includes only linear and cubic stiffness coefficient of the elastic
buffers and suspension free travel, given by:

gy =1k k) (7.7)

It should be noted that the maximum possible travel dm comprises half the free

travel of the suspension (d) and the buffer thickness Ty (i.e. dm=d+T:). In current

suspension design, the free travel and the buffer thickness are limited to ensure adequate

control by the driver. A lower value of free travel may cause more frequent impacts,

while a larger free travel will cause larger magnitude of relative motion of the driver. In

the study, two different values of free travel are selected (d = +40 and d = +50 mm),
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which conform with most modern suspension designs. This results in two different buffer

thickness (20 and 10 mm) to achieve the nominal maximum possible travel of

7.5 VDV Ratio of Optimal Buffers

The performance characteristics of human-suspension seat with optimal end-stop
buffers are investigated under harmonic excitations of varying magnitudes at a frequency
of 1.3 Hz. The influence of optimal buffer stiffness attained under different levels of
excitations on the VDV ratio is initially investigated. For the nominal free travel (+ 50
mm), which corresponds to buffer thickness of 10 mm, the optimum buffer force-
deflection curves are illustrated in Figure 7.2 under different excitation magnitudes. An
increase in excitation magnitude (1.4 to 2.8 m/s? rms) requires an increase in the optimal
buffer stiffness. In other words, a stiffer buffer is needed to prevent the suspension from
exceeding the constrained possible maximum travel, when the excitation magnitude is
increased. The results further show that the optimal buffers utilize the maximum
available travel (d,=60 mm) to reduce the severity of impacts.

The influence of variations in the free travel (or buffer thickness) on the force-
deflection characteristics of the buffers is further illustrated in Figure 7.3 under an
excitation magnitude of 1.4 m/s* ms acceleration. The results show that an increase in
buffer thickness (from 10 mm to 20 mm) causes a decrease in the optimal buffer stiffness.
A thicker and softer buffer is thus considered desirable to reduce the severity of impacts

by transmitting relatively lower magnitude of buffer forces to the suspension mass.
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Figure 7.2: The optimum buffer force-deflection curves under various
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Upon recognizing the significant influence of excitation magnitude on the optimal
stiffness values, the optimization problem is further solved for a wide range of excitation
magnitudes, ranging from 0.7 to 2.8 m/s’ rms acceleration. The corresponding optimal
stiffness values are used to demonstrate the influence of excitation magnitude and buffer
thickness on the VDV values. It has been observed that the optimal buffers always
possess only a linear stiffness coefficient, while the cubic stiffness coefficient converges
to zero, irrespective of the buffer thickness and excitation magnitude. The optimization
study thus suggests that linear elastic buffers provide optimal VDV response, when
contribution due to hysteresis are considered negligible. In all cases, the optimal solution
converges to the lowest possible value of linear stiffness in order to minimize the severity
of impacts. The buffers thus undergo their maximum deflection or full thickness,
irrespective of the excitation magnitudes.

The VDV ratio and optimal linear buffer stiffness obtained as functions of the
excitation magnitude are illustrated in Figures 7.4 and 7.5 for two values of buffer
thickness. The results show that excitation magnitudes lower than 1.2 m/s> mms
acceleration do not cause end-stop impacts. The suspension operates within its free travel
leading to nearly constant VDV ratio for different thickness values of the buffers, as
shown in Figure 7.4. The absence of end-stop impacts is further shown in Figure 7.5,
where the corresponding optimal buffer thickness is shown to be zero. An increase in
excitation magnitude from 1.2 to 1.3 m/s® causes a considerable increase in the VDV
ratio for a buffer thickness of 20 mm. This considerable increase in the VDV ratio occurs
at a slightlv higher excitation magnitude, from 1.3 to 1.4 m/s’, for the thinner buffer (10

mm thickness). The results thus show that end-stop impacts with thick buffer occur under
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a slightly lower excitation magnitude, due to reduced free travel. The corresponding
optimal buffer stiffness, shown in Figure 7.5, suggests that a much lower stiffness is
required for the thicker buffer to prevent severe end-stop impacts. When the excitation
magnitude is greater than 1.3 to 1.4 m/s® rms, the VDV ratio decreases slightly for both
values of buffer thickness. An examination of the time histories of body acceleration
under different excitation magnitudes and buffer thickness, 7,=10 mm, illustrated in
Figure 7.6, reveals that an excitation magnitude greater than 1.4 m/s’ rms acceleration
results in body hop motion. This body hop phenomenon induces slightly lower VDV ratio
shown in Figure 7.4. The true VDV value derived from the body acceleration response,
however, will continue to increase with an increase in excitation magnitude.

The results of the optimization study, presented in Figures 7.2 to 7.6, suggest that
use of thick and soft buffers with linear stiffness characteristics can lead to lower VDV
ratio response. Although thick buffers may cause more frequent impacts due to reduced
travel, their low stiffness tends to reduce the severity of impacts considerably. The
situations involving excessively high magnitudes of ride vibration necessitate high buffer
stiffness to limit the deflection. The resulting severity of impacts may be reduced by
relaxing the free suspension travel. Although the optimization study converges to linear
stiffness properties, it may be desirable to introduce slightly progressively hardening
properties, which is inherent in the elastic buffers. A very soft linear buffer may cause
extremely higher impact forces under high excitation magnitude, when the suspension
displacement tends to exceed the maximum travel or the linear range.

Very similar trends have been reported in an experimental study [23], in which a

suspension seat was tested with different rubber buffers. The force-deflection properties
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of two buffers, referred to as 'O’ and 'B' are illustrated in Figure 7.7. The buffer 'O’
exhibits strongly non-linear progressively hardening force-deflection characteristics, and
higher stiffness than buffer 'B', which possesses nearly linear stiffness over a wide range
of deflection. The thickness of buffer 'B' is considerably larger than that of buffer 'O'. The
proposed buffers were fitted into a suspension seat with resonant frequency of 1.6 Hz and
free travel of 50 mm. The VDV ratio response of the seat fitted with two buffers, were
evaluated experimentally, under different harmonic excitation magnitudes at the resonant
frequency. Figure 7.8 illustrates the VDV ratio response of the seat incorporating two
different buffers as a function of the excitation magnitudes. The results show the absence
of end-stop impacts, when the excitation magnitude is less than 0.5 m/s’ rms. The
suspension mechanism seems to be locked up, resulting in a unity VDV ratio response.
When the excitation magnitude is greater than 0.6 ms? rms, the VDV ratio increases
significantly. The softer and thicker buffer 'B' yields considerably lower VDV ratio than

the thinner and stiffer buffer 'O’ under high excitation magnitudes.

7.6 Optimal Buffer Design under Random Excitations

The optimal elastic properties of the buffers, presented in the previous sections,
were derived under resonant excitations of the suspension system. The excitations used
thus represent the most severe type of excitation resulting in end-stop impacts. The ride
vibration of most vehicles predominates in a frequency range, which is higher than the
resonant frequency of the suspension. Although the results obtained from the
optimization study yields considerable insight into the design of buffers, it is vital to

investigate the optimal designs under more realistic vehicular vibration excitations.
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From the results presented in Section 6.6, it is apparent that Class I excitation is
more likely to cause end-stop impacts, due to its lower central frequency and higher
magnitude than Class II spectrum. The optimization problem, derived in Equations (7.6)
and (7.7), is thus solved under excitations arising from Class I spectrum. The synthesized
Class I excitation, however, yields crest factors known to be considerably lower than
those obtained from field measured data. The optimization is thus performed under three
different excitation spectra, synthesized by amplifying the Class I excitation. The time
histories of acceleration excitation are amplified by factors of 1.0, 1.5, and 2.0, to realize
three different spectra. The optimization problem is solved to derive optimal values of ks,
and k2 for two different values of free travel, 50 and 40 mm, corresponding to 10 and
20 mm thick buffers, respectively.

Similar to the sinusoidal excitations, the optimal buffer force-deflection
characteristics under random excitations also converge to linear stiffness properties. The
optimal stiffness properties are attained to allow the maximum use of available
deflection, as observed earlier under harmonic excitations. Figure 7.9 illustrates the VDV
ratio response of the suspension seat employing optimal buffer stiffness for two different
values of buffer thickness. The figure shows the VDV ratio under three excitation spectra
with acceleration levels of 2.35, 3.53 and 4.70 m/s*> rms, indicated by 100%, 150% and
200% excitation magnitude. The VDV ratio response of the suspension seat with nominal
buffer characteristics is also evaluated and compared with the optimal response in the
figure. The figure also shows the VDV ratio response of an unsuspended cushion under
the three excitation spectra considered. The optimal buffers, irrespective of the thickness,

yield VDV ratio almost identical to that of the nominal buffer under 100% and 150%
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excitation spectra. The identical response of the nominal and optimal buffers is attributed
to the absence of end-stop impacts under these excitations. Both buffers yield VDV ratio
of approximately 0.73. It should be noted that both buffers yield a slight increase in VDV
ratio under 150% excitation spectrum, which may be attributed to occasional impacts.
The VDV ratio response of the nominal buffer approaches a value as high as 5, under
200% excitation spectra. The corresponding increase in the VDV ratio response of 10
mm and 20 mm thick optimal buffers with linear stiffness coefficients of 1.6x10° and
4.5%x10" N/m, are obtained as 3.6 and 3.1 respectively. The results show trends similar to
those observed for the optimal design under harmonic excitations, which further suggests

the use of thick and soft buffers to minimize the severity of impacts.

7.7 General Design Guidelines for End-Stop Buffers

The results from the optimization studies suggest that soft end-stop buffers that
can provide nearly linear stiffness over a large deflection are highly desirable to reduce
the severity of end-stop impacts. The stiffness coefficient of the buffer, however, should
be sufficiently high to prevent the buffer from being compressed to its high stiffness
range, under motions most likely encountered in a specific vehicle where the seat is
employed. This could be realized by implementing relatively thick buffers with low
stiffness. Thicker buffers, however, reduce the suspension free travel and thus may
increase the probability of end-stop impacts. The selection of buffer thickness thus
involves a compromise between its impact absorption capabilities and available effective
travel. The travel and stiffness requirements are further dependent upon the magnitude

and frequency contents of vehicular vibration. The design of end-stop buffers thus,
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ideally, involves optimization corresponding to the specific application of a suspension
seat. It may be recommended that the physical suspension travel limits (dm" and dn") be
relaxed to allow for the installation of thicker and softer buffers in order to reduce the
severity of end-stop impacts, without increasing the frequency of their occurrence.

From the results of the optimization study, it is evident that optimal elastic buffers
yield less severe end-stop impacts than those encountered with the nominal buffer
coefficients. The performance benefits of the optimal buffer are clearly illustrated in
terms of its VDV ratio response, which is considerably lower than that with conventional
buffers. The VDV ratio of the seat with optimal buffers under large magnitude of
excitation, however, is considerably higher than unity, suggesting that the suspension seat
amplifies the vibration transmitted to the seated driver. Under such excitations, an
unsuspended seat (cushion only) yields a VDV ratio of 1.14, which is considerably lower
than that due to seat with optimal buffer. This low VDV ratio may not be achieved with a
suspension seat with any optimal buffer design. Under low magnitude excitations (below
150%), however, an unsuspended seat results in VDV ratio larger than that due to the
optimal suspension seat (1.13 versus 0.72). It is therefore reasonable to recommend that
the suspension seat operate only when end-stop impacts occur occasionally. Under
vibration excitations inducing repetitive and severe end-stop impacts, it is preferable to
lock up the suspension mechanism manually or automatically. The threshold of

suspension lock-up, however, would depend on the specific application of the seat.
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7.8 Summary

Conventional suspension seats use rubber buffers to reduce the severity of end-
stop impacts. Many of the buffer designs induce severe end-stop impacts. The severity of
end-stop impacts is strongly related to the stiffness and thickness of rubber buffers, and
the magnitude and frequency contents of the excitation. An optimization problem is
formulated to identify optimal stiffness characteristics of the buffer as functions of
excitation magnitude, free travel or buffer thickness. A parametric study is performed to
demonstrate the negligible contributions due to buffer hysteresis to the overall suspension
response. The solution of an optimization problem under both harmonic and random
vibration excitations revealed that relatively soft and thick buffers are desirable to
minimize the severity of impact, measured in terms of VDV ratio. The solution also
converged to buffer design with linear stiffness characteristics, irrespective of type and
magnitude of excitation, and the available travel. The results show that optimal thick
buffers yield VDV ratio response, which is nearly 38% lower than that caused by the
conventional suspension seat design. Although end-stop buffers can be optimized to some
degree through selection of stiffness and thickness, the VDV ratio response under large
magnitudes of excitation invariantly remains higher than unity. On the other hand, an
unsuspended seat yields considerably lower VDV ratio under relatively high magnitude
excitation. Under such excitations, a suspension seat with passive elastic buffers and
travel limits, will always yield large values of VDV ratio. It is therefore recommended
that the suspension seat only operate when end-stop impacts do not occur or occur
occasionally. Under vibration excitations inducing repetitive and severe end-stop

impacts, it is preferable to lock up the suspension mechanism.
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CHAPTERS8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

8.1 General

Many vehicles employed in industrial, agricultural, forestry and transport sectors
pose vertical vibration and shock of comprehensive magnitude in the 1 to 20 Hz
frequency range. The magnitude of such whole-body vibration is known to be especially
significant in the 1 to 5 Hz frequency range. Prolonged exposure to such vibration and
shocks is known to contribute to the degradation of health and comfort of drivers.
Suspension seats, with a suspension mechanism mounted below or behind the seat
cushion, have been developed to attenuate such low frequency vibration. The suspension
mechanisms are designed with low stiffness to achieve effective vibration isolation
performance, but limited travel so as not to impede drivers’ interactions with the controls.
Suspensions with low stiffness yield a large dynamic deflections when exposed to
shocks, or low frequency and high magnitude vibration. Large magnitude relative
deflection response often causes the suspension to reach its travel limits, and produce an
impact against end-stop buffers. The operator is thus subject to repetitive shock motions,
and exposure to such motion is known to be more detrimental to operator health and
safety, than that due to the steady-state vibration. The thesis research was formulated to
develop an analytical human-suspension seat model to effectively analyze the system and
provide design guidelines to enhance driver protection under representative off-road

vehicle vibration environments.



8.2 Highlights of the Study

The study of suspension seats, and transmission of vibration and shock motion to
the driver involves biodynamic characterization of the seated driver, and analyses of
suspension seat and coupled human-suspension seat systems. The thesis research is
therefore carried out in systematic phases: (i) synthesis of biodynamic response
characteristics of seated drivers and development of a seated human body model; (ii)
development and validation of a coupled human-suspension seat system model; and (iii)
pararnetrié sensitivity analyses and optimization of the coupled dynamic system to
maximize isolation of steady-state vibration and minimize the severity of end-stop

impacts. The major highlights of this investigation are summarized as follows:

Factors Influencing the Biodvnamic Response Characteristics of Seated Drivers

The human body exhibits complex biodynamic response characteristics, which are
affected by many factors, including posture, mass, and vibration magnitude and
frequency. The biodynamic response data reported in published study is thoroughly
analyzed in an attempt to characterize the contributions due to these factors. Although
body size and mass can have a definite influence on the driving-point mechanical
impedance (DPMI) or apparent mass (APMS) and seat-to-head transmissibility (STHT),
it is changes in the body posture (i.e. back support, torso inclination, muscle tension, feet
support, etc.) that often cause the largest variations. The STHT, in general, is found to be
more sensitive to changes in seated posture than the APMS or DPMI. Excitation levels, if
varied within a wide range, can cause the resonant frequency of the seated body and the

magnitudes of DPMI/APMS and STHT to shift towards lower values. The analysis of the
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reported data clearly reviewed highly complex contributions due to variations in the test
conditions, and subject characteristics. A generalized range of biodynamic response
characteristics may be identified, when variation in test conditions are controlled within
acceptable bounds. For applications involving vehicular whole-body vibration and shock
environment, it is vital to identify a range of representative working conditions under

which the limits of biodynamic response behavior may be established.

Data Svnthesis of Biodvnamic Response Characteristics of Seated Drivers

Due to the significant variations in subject population and posture, and magnitude
and types of excitations used in different studies, the reported data in the literature differ
considerably in magnitude and phase response in terms of DPMI/APMS and STHT. The
measured biodynamic data acquired from 22 different studies, were examined in view of
the test conditions, subject population and biodynamic measures. The data sets acquired
under conditions considered to be representative of vehicular vibration and shock were
further analyzed to derive a range of idealized biodynamic response characteristics. A
synthesis of selected data grouped under similar test conditions was performed to
characterize the DPMIAPMS and STHT of the seated subjects with feet supported, and
exposed to vibration excitation levels lower than 5 ms? in the 0.5 to 20 Hz frequency
range. The variations among the selected data sets were further reduced by excluding
outliers and odd-behaved data sets based on the standard deviation analysis. The data that
fall within the proposed range of idealized values are considered to provide acceptable
representation of the seated human body’s biodynamic response behavior under the

specific range of conditions.
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Relationship between Biodvnamic Response Functions
The driving-point mechanical impedance (DPMI) or apparent mass (APMS) and

seat-to-head transmissibility (STHT) have been extensively used to characterize whole-
body dynamic response to vibration. While both the DPMI and APMS describe the force-
motion relationship at the human-seat interface, different studies have employed these
functions interchangeably assuming that they represent the data equivalently.
Relationships between the two functions and between the functions and STHT, are
investigated through an analysis of measured data and selected human body models. Both
the experimental data and theoretical analyses, revealed that the APMS tends to yield
smaller variations in the primary resonant frequency than those obtained from the DPMI
data. The primary resonant frequency derived from the APMS data most likely represents
the damped natural frequency of the biodynamic system, while the DPMI data vields
considerably higher resonant frequency. It has been concluded that the wide range of
variation in the primary resonant frequency is inherent in the biodynamic measure based
upon DPMI. Although not related by definition, the similarities between the normalized
APMS and STHT were clearly established, especially in view of the primary resonant
frequency.

From the analysis of four different biodynamic models, it was concluded that both
the APMS and STHT functions yield primary resonant frequency close to the damped
natural frequency of the dynamic system. The results suggest the possibility of
developing a simple and unique human body model based on both the APMS and STHT

response characteristics.



Human Body Model Development

Majority of the human body models reported in the literature have been derived
on the basis of APMS/DPMI or STHT. Such models thus do not correlate well with both
‘to the body’ and ‘through the body’ functions. It is proposed that the uniqueness of the
human body model can be significantly enhanced by curve-fitting the magnitude and
phase response characteristics of both the ‘to the body’ and ‘through the body’
biodynamic behavior of the seated subject in terms of the APMS and STHT functions.
Only a few models have been derived on the basis of DPMI/APMS and STHT data.
However, these models were derived based on DPMI/JAPMS and STHT data measured
separately and/or under vaguely defined test conditions. In view of the influence of
various test conditions on the measured responses, a human body model should be based
on APMS and STHT data measured under identical test conditions, which represent the
typical conditions encountered in heavy road or off-road vehicle driving.

Laboratory tests were performed to measure the STHT and APMS response of a
group of subjects under selected test conditions. The inertia and pitch corrections were
performed to derive the mean and range of APMS and STHT data for the test subjects. A
three degree-of-freedom linear human body model is proposed and its parameters are
identified from both the measured APMS and STHT data using multi-parameter
optimization techniques. A generally good agreement between the computed and
measured biodynamic response characteristics was obtained under the representative test
conditions. The proposed model is thus considered applicable for the study of seating

dynamics in off-road vehicles.
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Investigation of Dvnamic Pressure Distribution at the Human-Seat Interface

The pressure distribution at the human-seat interface affects the comfort of
vehicle drivers. While some studies reported the measurements of pressure distribution
under static seating, the dynamic pressure distribution on automotive seats has not been
investigated. The effects of magnitude and frequency of vibration on the pressure
distribution on both rigid and soft seats are investigated in terms of ischium pressure,
effective contact area and contact force. The measured data is analyzed to examine the
effectiveness of analytical representation of a seat cushion.

The study revealed that under vibration excitation, the maximum variations in the
ischium pressure and the effective contact area on a soft seat occur around the resonant
frequency of the human-seat system. An increase in excitation magnitude causes
increased maximum ischium pressure and maximum effective contact area around the
resonant frequency of the human-seat system. The time histories of dynamic ischium
pressure, effective contact area and contact force on the rigid seats are almost symmetric
with respect to their static values within the ranges of excitation magnitude and frequency
considered in the study. Those measured on the soft seat, however, revealed significant
asymmetry, when the excitation magnitude is large and the excitation frequency is in the
vicinity of the resonant frequency of the human-seat system. The asymmetric response
characteristics of the cushion are mostly attributed to the nonlinear force-deflection
properties of polyurethane foam materials, contour shape of human buttocks, body-hop
motion and cushion bottoming tendencies. The results suggest that a nonlinear cushion

model may need to be developed to account for these behaviors.
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Development of a Nonlinear Seat Cushion Model

Based on the study of dynamic pressure distribution, a nonlinear seat cushion
model is developed and validated. The nonlinear analytical model is analyzed to derive
contact force and acceleration transmissibility, which are compared with the
corresponding measured data. The comparison revealed good agreement between the
model response and measured data in terms of contact force and acceleration
transmissibility. The model is further analyzed to demonstrate the occurrence of body
hop motion and cushion bottoming under high magnitudes of excitation, which may

occur 1n off-road vehicle operation.

Development of a Human-Suspension Seat System Model

A coupled human-suspension seat system models is derived upon integrating the
proposed human body and cushion models to a nonlinear suspension model. The
suspension seat model is developed incorporating nonlinear and asymmetric force-
velocity and force-deflection properties of the damper and elastic end-stops. The
Coulomb friction due to suspension linkages is represented by an ideal friction force. The
coupled human-suspension seat system model was analyzed under harmonic and random
excitations of two different classes of vehicles. Laboratory tests were performed and the
measured data was analyzed to derive the acceleration transmissibility and PSD of
acceleration. The validity of the proposed combined human-suspension seat model was
demonstrated by comparing the computed acceleration transmissibility and dynamic
response characteristics under given vibration excitations, with the measured data. The

combined model revealed a close agreement with the measured data under both
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excitations. The proposed model is thus considered a valid and effective tool to study the

steady-state vibration and end-stop impacts performance of suspension seats.

Optimization of Human-Suspension Seat System for Vibration Attenuation

Suspension seats are generally designed to attenuate steady-state vibration, which
is strongly affected by many design factors in a complex manner. A parametric sensitivity
anaiysis was thus conducted to identify the factors that affect the vibration isolation
performance most significantly. Suspension spring rate and damping coefficients were
found to be two key factors influencing the vibration attenuation performance, and a soft
spring and a light damping generally resulted in improved vibration attenuation
performance. The results of the study further revealed that attenuation of continuous and
transient vibration imposes conflicting design requirements. It is proposed to optimize the
suspension design to maximize the attenuation performance under steady-state vibration,
while the severity of impacts be minimized through design of end-stop buffers. An
optimization function was thus formulated to minimize the SEAT value under excitation
arising from two different classes of vehicles. The peak relative displacement was
constrained to be lower than the permissible travel to minimize the occurrence of
occasional end-stop impacts. For the specified excitation spectra defined in ISO 7096, a
set of design parameters were recommended for optimal attenuation of steady-state
vibration, by limiting the relative displacement of suspension within a predefined
constraint range. These optimal design parameters are considered to be applicable to
suspension seats used in vehicles whose floor vibration spectra are similar to those

defined in the standard.
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Analvsis of Suspension Seat End-Stop Impacts

Suspension seat end-stop impacts occur when the suspension approaches the end
of its travel during exposure to shocks or low frequency high magnitude excitations.
Exposure to such repetitive impacts may result in an increased risk of injuries among
drivers. While the severity of such impacts may be reduced through appropriate selection
of suspension stiffness and damping properties, such adjustments involve a compromise
in view of vibration isolation performance. Current designs of suspension seats,
invariably, employed elastic end-stop buffers to limit the suspension displacement to
within a fixed clearance, while some seat designs use stiff buffers resulting in
transmission of high magnitude shock motions arising from end-stop impacts. A
comprehensive analytical model of elastic buffer is proposed to incorporate its nonlinear
force-deflection and energy dissipation properties. A second stage optimization is
performed to minimize the severity of impacts by minimizing the vibration dose value
(VDV) ratio of the human-suspension seat system. The optimization is performed under
both harmonic and random excitations of different magnitudes to identify desirable force-
deflection characteristics of buffers. The results of the optimization study revealed that
soft and thick buffers with linear stiffness characteristics over a large range of deflection,

are highly desirable for reducing the severity of end-stop impacts.

8.3  Conclusions
On the basis of the studies conducted in this dissertation, the following major
conclusions are drawn:

e The biodynamic response behavior of seated subjects is invariably described in
terms of the driving-point mechanical impedance (DPMI) or apparent mass



(APMS) and seat-to-head transmissibility (STHT). Both the DPMI and APMS
describe ‘to the body’ biodynamic response, while STHT describes ‘through the
body’ biodynamic response.

From study of reported biodynamic characteristics, it is apparent that
DPMI/APMS and STHT are influenced by many factors related to subject
characteristics and test conditions.

The DPMI or APMS of seated subjects is affected primarily by the body mass and
factors affecting the seated posture, such as presence or absence of back support,
backrest inclination, muscle tension and feet support.

The STHT is affected primarily by the seated postures, including head position,
torso inclination, backrest contact and muscle tension. The ‘through the body’ or
STHT biodynamic function revealed significant sensitivity to variations in
postural factors, than ‘to the body’ or DPMI/APMS functions.

The DPMI'APMS and STHT are affected by the excitation magnitude only if the
magnitude is varied considerably.

The DPMI/APMS magnitude exhibits peaks near 5 Hz and 10 Hz, which are
considered as the resonances associated with deflections of the chest and spinal
supporting structure, and caused by the contact between the thighs and the seat
pan, respectively.

In view of extensive variations in the reported biodynamic functions and
complexities associated with identification of sources of variability, it is proposed
that limits of biodynamic response functions be established for a specific
application. A range of representative working conditions applicable to vehicle
driving can be identified under which the limits of biodynamic response behavior
must be derived.

The target values and envelopes of the DPMI/APMS and STHT are derived, by
limiting the selection of data sets measured under identified test conditions
commonly encountered during off-road vehicle driving, and further by excluding
outliers and odd-behaved data sets based on standard deviation analysis.

Representation of ‘to the body’ functions in terms of DPMI and APMS revealed
that APMS reveals considerably less variations in primary resonant frequency
than that observed in DPMI.

Analysis of selected biodynamic models revealed certain similarities in the
magnitude and phase response of normalized APMS and the STHT, specifically
in terms of primary resonant frequency. The analysis revealed considerable
variations and discrepancies when DPMI function is considered. The DPMI
function further revealed higher sensitivity to variations in model parameters. It is
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thus recommended to describe ‘to the body’ biodynamic response in terms of
APMS.

The APMS and the STHT of six subjects are measured under test conditions
specified in the criteria. The measured vertical acceleration of the head revealed
significant contribution due to its pitch motion, which can be corrected through
measurement of pitch acceleration and consideration of pitch oscillation center.

A reasonable agreement is found between the measured data and the idealized
values determined in the data synthesis. Analysis of the measured data further
demonstrated the similarity between the APMS and STHT biodynamic functions,
especially in terms of primary resonant frequency.

Biodynamic models developed on the basis of one biodynamic function, in
general, yield poor agreement with the other biodynamic function. The
uniqueness and validity of the seated body model can be considerably enhanced
upon appropriate consideration of magnitude and phase components of both ‘to
the body’ and ‘through the body’ biodynamic functions. A three degree-of-
freedom seated human body model, derived on the basis of both APMS and
STHT data for drivers maintaining an ENS posture, resulted in good agreement
with both the measured APMS and STHT data.

The pressure distribution at the human-seat interface under static and dynamic
seating was measured on both a rigid and a soft seat. While the rigid seat yields
high concentration of interface pressure near the tuberosities, the soft seat tends to
distribute the contact force over a wider contact area. The soft seat, however,
causes relatively high pressure in the thigh-cushion contact area, which may cause
operator discomfort. The magnitude of contact force and ischium pressure
approaches peak values under vibration excitation near the resonant frequency of
the coupled human-seat system, irrespective of the seat characteristics, posture
and body weight.

The dynamic ischium pressure, the dynamic contact force and the effective
contact area at the human-cushion interface exhibit strong asymmetries with
respect to their static values under large excitation magnitude and at frequencies
near the resonant frequencies of the human-suspension seat system, contributed
by nonlinear properties of the seat cushion and buttocks tissue, and contour shape
of the buttocks.

A nonlinear and asymmetric seat cushion model is developed which accounts for
the body hop motion and the cushion bottoming. The analytical model revealed
good agreement with the measured data in terms of acceleration transmissibility,
contact force, and cushion bottoming and body hop tendencies.

The design and assessment of shock and vibration attenuation performance of
suspension seats necessitate analysis of seating dynamics coupled with
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biodynamic response characteristics of the seated body. A coupled human-
suspension seat model, developed upon incorporating the proposed three degree-
of-freedom seated body and nonlinear cushion models, can serve as an effective
design and assessment tool. The nonlinear suspension model was developed upon
incorporating multi-stage asymmetric damping, and nonlinear force-deflection
characteristics due to elastic end-stop buffers.

A comparison of the response characteristics of the analytical human-suspension
seat model with the laboratory measured data revealed high degree of validity of
the model under both harmonic and random vehicular vibration.

The influence of variations in design parameters of the coupled human-suspension
seat model is investigated in terms of seat acceleration transmissibility and SEAT
(Seat Effective Amplitude Transmissibility) value under both harmonic and
random excitations defined for two different classes of vehicles. The results of
parametric sensitivity analyses revealed that variations in suspension spring rate,
low speed compression damping coefficient, suspension mass, friction, damper
inclination angle and cushion stiffness affect the seat performance considerably.

Attenuation of continuous and transient or shock type excitation poses conflicting
design requirements for the suspension seats. High magnitude transient
excitations cause severe end-stop impacts due to travel limits of the suspension.
While attenuation of continuous vibration requires soft and lightly damped
suspension, the control of shock motion can be achieved through high damping
and relaxed travel limits. Since continuous vibration predominate the whole-body
vehicular vibration environment encountered during majority of the operations, it
is desirable to design suspension seats for maximum vibration isolation. The
severity of end-stop impacts can be reduced through optimal design of elastic
buffers.

The optimal design of suspension seats for isolation of vibration can be realized
by minimizing SEAT value, while limiting the peak dynamic deflection below the
free travel limits. The optimal design under Class I excitation, predominant
around 1.85 Hz, consisted of lighter damping, softer spring rate, lower degree of
damping asymmetry and larger suspension mass, than the nominal design. The
optimal design resulted in SEAT value of 0.73 under Class I excitation, which is
26% lower than that obtained with nominal suspension. The optimal design for
Class II excitation, predominant about 2.1 Hz, converged towards undamped and
low spring rate suspension. The resulting SEAT value was obtained to be 0.3,
which is 68% lower than that obtained for the nominal suspension.

An optimal design vector based upon Class I excitation is recommended, since
this class represents more severe excitation among the two classes considered.



8.4

e The suspension performance under high magnitude excitations involving end-stop
impacts can be best assessed in terms of VDV (Vibration Dose Value) ratio. The
severity of end-stop impacts may thus be related to the VDV ratio.

e The design optimization for reducing the end-stop impact severity is performed
by minimizing the VDV ratio under both harmonic and random excitations of
varying magnitudes. Since the results of an analytical study revealed negligible
contributions due to hysteresis of buffers, the design optimization studies thus
focus on the elastic force-deflection properties of end-stop buffers. The
optimization studies, invariably, converged towards elastic buffers with linear
stiffness characteristics, irrespective of magnitude and type of excitation.

e It is concluded that the severity of impacts or VDV ratio can be best minimized
bv introducing thick and soft buffers with linear stiffness properties. Sufficiently
high stiffness, however, is vital to prevent the suspension approaching its
maximum available travel.

e Relaxed free travel can further reduce the VDV ratio response.

e Although thick buffers may lead to more frequent impacts, their low stiffness
properties tend to reduce the severity of impacts.

e The suspension seat equipped with optimal elastic buffers resulted in VDV ratios
of 3.5 and 3.1 with two values of buffer thickness, respectively, under random
excitation synthesized as 200% of the magnitude of Class I excitation. The values
are nearly 70% and 62% of that attained with nominal buffer suspension.
Although the optimal designs result in lower values of VDV ratio, the response
still tends to be considerably large.

e Under high vibration excitation levels, when repetitive and severe end-stop
impacts occur, it is preferable to lock up the suspension mechanism. A cushion
seat yields considerably lower value of VDV ratio, when compared to that of the
suspension seat under such excitations.

Recommendations for Future Studies

The following areas are recommended for future research:

The human body model developed in this study is actually a mathematical curve-
fitting model. In order to develop anatomical subsystem model describing accurately
the body dynamics, more measurements on the seat-to-body segments transmissibility
are needed to understand the way vibration is transmitted through the human body.
The measurements should include the vibration transmission along the pitch
direction, and the model may have degrees-of-freedom in the pitch mode.



The human body model developed in this study is primarily applicable to the study of
off-road vehicle driver seating, where the seated posture is usually an ENS posture.
Errors may be expected, when the model is applied to study the seating dynamics in
vehicles where the driver usually assumes an EBS posture. The human body model
parameters should thus be identified to characterize the biodynamic response for the
EBS posture.

A more accurate seat cushion model may be needed to account for the load and
frequency dependencies of the stiffness and damping coefficient.

Comprehensive criteria need to be developed to evaluate the overall performance of
suspension seats, including attenuation of steady state vibration, prevention of end-
stop impacts, and the frequency of occurrence of end-stop impacts and body hop
motion.

The threshold of vibration excitation above which a suspension mechanism is
undesirable needs to be examined based on the field measurements of vehicle
vibration. A control mechanism may be proposed to lock-up the suspension based
upon feedback from the frequency of impacts and VDV ratio.
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