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ABSTRACT

STUDY OF DISTRIBUTED OCCUPANT-SEAT INTERACTIONS AS AN
OBJECTIVE MEASURE OF SEATING COMFORT

Anthony Tarczay

The automotive interior is characterized as a confined workspace into which the
occupants are required to adapt in order to perform the normal driving and vehicular
control tasks. As part of the interface between the driver and the automobile, the
automotive seat must provide the occupant with a comfortable environment in which
driving can be performed in a safe and comfortable manner. Prolonged exposure to
excessive loading on the body in the seated position is related to discomfort and pain.
Seating comfort has been found to be a complex function of the occupant anthropometry,
the seated posture and many seat design factors. The characterization of the interactions
between the occupant and the seat under various conditions thus constitutes an important
goal for enhancing the knowledge of essential design factors that could yield improved
seating comfort.

The occupant-seat interactions are investigated through measurement and analysis
of the generalized and distributed contact forces and pressures at the body-seat-pan and
body-backrest interfaces of a total of three different automotive seats. The contact force,
contact area, and peak and mean pressure responses are analyzed as a function of the
occupant anthropometry, the seated posture and the seat design features. Single and
multi-factor statistical analyses are performed for the response data to identify the

significance of the experimental factors considered in this study.
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Those include posture related factors, such as seat height, the knee angle and the backrest
angle, while the seat design factors are quantified by the cushion static stiffness over the
entire subject weight range as well as the cushion contouring. Multiple linear regression
functions are formulated to describe the relative contribution of the significant factors to
the measured responses. The results of the comprehensive statistical analyses reveal that
the alleviation of high interface pressures in some areas of the body pose conflicting
contact effects on other body segments also known to be sensitive to pressure loading.
Investigations into the cushion properties have shown that adequate cushion contouring
and appropriate static stiffness also provide efficient methods for the alleviation of

pressure loading.
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CHAPTER 1
INTRODUCTION AND SCOPE OF RESEARCH

1.1  Introduction

The interior environment of the automobile can be characterized as a confined
workstation into which drivers and passengers are required to adapt in order to perform
the driving tasks. The function of the interior therefore is to provide the occupant with a
suitable workspace in which the driving and control tasks can be performed in a safe and
comfortable manner. The human sensation of short and long-term comfort is strongly
dependent on the seat design together with the placement of controls. The presence of
extreme vibration as in off-road vehicles, and poor workstation configuration design that
encourages inédequate posture, could contribute to physiological symptoms of discomfort
and pain. The design of automotive seats with enhanced comfort therefore necessitates
careful consideration of the relationship between the seated occupant and the vehicle.
Due to the unnatural posture in a seated position, body parts including the buttocks,
thighs, lower legs and feet act as mechanical levers that help stabilize the body. It has
been reported that prolonged exposure to an insufficiently supported posture leads to
excessive static loads on the body, which result in a sensation of discomfort [1]. The
occurrence of localized high pressures at the human-seat interface is known to cause soft
tissue deformation leading to restricted blood and nutrient flow to the lower extremities
resulting in human discomfort [2]. Furthermore, prolonged exposure to vibrations
induced by the road surface irregularities and automotive components has been found to
cause chronic health problems including: low back pain, spinal disorders, abdominal pain

and vision disorders in the 0.5 - 80 Hz frequency range [3]. The combination of



prolonged sitting and the adverse physiological effects of exposure to vibration create an
uncomfortable, and in some cases painful environment that may decrease the level of
performance resulting in unsafe driving.

The comfort provided by an automotive seat is related to many design factors
including: adjustability, weight distribution, seat geometry, seat cushion properties,
vibration isolation, and aesthetic appeal. The sensation of sitting comfort is related to all
these factors in a highly complex manner, and is difficult to quantify due to extreme
variabilities in individuals’ perceptions and preferences. Designing for comfort therefore
requires an in depth understanding of the relationship between the behavior of the human
body in the seated position and these factors. Considerable efforts have been attempted to
develop effective guidelines to help design more comfortable seats. Early comfort
assessments consisted in surveying sample populations on their perception of comfort in
an automotive seat. This allowed seat designers and manufactures to obtain feedback on
the level of comfort provided by a specific seat feature relative to the overall comfort of
the seat. This approach, while necessary in the assessment of comfort, is laborious and
requires a large number of subjects to obtain valid results and can also only be applied
after a seat has been manufactured. Furthermore, such an approach can yield helpful
design information, when relative assessments of different seats or features are involved.
In an attempt to streamline the design of seats, considerable efforts are now being
directed to define objective measures of the seat comfort performance. The objective is to
develop quantitative tools, such as seat cushion models, that could provide insight
regarding the comfort of a specific seat or feature in terms of support characteristics and

vibration isolation. Very little progress, however, has been made and is mostly due to the



lack of well correlated measures of comfort, measurement analysis methods, and extreme
variabilities among the individuals’ perception and preference.

In this research dissertation, the occupant-seat support characteristics are
investigated in terms of human-seat interface pressure distributions. The dependence of
the anthropometric factors, the seat geometry, the seat height, and the resilient properties
of the seat cushions and the backrests, are explored in an attempt to identify fundamental

relations between interface pressure and the factors considered.

1.2 Review of Literature

The ability to predict the level of comfort provided by an automotive seat requires
an in depth understanding of the biomechanics of the seated posture as well as the effects
of seat geometry, seat properties and vehicle environment on perceived comfort. To
further study the issue of seat comfort, knowledge of the past and current assessment and
measurement techniques is warranted. Thus, the following literature review highlights the
relevant research pertaining to the biomechanics of comfort, current seat design
methodology, and various comfort assessment techniques, in order to define the scope

and objectives of the present research thesis.

1.2.1 Biomechanics of Comfort

In order to make seats more comfortable, knowledge of what constitutes
discomfort is of fundamental importance. The argument is that if a seat feature is known
to cause discomfort, then it can be removed or modified in the design process to yield a

better seat. The biomechanics pertaining to comfort in the seated position then refers to



the interactions at the human-seat interface, which could yield information relevant to
body behavior while performing the driving tasks. During sitting, the primary supporting
members of the body are the spine, pelvis, legs and feet, which act as a system of
mechanical levers that help stabilize the body. The natural curvature of the spine, shown
in Figure 1.1, is the shape in which the pressure distribution over the cervical discs and

the level of static loading on the inter-vertebral muscles is optimum [1].
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Figure 1.1: Lateral view of the spine in its natural shape



A posture that does not allow the spine to maintain its natural shape is thus assumed to
eventually cause discomfort. This is explained by the fact that the muscles and tendons
surrounding the spine help maintain its natural shape, and any deviation from this shape
increases the stress on the surrounding muscles and tendons. The biomechanics related to
the seated position can thus be further examined in three ways: first, from an orthopedic
perspective which relates to the seat features that may cause the spine to adopt an
“unnatural posture”, secondly, from a muscular aspect related to the energy expansion
required to maintain stability in the seated posture from the muscles, and finally, from a
behavioral aspect that is related to the physiological perception of comfort [1]. The
deviation from the natural posture could thus yield an increase in the muscle activity
required to maintain the posture; if this posture is sustained without any external support,
the static loading on the spine increases encouraging muscular fatigue and spinal
deformation, which could cause reduced comfort and increased stress on the spine
[1].Therefore, providing sufficient support to the back will inevitably reduce the stress on
the spine and its supporting muscles and tendons. Figure 1.2 illustrates how the lack of
proper support leads to excessive deformation of the spine, particularly in the thoracic
and lumbar regions where both the kyphotic and lordotic curves of the spine are hyper-
extended [5]. The lack of lower back support also allows the pelvis to rotate counter-
clockwise towards the rear into an unstable position also leading to an increase in stress
in its surrounding muscles and tendons. Thus the lack of proper back support can also

affect the comfort perception in the IT and sacro-illiac region of the body.



(3

]

Figure 1.2: Lateral view of spine in poorly supported posture [5]

Figure 1.3, on the other hand, clearly shows how strategically placed back support
can reduce the amount of spinal deformation by supporting its natural shape and reducing
the amount of pelvic rotation. Much work has been done to define seat configurations
that provide a minimum level of discomfort. Figure 1.4 and Table 1.1 summarize the

dimensional values that have been reported to provide postures of least discomfort [4-9].

Figure 1.3: Lateral view of the spine in a properly supported posture [5]
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Figure 1.4: Reference dimensions for automotive seat design

Table 1.1: Reported dimensional ranges for postures of least discomfort

MEASURE | A (deg) | B (deg) | C (deg.) |D (deg)|E (deg.) | F (deg) | L1 (cm) |12 (cm) I({ci‘))
Dempsey [4] |80-106| _ _ _|s-21|5-15] 9529 | - | 27x6
Mcs(?gfririsclfc[ 5 | 9512095135010 J20-30| ~ ] ~

Xorﬁls;n[gj 100-105| _ |35-40| _ | 6-8 | 28-38 |43-46| _
M?Fﬁiﬁd&m Hzes - - -1 - - -
Judic et al. [8] | 95120 |95-135|78-105|40-70|20-30 |12-25| _ _ _

Weichenreider [9]] 90-122 [90—143|73-113] _  |10-34| _ _ _ ~




While a number of studies have proposed the ranges of seat dimensions to realize
postures of least discomfort, considerable variations exist among different studies, as
evident from the tabulated results. In addition to the spine, both the pelvis and the Ischial
Tuberosities (IT) are under a considerable amount of stress, since both are the primary
weight bearing structures of the body, in the seated position. The IT carry up to 75% of
the body weight over an area of approximately 25.8 cm? (4 in.?) [4]; when the body first
settles into a seated posture, the fatty tissues and the muscles surrounding the IT move
away from under the bony area thereby reducing the distance between the skin of the
buttocks and the bones. This results in an increase iﬁ pressure on the skin surrounding the
IT, and, if no action is taken to relieve or reduce the pressure, the loading will continue
to increase until it reaches the capillary pressure of 5.03 kPa (0.73 psi) where blood
circulation is cut-off and skin cells begin to die (necrosis). Failure to alleviate these
localized high pressures, will lead to the onset of a burning sensation and the pain
threshold of 56 kPa (8.2 psi) is reached in about 30 minutes [10]. This raises the issue of
cushion compliance and the properties of the cushion materials and the requirement to
have some knowledge on their contribution in reducing the magnitude and distribution of
pressure at the human-seat interface.

Moreover, the automobile represents a dynamic environment where the whole-
body vibrations arising from irregular road profiles and various components are
transmitted to the occupant through the seat. The soft tissue organs within the body may
undergo significantly higher or lower deformations depending on the applied frequency
and magnitude of vibration. It has been reported that under vibration at frequencies below

2 Hz, the body behaves similar to a mass and the dynamics of the seat have very little



influence. The presence of vibration in the range of 4 — 5 Hz, however, is known to excite
the vertical resonant deformations of the spine and its supporting structure, and may
cause extreme discomfort. Automotive seats have also been found to reduce vibrations at
frequencies above 10 Hz [3]. The effects of vibration on health, motor performance and
vision have also been reported in a number of studies [1,3]. Of greater significance to seat
designers however, are the effects of vibration on the perception of comfort. Exposure to
vibrations of rms accelerations above 0.06 — 0.09g in the 4 to 20 Hz frequency range has
been reported to cause discomfort among transport passengers [11]. Based on the
findings reported in [1,3] the body posture can be considered to have a significant effect
on the manner in which vibration is transmitted to the body. Designing an automotive
seat thus requires careful consideration of both the seat characteristics as well as the body
posture in order to minimize vibration-induced discomfort. The design process would
therefore require complete knowledge of the effects of the different seat parameters, such
as cushion geometry, cushion stiffness, foam density, backrest geometry and contact
characteristics. In order to minimize the adverse effects of poor seated posture, based on
biomechanics alone, a good automotive seat must provide:

e The presence of adequate adjustable support and some freedom of mobility inside
the vehicle in order to enhance driving efficiency.

e The seat features must allow for adjustability in the longitudinal direction as well
as angular adjustability of the back support to accommodate users of various
stature.

e An appropriate adjustable backrest support is vital to maintain the natural
curvature of the spine.

e Good cushion support is essential to reduce the magnitudes of peak pressure
surrounding the sensitive parts of the body, specifically near the IT and the thighs
just above the knees.



e Poly-Urethane Foam (PUF) material and the seat construction must aid in
reducing the magnitudes of vehicular vibrations transmitted to the human body.
1.2.2 Seat design methodology
Automotive seat design in North America generally follows the guidelines
established by the Society of Automotive Engineers (SAE) standard J826 for road
vehicles [12]. This standard defines a two-dimensional (2D) H-point template and a
three-dimensional (3D) H-point machine, which are used to define and measure vehicle
seating accommodations. The H-point is the pivot center of the torso and the upper thigh
on the recommended 2D and 3D devices. Apart from this, a seating reference point
(SgRP) defines the design reference point of a specific for éeat which [12]:
1. establishes the rearmost normal design driving or riding position for each
designated seating position, upon consideration of all modes of adjustments

(horizontal, vertical and tilt).

2. utilizes established X, Y and Z coordinates relative to the designed vehicle
structure.

3. simulates the position of the pivot center of the human torso and thigh.
4. defines the reference point employed to position 2D drafting template with the
95™ percentile leg as outlined in SAE J826 [12].

The devices defined by the standards are used to obtain passenger compartment
dimensions using a deflected seat rather than a free seat contour to define seating space.
Figure 1.5 shows the 2D H-point template used in the preliminary design phase of
automotive interiors. The template represents the profile of an adult male with shoes, and
consists of separate torso, thigh, lower-leg and foot segment;% with locking pivot joints.

Reference bars are also located at all articulated joints so that the angular relationship

10



between body segments can be determined. The standardized 2D template is used to

display [12]:

1.

Passenger compartment space and seating attitude during conceptual, engineering,
and development stages of a new vehicle.

Passenger compartment space and seating attitude for comparison and reporting
purposes.

Data obtained from checks made with the 3D H-point machine.

SHOULDER REFERENCE POINT

AN TORSO
SEAT BACK ANGLE ~——»
REFERENCE BAR
TORSO LINE /
H-POINT
) THIGH é 22.16
‘ (563)
A ‘ ‘) & 4 j
FOOT —— (.'
/ "< P "
12.06 S B %
{306) (—
, ‘ : s
LOWER LEG SEE TABLE 1 384 (98)

BARE FOOT ' (?3248)

3.28 (@3) R—) v FLESH LINE
4.28
(109)

HEEL POINT

NOTE: DIMENSIONS ARE IN (mm)

Figure 1.5: SAE J826 2D H-point template [12]

The 3D H-point machine, on the other hand, is used to define the actual H-point

on any seat in any position. The 3D machine is made of reinforced plastic and metal pans,

which simulates the torso and thighs hinged at the H-point. As shown in Figure 1.6, body

segment weights are placed at the center of gravity locations to provide seat penetration

equivalent to a 50™ percentile male occupant weighing 76 kg. The functions of the 3D H-
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point machine are to aid in the design and development of seats and seat materials and,
also to check for conformance to seat design specifications provided by the 2D template

[12].

DIRECTION OF
LOAD APPLICATION

Figure 1.6: 3-D H-point Machine defined by SAE J 826 [12]

The standardized seat design methodology is defined by SAE J1517 [13], which
consists in placing manikins of the 5", 50™ and 95™ percentile populations in a chosen
posture of least discomfort to define the seat dimensions. SAE J1517 is a design tool
developed to describe where the percentages of drivers position their adjustable seats in
various vehicle interiors. It consists of a set of second-degree polynomials that describe
the horizontal location of the H-point as a function of the H-point height. These
equations, define curves that represent the range of for-aft seat adjustability ranges for the

2.5“‘, 5 th, 10 th, 50 th, 95 th, 97.5t percentile body dimensions based on the a selected H-
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point height, shown in Figure 1.6. For class A vehicles, which includes passenger cars,
the horizontal distance, X;, in millimeters of the i" percentile H-point behind the ball of
foot reference point, which is located on the inclined plane of the accelerator pedal is

computed from [13] where z refers to the desired H-point height.

Xa.5 = 687.1 + 0.895336z — 0.00210494z2° (1.1)
Xs=692.6 + 0.981427z — 0.002262307” (1.2)
X0 =715.9 + 0.968793z — 0.00228674z° (1.3)
Xso=793.7 + 0.903387z — 0.002255187> (1.4)
Xoo = 885.0 + 0.735374z — 0.002016502> (1.5)
Xos = 913.7 + 0.672316— 0.001955302 (1.6)
Xo7.5=936.6 + 0.613879z — 0.001862447> (1.7)

Figure 1.7 further illustrates the relationship between the seat geometry and the
vehicle interior. Simply put, the location of the seat, irrespective of the point of reference
used to define the interior, affects the design and location of the steering wheel (driver
hand control reach SAE J287 [14]) and the also the height of the vehicle roof which
further relates to vision (Motor vehicle driver eye range SAE J941 [15]).

Although the standards are widely used in the design of automotive seats in terms
of accommodating passengers of various stature, they do not represent dimensions
associated with a specific level of comfort. The SAE standards [12,13] thus define the
dimensional relationships only for the automotive interior to accommodate a predefined
range of users. Since comfort has become an important issue in automotive seating, the

current methodology proves insufficient and the need to incorporate comfort from a
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Figure 1.7: Vehicle interior dimension envelops [13]

sensory perspective into preliminary vehicle design has become increasingly interesting
to vehicle researchers and designers.

Kumar et al. [2] highlighted the deficiencies of the design procedures outlined by
[12,13] and have developed a four step design process, which incorporates biomechanical
tools developed for the characterization of seat comfort through mapping of contact
pressure and subjective evaluations during the design process, this includes:

1. Benchmarking for best-in-class

Defines the type of vehicle in which the seat will be used; then finds and
evaluates the best seat features of competing cars in the same category. The
features are based on Original Equipment Manufacturer (OEM) marketing input;
subjective showroom comfort and long term ride and drive jury evaluations. This
step helps define the best in-class seat features, which set the target for the new
seat. The seats are then pressure mapped using people from the 5t percentile
female to the 95™ percentile male populations; the results are then correlated to
the occupant subjective evaluations

2. Hard points evaluation

The hard points of the seats are eliminated in this step by using both subjective
jury evaluations and static pressure distributions
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3. Foam and trim development
In this step, the foam and the trim of the seat are developed, and subjective ride
and drive evaluations, occupant pressure mapping and seat contour checks are
conducted.

4. Consumer comfort confirmation
The final step of the design process is the confirmation of comfort by the
consumers, which is conducted in, ride and drive consumer clinics. Again both
subjective and objective evaluations are used to confirm expected comfort.
The contact pressure and the perception of comfort of a seat are strongly

dependent upon the properties of the PUF material, contouring of the cushion and the

backrest, and the seat geometry. Only minimal efforts, however, have been made to

quantify the relationship among these factors.

1.2.3 Cushion Materials: Properties and Behavior

It has been reported that proper dimensioning and adequate support of the seated
body leads to a more comfortable experience in the seat [1, 4-10]. These biomechanical
factors alone, however, do not provide sufficient guidelines for effective design of
comfortable seats. The assessment of comfort necessitates an investigétion into the
contribution of the seating materials, specifically their mechanical properties.
Polyurethane Foam (PUF) has become the cushion material of choice, largely due to the
lightweight and ease of manufacturability when compared to the combined foam steel

spring seat system. The behavior of PUF under compression is best described by the
stress-strain curve shown in Figure 1.8. At small loads, mainly for strains between 0 < €

< 0.05, the stiffness of PUF behaves like most linear-elastic materials [16].As the
loading increases, the elastic buckling of the PUF cells progresses and a softening of the

foam occurs, identified from the platereau on Figure 1.8. Further increases in the load
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Figure 1.8: Stress-strain relationship of PUF [16]

causes the cells to completely buckle resulting in a densification of the PUF and a rapid
increase in the stiffness, referred to as bottoming. The stiffness properties of the PUF seat
would thus differ with the seated body weight. A PUF cushion must therefore be
designed to provide sufficient cushioning for a wide range of occupant weights; it must
be soft enough to deflect under lighter subjects, and be sufficiently stiff to not bottom out
under heavier subjects. Furthermore, the vibration attenuation properties of a seat
strongly rely upon its stiffness. Most importantly, the stiffness properties of a PUF
cushion affect the contact pressure distribution at the body-seat interface and thus the
comfort sensation, although only a few studies have attempted to correlate the peak
pressures with the material properties. The majority of the reported studies have focused
on the wheelchair cushion and pressure sores caused among paraplegics due to sustained

contact pressure.
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Apatsidis et al. [17] compared the difference between viscoelastic foams and
polymeric gels with respect to their ability to reduce and redistribute the peak pressure
surrounding the IT for custom molded wheelchair seats. The study showed that
viscoelastic foams were more efficient at reducing and redistributing peak pressure
around the IT compared to polymeric gels. Ebe [18] investigated the effect of changing
the cushion thickness of PUF on the static properties as well as the vibration
transmissibility of the cushion. Samples of the same PUF ranging from 50mm to 120mm
in thickness were tested to determine their load-deflection characteristics. Thicker foams
exhibited greater deflection and smaller gradients on the load-deflection curves; thicker
foams behaved more like softer foams relative to the thinner samples. Furthermore, the
hysteresis loss for the thicker samples was smaller than that of the thinner samples. The
thicker samples of PUF, however, resulted in higher transmissibility due to low hysteresis
and stiffness. In the frequency range above 5 Hz, thinner foams had higher
transmissibility compared to thicker foams. Conversely, the thicker foam samples had
higher transmissibility below 3 Hz. The magnitude of vibration transmissibility of a PUF
cushion is affected by its damping property or hysteresis. At vibration frequencies below
the human body’s natural frequency, in the vicinity of 5 Hz, a thin cushion exhibits
higher hysterisis loss and thus lower transmissibility. At vibration frequencies above the
body’s natural frequency, thick foam cushions provide better vibration isolation. The 50
mm sample used in the study revealed a hysteresis loss similar to the 70 mm sample, but
resulted in much lower transmissibility caused by bottoming of the cushion. Pneumatic
damping must also be considered due to the airflow escaping the foam cells during

compression. It was also found that varying the thickness of the PUF had a greater effect
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on the vibration transmissibility as opposed to changing the chemical composition of the
PUF. Thus, foam thickness was found to be a useful way to change the static and
dynamic mechanical properties of the seat. However, it was found that this was only
beneficial for thicknesses between 50 and 100 mm for the same foam composition.

Gurram and Véritz [19] investigated the role of seat cushion deflection and its
relation to improving the ride comfort of automotive seats. The study also attempted to
determine seat cushion deflection patterns that maximize occupant comfort. The cushion
deflection characteristics were determined using a 95 percentile male buttock indentor.
The study concluded that seats, with linear load-deflection patterns, could yield more
comfort under simulated driving conditions. The increase comfort comes from the
reduced accelerations at the human-seat interface of seats with linear load-deflection
characteristics when compared to seats with non-linear deflection characteristics.

Hostens et al. [20] tested various seats used in the agricultural industry for their
static pressure distribution characteristics. The study compared 4 commercially available
foam seats to a new air based cushion seat under static conditions. Mean and maximum
pressures for multiple sitting durations of 2 minutes were recorded at three different hip
angles (110°, 130° and 145°). The results showed that the magnitude of the pressure
around the buttocks decreased as the backrest angle increased and that the mean pressure
increased linearly with Body Mass Index (BMI). The study reported that the new air-
based cushion reduced the peak pressure by half for all subjects, when compared to those
measured on the foam seats. The study aimed to use these results in a future study to

design an intelligent, automatic pre-programmed pressure controller that could passively
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or actively change the pressure in different sections of the cushion to provide pressure
relief for the occupants.

A study by Blair ef al. [21] investigated the effect of PUF chemistry on the static
and dynamic response of seat cushions. Some cushions were found to have good static
properties but exhibited unacceptable vibration characteristics. Also, the vibration
analysis of the seats indicated that cushions with high thickness; moderate hardness and
foam core densities provide the best response under dynamic conditions, namely low
natural frequency and low vibration transmissibility at the resonant frequency. Cushions
with the same geometry but different foam formulations revealed different vibration
transmissibility. The accurate characterization of the mechanical properties of
automotives seats clearly provides a solid foundation upon which predictions of comfort
can be made. For example, a very stiff seat undergoes very little deformation and tends to
cause higher pressures, while a softer seat deforms with the body and as a result
redistributes the body weight over a larger area, which in turn may reduce the magnitudes

of peak pressure and enhance comfort.

1.2.3 Comfort Assessment: Subjective Measures

The concept of comfort is extremely subjective in nature because it varies from
subject to subject and each subject has pre-conceived expectations of what comfort or
discomfort is. The subjective measures evaluate seat comfort by means of a questionnaire
or survey in which subjects usually rate the seat features. Subsequent statistical analyses
attempt to derive an overall comfort rating based on the results of the survey. Ratings of

individual features are also derived relative to the overall comfort. The aim of the seat
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designer is to identify specifically the features and attributes of a seat that enhance
comfort or eliminate discomfort or pain related factors. The comfort sensation of a seated
occupant has been defined quite differently in many studies, mostly in very general terms
that could be applied in seating dynamics. Some of these are summarized below:

¢ a feeling of relief or contended well-being [22];

o affording or enjoying physical comfort [22];

¢ some state of well being or being at ease [23];

¢ astate of conscious well-being [24];

e occupant’s empirical perception of being at ease [25]; and

e absence of discomfort [26].

Bower-Carnahan et al. [27] conducted a survey on the preferences of heavy truck
drivers in the United-States regarding seat design. Among the drivers that responded to
the survey, 64.6% experienced lower back pain and 52.6% complained of neck pain,
while 51.5% and 51.4% of the respondents also expressed muscle stiffness and sore
buttocks, respectively, at the end of a typical driving day. The respondents were also
asked to rate the importance of certain seat features on a scale of 1 (“Not at all
Important”) to 5 (“Very Important”). Overall driver comfort and adjustable suspension
damping were the most important features rated at 4.86 and 4.58, respectively. The
importance of adjustable lumbar, kidney and thigh support was also highlighted,
obtaining scores of 4.56, 4.5 and 4.12, respectively. Another important contribution from
this study was the identification of areas of physical discomfort, which were illustrated on

a discomfort point plot. Five areas in particular were highly related to seating discomfort:
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1. Discomfort in the upper neck and back; most probably caused by the stress of
driving all day and the requirement to maintain the head in a proper position for
extended durations.

2. Discomfort in the shoulders; largely caused by the improper positioning of the
seat with respect to the steering wheel and steering wheel angle.

3. Discomfort in the lower back caused by insufficient and improper lumbar
support.

4. Discomfort in the buttocks attributed to unevenly distributed pressure at the
human-seat interface.

5. Discomfort in the back of the thighs just above the back of the knees resulting
again from improper pressure distribution.

While the geometry and workstation configuration of heavy trucks is different
from that of an automobile, the issues of seat comfort remain the same and general
conclusions pertaining to the alleviation of the sensation of discomfort can be universally
applied; specifically, by providing adequate adjustable lumbar support, sufficient cushion
contouring with appropriate seat padding to reduce the magnitudes of peak pressure and
evenly redistribute interface pressure.

The review of literature pertaining to the evaluation of seat comfort by the
subjective measures has shown that it is an essential tool for identifying seat features that
provide comfort or discomfort. The major disadvantage of this approach is that it can
only be performed once a seat has been manufactured and, owing to the large inter-
subject variability regarding comfort, accurate results require a large sample population.
Many studies, particularly on the vibration-related comfort performance, have however
used this approach along with the objective measures in an attempt to correlate subjective
comfort ratings to rﬁeasurable parameters. Moreover, the subjective assessments are not

suited for relative evaluations of a group of seats or features. The knowledge gained from
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a favorable or positive subjective response could be applied in conjunction with some of
the objective measures, such as Body Pressure Distribution (BPD) or cushion
deformation contours, to establish design target values to which a known level of comfort

can be associated.

1.2.5 Comfort Assessment: Objective Measures

Objective measures regarding seat comfort refer to quantitative measures obtained
from experiments that are used as comfort predictors. The BPD has been suggested as
one of the objective measures in more recent studies [28,29,30], while the rms
acceleration due to vibration at the body-seat interface has been widely applied to assess
the vibration related comfort performance of seats [31,32]. As highlighted in section
1.2.1, the presence of high pressure around the IT eventually leads to high levels of
discomfort and pain. An understanding of the pressure changes with anthropometric and
seat features could thus provide the seat designers with effective tools and guidelines to
define a comfortable seat. Furthermore, conducting pressure distribution studies in
conjunction with subjective studies enables researchers to associate specific pressure
profiles to specific seat features. The pressure distribution at the human-seat interface has
been characterized in many clinical studies to evaluate the effectiveness of wheelchair
cushions to provide pressure relief for disabled or paraplegic patients. Brienza et al. [33]
investigated the relationship between pressure ulcer incidence and buttock-seat interface
pressure in elderly wheelchair users. They reported that the incidence of pressure ulcers
was significantly higher among patients who experienced peak pressure greater than 7.99

kPa. Kemozek et al. [34] studied the effects of BMI on peak pressure on an

22



institutionalized elderly population. The BMI is a measure of obesity related to a person’s
height and weight, such that:

Weight(kg)

BMI =
[ Height(m)]’

(1.8)

the study observed lower peak pressure with subjects of higher BMI. This result suggests
that taller and leaner subjects were more at risk of developing pressure sores.

Frusti and Hoffman [35] attempted to correlate pressure maps to the results of a
subjective survey to predict comfort. The study was conducted on 140 subjects who had
recently purchased a mid-sized car in the United-States. The study involved a
questionnaire, which defined the seat surface into a number of predetermined zones, and
the respondents were asked to rate the importance of each seat zone in view of their
overall comfort. The pressure mapping was further conducted inside each subject’s own
vehicle, where the seat was considered to be adjusted as per the user’s preference. In
addition to correlating pressure maps to the subjective results of the survey, the study
established the ideal pressure ranges for each individual seat zone based on the subjective
response. The percentages of the seated body weight supported by particular zones,
which correlated to favorable subjective responses, were obtained as 58% - 64% in the
zone surrounding the IT, 21% - 28% under the thighs, 58% - 65% at the lumbar area,
25% - 32% on the thoracic area and a maximum of 6% on the cervical area. The authors
emphasized that these values were representative of a specific seat and the generalization
of the results may be inappropriate for other seat types.

Gross et al.[28] have similarly attempted to relate subjective and objective
comfort with the seat design parameters. The subjects were asked to rate 12 aspects of the

seats after they had been adjusted to their preferred setting. The study involved pressure
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mapping of seats employed in economy, sport and luxury automobiles. The study
concluded that it was possible to predict comfort ratings from patterns of weight
distribution over the cushion area. Figure 1.9 summarizes the reported weight distribution
data for both the seat-pan and backrest. The results show that 71.3% of the body weight is
supported around the IT for an economy automobile seat compared to the 51 — 53 %
range for sport and luxury vehicle seats. The study, however, did not report the static and

dynamic properties of the seats.

Economy Automobile Seat

Luxury Automobile Seat

Sports Automobile Seat

%Distribution of Load %Distribution of Load %Distribution of Load
31.35 40.14 37.49
2.99 1.07 3.48 3.72 1.93 1.07
BACK BACK BACK
4.89 3.51 6.57 .
52.23 6.47 45.54 3.60 45.57 6.47
71.31 51.48 53.06
PAN |5.54 4.69| PAN (222 207 pan [3.87 4.19
8.08 9.48 21.86 | 22.06 18.06 | 20.26

Figure 1.9: Percent weight distribution for three different car seats over predefined seat
zones [28].

In a similar study, Thakurta et al. [29] compared the results from pressure maps at

both the seat pan and the backrest for short and long term sitting with the response of a

subjective survey administered before and after the 128 km (80-mile) driving test. After

the driving tests, the subjects remained in their seats and a pressure measurement mat was
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inserted between the seat and the subject. Table 1.2 shows the mean percent load
distribution and the standard deviations. Although the quantitative values of the load
distribution differ considerably from those reported by Gross et al. [28], the two studies
suggest comparable patterns. The study concluded that the pressure distribution is
strongly related to the subjective comfort sensation, while the lumbar and IT supports are
more significant than the shoulder and thigh support. While the effect of time of
measurement was observed to be significant, the five seats considered in the study
revealed significantly different results, suggesting strong contributions of the seat

geometry and material properties.

Table 1.2: Percent load distribution over defined seat zones and their standard deviations
after a 128 km (80 mile) drive [29].

Vehicle and Lumbar Mean | Shoulder Mean Thigh Mean IT Mean
Seat (SD) (SD) (SD) (SD)

1 7(3) 7(3) 15 (5) 45 (10)

2 9(3) 10 (3) 13 (5) 45 (10)
3 10 (3) 10 (3) 10 (4) 46 (5)

4 9(3) 8(3) 12 (5) 47 (10)
5 10 (4) 9(4) 11 (5) 42 (7)

the study highlighted the importance of assessing overall comfort for both short and long
term sitting conditions, and that seating comfort is a complex function of pressure
distribution, posture, time of measurement, occupant anthropometry and seat features.
Oudenhuijzen et al. [36] investigated the relationship between the seat pressure
distribution and comfort and attempted to identify seat features that contribute the most to
seat comfort. They also attempted to identify target pressure distributions leading to

maximized perception of comfort. The pressure measurements were taken on two
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different seats with fixed geometry. Comfort was reported to depend more on the
pressure distribution rather than the pressure values. While there was no preference with
regard to a firm seat and a medium-soft seat, the firm seats could be assessed as less
comfortable due to a poorer fit than a softer seat. The significant conclusion of the study
was that the backrest contributes considerably more to the overall comfort than the seat
pan. It was suggested that an uneven pressure distribution at the back will be less
comfortable, but that an even pressure distribution is not necessarily desirable. Thus, they
concluded that the ideal pressure distribution for optimum comfort should be similar at
the lower and middle back and gradually diminishing from the middle of the back to no
pressure at the upper back.

Demontis and Giacoletto [30] conducted a combined subjective and objective
assessment of comfort on various automotive seats and developed linear regressive
models for the contribution of the seat pan and the backrest to the overall comfort
performance. The objective measures were based on BPD, and the comfort evaluations
were based on three considerations:

1. Postural Comfort Rating (PCR)

To increase postural comfort ratings, it is necessary to reduce loaded weight over

the popliteal zone (under the thighs just above the knee), reduce the contact

surface in the lateral cushion zone near the thighs and increase the load on the
lumbar area and reduce the load on the upper back.
2. Stiffness Rating (STF)

Best perceived stiffness evaluation is attained by reducing the loaded weight at

the popliteal zone. Increase in the contact area surrounding the IT and also to

increase the mean pressure at the dorsal and lateral cushion areas.
3. Wrapping Rating (WRP)

The wrapping rating depends on the ratio between the peak and mean pressure in

the anterior popliteal zone and in the back rest, and is inversely proportional to the

standard deviation of pressure values in the lateral ischiatic zone as well as the
percentage of contact surface in the superior backrest area.
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Contrarily to [36], the contribution of the seat pan to the overall comfort rating of
the automotive seats was found to be more important than that of the backrest. Table 1.3
shows the weights of the multiple linear regression models used for seat-pan and backrest
contributions.

Table 1.3: Rate of contribution of various sensations to overall comfort [30].

Parameters Postural Comfort Stiffness Wrapping
Cushion 0.6 0.55 0.55
Backrest 0.4 0.45 0.45

Kamijo et al. [37] conducted a sensory evaluation of 43 different car seats, and on
the basis of the statistical analysis, concluded that the sensation of body pressure
distribution and driving posture are the most important factors contributing to overall seat
comfort. Table 1.4 summarizes the contributing factors and the corresponding
contribution rates. The study further suggested that the symmetric pressure distributions

for both the seat-pan and the backrest could yield enhanced comfort.

Table 1.4: Rate of contribution of various sensations to overall comfort [37]

Factor of Seating Comfort Contribution Rate (%)
The sensation of body pressure distribution 44
The sensation of driving posture 44
The sensation of having ample room 30
The sensation of being cushioned 24
The sensation of being held 17
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The peak pressure at the IT was measured as 5.88 kPa, which decreases almost linearly
decreasing almost linearly with the distance away from the IT. Similar trends were also
observed at the backrest except that the peak pressure occurred in the lumbar region
ranging from 2.35 to 2.65 kPa. The study also reported the pressure maps for an
uncomfortable seat, where the pressure maps were characterized by low values of peak
pressure 1.18 — 1.37 kPa with an asymmetric distribution. The pressure at the seat pan
was also found to be asymmetric and the peak pressure was located at the femoral joint.
The difference in pressure distribution between the comfortable and uncomfortable seats
is mostly associated with the lack of body support by the uncomfortable seat. The study
further proposed the following design recommendations for comfortable seats:

e Mean pressure levels of 1.47 — 2.35 kPa in the lumbar support region, which
should be located 60 mm to either side of the center.

e The quality of the seat backrest is directly related to its pressure distribution.

e The seat pan can be qualified as good if the pressure distribution shows variance
of pressure along the body’s shape away from the IT.

e Lower static stiffness and lower seat natural frequency generally provide a better
sensation of being cushioned.

Gyi and Porter [38] reported that the method of pressure distribution was an
unsatisfactory method for predicting comfort because of the high inter-subject variability.
Two different subjects produced different pressure maps yet reported the same amount of
discomfort. It was further stated that the reported studies on pressure distribution provide
only few details regarding the experimental design and data analysis. Based on the
reported conclusions of the objective studies [26-38], the evidence supporting a

correlation between the pressure distribution alone and the comfort is somewhat
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contradictory. However, more studies have reported that pressure distribution did
correlate well with subjective measures and was successfully used as a predictor of
comfort [26-37]. While the pressure values vary significantly from source to source, the
reviewed studies strongly suggest that a symmetric, uniform distribution of pressure away
from the IT provides good comfort ratings. Similarly for the backrest, symmetric uniform
pressure distributions are desirable. Further investigations into pressure distribution at the
human-seat interface as a function of anthropometry, seat properties and posture are thus
desirable in order to obtain more conclusive results on the assessment of automotive

seating comfort and to establish more effective design guidelines.

1.2.6 Review of Pressure Measurement Technology

The increased interest in BPD as a means of quantifying seat comfort by the
automotive industry has lead to rapid advances in pressure measurement technology.
Many techniques have been used in the past to record pressure at the human-seat
interface. Swearingen et al. [39] used absorbent paper placed over ink soaked corduroy
cloth to measure the intensity and distribution of pressure. Dempsey [4] used a
buttockscope, which used edge lighting and changes in light reflection caused by
compression of a soft latex type material. A mirror placed beneath the layer of latex made
it possible to measure the area and pressure distribution patterns on the flesh around the
IT. Lindan et al. [40] used a “bed of nails and springs” to measure the pressure
distribution through deflections of the springs. Current pressure measurement techniques
are numerous and varied, but generally fall into three categories: electronic, pneumatic

and electro-pneumatic [41]. While these systems may vary from manufacturer to
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manufacturer, they are generally available in similar formats; they include a pressure-
sensing device, a data acquisition/conversion system and data analysis software, as

schematically illustrated in Figure 1.10.
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Figure 1.10: Schematic diagram of common pressure measurement system.

Electronic pressure sensing devices are based upon three different principles and
employ either capacitive or resistive sensors or strain gauges [41]. The sensing elements
are arranged in a matrix enveloped by a thin elastomeric mat which allows the sensors to
comply well with irregular profiles, such as the curved surfaces of automotive seats. It
has been reported that the output of the capacitive type sensors are generally less
sensitive to temperature and humidity [42,43], this would suggest a better suitability of
capacitive type sensors for pressure measurements over extended durations where
variations due to increased sensor temperature caused by body heat become less
pronounced. The resistive sensors, on the other hand, are reported to cause large

hysteresis error [43].
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Pneumatic pressure sensors are air cells connected to an air reservoir, to fill the air
cells, the air pressure in the reservoir must be greater than the pressure applied to the
sensor. As the pressure in the air cell rises above the applied pressure, the volume of air
in the cell suddenly increases, leading to a quick decrease in the rate of inflation of the air
cell. The instant at which this change in rate of inflation occurs is recorded as the
interface pressure [41]. Electro-pneumatic sensors work much like the pneumatic type
except that the inside surface of the air cell is lined with an electrical contact; when the
pressure inside the cell is equal to the applied pressure the contact breaks and the pressure
is recorded as interface pressure.

Regardless of the pressure measurement system being used, Ferguson-Pell [42,44]
and Grant [43] have established useful selection guidelines for measurements at the
human-seat interface. It is suggested that the sensing element be flexible, small and thin,
less than 1 mm thick and with a diameter of 10 mm. The sensors and the signal
conditioning should have continuous output and be capable of measuring shear as well as
normal load. The measurement error must be low when used over curved surfaces. Gross
et al. [28] further suggested that the sensing matrix must be durable and flexible to adapt
to contoured surfaces, while the sensors should be repeatable with low sensitivity to
vibration, noise and temperature. Many studies emphasize the need for low hysteresis

sensing and elastomers to ensure high repeatability of the measurements.

1.3 Scope and Objectives of the Dissertation

From the relevant literature, it is evident that the seating comfort depends on the

seat dimensions, mechanical properties, driving conditions, seated posture, contact
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pressure and its distribution in a highly complex manner. The current seat design
methodology outlined by the SAE standards [12,13] does not take into consideration the
issues of comfort but only defines the dimensional ranges believed to yield least
discomfort. The motivation to develop effective quantitative tools to predict comfort has
become vital for automotive designers, since the showroom comfort of the seat is
considered as a significant marketing factor.

The comfort characteristics of seats have been mostly evaluated on the basis of
subjective responses, which tend to be extremely demanding on the financial and human
resources and yield extremely high inter-subject variability and poor repeatability. The
need to identify effective objective measures has been widely emphasized to achieve
more consistent assessments of comfort and to establish design guidelines. The objective
measures based on acceleration due to vibration transmitted to the occupant-seat interface
has been widely applied to assess and design seats with enhanced vibration related
comfort. The objective measures relating the overall seating comfort, specifically the
postural support and showroom comfort under static environments, have not been
adequately quantified. The reported studies, however, suggest that occupant-seat interface
pressure could serve as an effective objective measure of the comfort. The BPD however
is strongly dependent upon many seat and anthropometry related factors. The correlations
between the comfort, BPD, anthropometry and seat design factors have not yet been
established. The reported studies have attempted to correlate the BPD with the subjective
responses with respect to comfort. Furthermore, analyzing the BPD as a function of
anthropometry and posture may eventually provide more solid foundations against which

more advanced techniques, such as finite element analysis can be validated.
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In light of the evidence supporting the use of BPD to study and predict comfort
characteristics of seats, the scope of this research thesis is formulated to conduct
fundamental investigations into variations in the BPD as a function of occupant
anthropometry, seat geometry and seated posture. The effects of posture will be studied
by varying the seat height, the knee and the backrest angles. The resulting BPD could
provide important trends in the peak pressure, location of peak pressures and pressure
distributions as a function of the anthropometry, posture and seat geometry. The scope is
further extended to include an investigation into the contribution of cushion stiffness in
an attempt to provide an additional basis for comparing the different automotive seats and
their associated BPDs.

The overall objectives of this research thesis are to analyze the BPD at the human-
seat interface as a function of the anthropometry, seat height, knee angle and the backrest
angle. This is accomplished through structured experimental measurements of the BPD
under static conditions. This investigation into seat comfort therefore includes:

(a) The characterization of the mechanical properties of the seat-pan and the backrest
of the three different automotive seats.

(b) Investigation of the variations in the seat-pan and the backrest cushion stiffness as
a function of subject weight.

(c) Measurements of BPD at the occupant seat-pan and the occupant backrest
interfaces for each subject as functions of the seat height, knee angle, backrest
angle and static stiffness.

(d) Study of the role of seat-pan and backrest stiffness on the pressure loading and
distribution with respect to posture and subject anthropometry.

(e) Identification of the seat configurations that generate the highest/lowest peak
pressures and determining the areas of the body on which they occur.

() Study of the behavior of the pressure distributions in the zones subjected to higher
pressure and the zones known to be more sensitive to pressure loading.
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(g) Attempt to derive general trends in pressure distribution as a function of cushion
properties, subject anthropometry and seated posture.

(h) Deriving guidelines for the design of automotive seats with enhanced occupant
comfort based on BPD.

1.4 Organization of the Dissertation
This dissertation is organized into 5 chapters describing the systematic realization of
the above objectives. The literature is reviewed in the appropriate chapters highlighting
the research contributions on the various topics related to BPD and comfort studies on
automotive seats. Chapter 2 highlights the experimental procedures followed to perform
the cushion characterization and the acquisition of the BPD data. An analysis and
discussion of the results of the cushion characterization is also presented. Chapter 3
presents the generalized results of the BPD measurements at the seat-pan and backrest,
respectively. Statistical analyses are then performed on the data to identify the parameters
that most significantly cause variations of pressure distribution at the human-seat
interface. A multiple linear regression is also performed on the data to investigate the
relative contribution of each significant parameter with respect to one-another. A zonal
analysis of the same pressure data is performed in chapter 4 to identify the zones of peak
pressure and to investigate the variations in the peak pressures, contact forces and contact
areas, as a function of the cushion stiffness, subject weight and seated postures within the
defined zones. The interpretations and discussions of results from both the statistical and
zonal analyses are presented in chapter 5. Conclusions and guidelines regarding seat
testing and design with enhanced subject comfort are also presented. Finally,

recommendations for future studies in seat comfort testing are also discussed.
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CHAPTER 2
EXPERIMENTAL METHODOLOGY AND CUSHION CHARACTERIZATION

2.1 Introduction

Automotive driver/passenger seating comfort is strongly influenced by the
interactions at the human-seat interface. The measures based on BPD have been widely
suggested to obtain objective comfort assessment of automotive seats. While BPDs have
successfully been correlated to a subjective comfort rating [29,37,46-49], they have been
found to vary significantly with anthropometry and the seated posture. The comfort
assessment of automotive seats can further be assessed through the accurate
characterization of the seat mechanical properties. PUF is widely used in the seat cushion
and backrest; the properties are reported to exhibit highly non-linear load deflection
characteristics. Furthermore, these characteristics are significantly affected by the load
applied, the thickness of the foam and by the foam chemistry. The design of automotive
seats with enhanced comfort therefore necessitates the consideration of the
anthropometry of the target populations, the dimensional and postural ranges intended for
the seat and finally the mechanical properties of the seat itself. The seat properties can be
determined in the laboratory through the measurement of the load deflection
characteristics under appropriate conditions.

In this chapter, the test methodology and laboratory equipment used to acquire
body pressure distributions at the seat-pan and the backrest with human subjects is
presented. The test procedures followed for the characterization of the seat properties for

the seat-pan and the backrest cushions are briefly described and the results are discussed.
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2.2 Body Pressure Distribution Measurement Methodology
2.2.1 Test matrix

To investigate the interactions at the human-seat interface, BPD measurements at
the seat-pan and backrest were acquired for 8 male subjects under static conditions. Table
2.1 summarizes the weight, height and BMI of each test subject selected for the
experiments. The BPDs were measured for three combinations of seat height (H1 — 318
mm, H2 — 368 mm and H3 — 419 mm), knee angle (K1 —95°, K2 - 115° and K3 - 135°)
and backrest angle (B1 — 5°, B2 — 15° and B3 — 25°). The ranges of test conditions are
selected on the basis of the recommended dimensions for least discomfort in different

studies as summarized in Table 1.1 [4-9].

Table 2.1: Weight, height and BMI of the 8 male test subjects selected for the study.

Subject 1 2 3 4 5 6 7 8 Mean | SD
%{a:)s 60.6 | 66.8 | 67.8 | 73.8 | 75.4 | 86.0 | 90.2 |108.0| 78.6 | 15.43

HZ‘%“ 173 (187 177173 179 | 183 | 184 | 1.81 | 1.80 | 0.05
BMI 1 503 190 | 21.8 | 246 | 235 | 257 | 26.8 | 33.0 | 243 | 44

The experimental design involved three different seats to study the role of
stiffness and contouring on the BPD. The selected seats are referred to a ‘seat 1°, seat 2
and seat 3. The ‘seat 1’ represents the type of seat typically employed in sports vehicles,
while ‘seat 2° represents those employed in economy vehicles. The ‘seat 3’ represents
those typically employed in economy to luxury vehicles. Table 2.2 presents the test

variations considered for all seats. As evident from the table, the seats 2 and 3 could not
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be adjusted to realize a backrest inclination of 5° because their respective minimum
backrest angles were limited to 12° and 14°. The BPD measurements for these two seats

were thus acquired for backrest inclinations corresponding to 15° and 25° only.

Table 2.2: BPD test matrix

Seat Seat Height Knee Angle Backrest Angle (deg.)
(mm) (deg.) 5 15 25

95 X X X

318 115 X X X

135 X X X

95 X X X

1 368 115 X X X
135 X X X

95 X X X

419 115 X X X

135 X X X

95 - X X

318 115 - X X

135 - X X

95 - X X

2 368 115 - X X
135 - X X

95 - X X

419 115 - X X

135 - X X

95 - X X

318 115 - X X

135 - X X

95 - X X

3 368 115 - X X
135 - X X

95 - X X

419 115 - X X

135 - X X
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2.2.2 Experimental setup

The test stand used for the BPD measurements is schematically shown in Figure
2.1. Each of the test seats were mounted and fixed to a static test stand and set to the
highest seat height position (H3 — 419 mm). The seat height was changed by adding
platforms beneath the feet to raise the floor, thus simulating a lower seat height (H2 — 368
mm) and again to achieve the lowest setting (H1 — 318 mm). The knee angle
measurements were confirmed with a 30 cm BASELINE dial type steel goniometer with
a tolerance of + 5°, as shown in Figure 2.2. The horizontal distance 1.1 between the
Accelerator Heel Point (AHP) and the forward edge of the cushion, was also recorded to
investigate its behavior as a function of anthropometry and the seated posture. A dial type
protractor, shown in Figure 2.3, with a tolerance of +2°, was placed on the surface of the

backrest to achieve the desired backrest inclination.

\

STATIC TEST STAND

Figure 2.1: Static test stand for BPD measurements
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Figure 2.2: Baseline goniometer Figure 2.3: Angular protractor

2.2.3 Data acquisition of body pressure distribution

The BPD measurements at the human-seat interface were acquired using the EMED
measurement system manufactured by NOVEL Electronics. The pressure measurement
system consists of a flexible capacitive type sensor matrix and a PLIANCE mobile data
conditioning and acquisition system. The pressure-sensing device, schematically shown
in Figure 2.4, consists of a 16X16 sensor matrix molded into a 2 mm thick elastomeric
mat. Each sensor has an area of 2.54 x 2.54 cm® and a total of 256 sensors cover an
effective area of 1651.61 cm® The threshold values of the pressure were set to 0.25
N/cm?® and 0.125 N/cm? for the seat-pan and the backrest, respectively. The flexibility of
the sensing mat allowed the mat to conform and follow the contour of the cushions of the
seat-pan and the backrest. The resulting measurements thus represent the normal forces
and pressures acting at the human-seat interface. Each measurement was taken twice at a
rate of 5 Hz for 10 seconds to ensure good repeatability of the data. The measured data
was simultaneously displayed in color-coded graphics, which were subsequently stored

on a computer for post-processing.
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Figure 2.4: Schematic diagram of the Novel pressure sensing mat (all dimensions in mm)

2.3 Characterization of Static Properties of Test Seats

The comfort performance of seats is dependent upon the mechanical properties of
the seat cushion and the backrest. The vibration attenuation performance and thus the
vibration related comfort of seat cushions have been directly related to the static and
dynamic stiffness and the hysteresis loss of the PUF cushions in a number of studies
[18,21,51]. The role of mechanical properties on the BPD, however, has not yet been
investigated. Owing to the non-linear force-deflection properties of PUF, the mechanical
properties and thus the BPD may also depend upon subject weight and the sitting posture.

The force-deflection characteristics of the PUFs used in the manufacturing of automotive
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seats have been found to be highly non-linear [16-21, 50-52]. In addition to the visible
geometric differences between test seats, such as seat-pan and backrest cushion contours,
the characterization of stiffness and hysterysis loss of the respective cushions provides
additional parameters upon which the seats are compared. The characterization of the test
seats was conducted in accordance with the standards and practices recommended by

both the SAE and the Japanese Automobile Standards Organization (JASO).

2.3.1 Cushion characterization methodology

The characterization of the test seats was conducted in accordance with the
procedures outlined in SAE J1051 [53] and JASO B-407 [54]. These standards provide
specifications regarding the test conditions, loading levels and points of application of
loads required for the determination of the mechanical properties of automotive seat
cushions. SAE J1051 is a proposed standard for the determination of the load-deflection
characteristics for finished cushioned seats found in off-road work machinery. The data
obtained from these tests may be useful in determining seat comfort characteristics and
maintaining quality control during seat manufacturing; the standard however does not
intend to establish any acceptance criteria based on its results. The test specifications are
outlined as follows:

Test Conditions

The specimen shall be conditioned, un-deflected and un-distorted at 22°C + 2.8°C
and relative humidity of 50 % + 2 % for at least 12 hours before being tested. The
test shall be performed at least 96 hours after it has been manufactured.

Test Specimen

The test specimen shall consist of a seat cushion, a back cushion and any other
components in an un-used condition.
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Apparatus

1. A 200 mm diameter, rigid, flat, or curved indentor, as shown in Figure 2.5, is used
to apply a force through a rigid or a swivel joint capable of accommodating the
seat-pan angle of the test seat.

2. A platform capable of positioning the top surface of the test seat parallel to and
centered with the jointed indentor and not to restrict the normal breathing or
deformation of the test seat.

3. An apparatus capable of applying forces and measuring the deflections of the
indentor into the test seat.

|
N
N

|

|

|

Figure 2.5: SAE J1051 recommended force indentor [53] (all dimensions in mm)

Procedure
1. Mount the specimen with the top surface parallel to and centered with the

indentor. The 200 mm diameter indentor shall be used for both the seat-pan and
backrest cushion tests.
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2. Pre-flex the test seat 3 times by compressing and releasing the force at a rate of
100mm/min. the specimen shall be compressed as follows.

e Seat-pan cushion: 1335 N
e Backrest cushion: 665 N

e All other components shall be compressed to 20 % of the original
thickness

e Allow 10 min. £ 5 min. for the specimen to stabilize after preflexing
before continuing with the test.

3. Apply a 45 N pre-load to the 200 mm diameter indentor and set the deflection to
Zero.

4. For the 200 mm indentor, apply an incremental load (no greater than 220 N)
slowly to minimize shock. Allow the test seat to stabilize for 1 minute then
measure the deflection. Continue this incremental procedure without removing the
previous force until the maximum load of 1335 N and 665 N is attained for the
seat-pan and backrest, respectively. When incremental thickness is used, the
specimen shall be compressed to no less than 20% of its original thickness.

5. After reaching the maximum force, reduce the force slowly in the same

increments used in step 4 and allow the cushion to stabilize for 1 min. before
measuring the deflection at each increment.

Due in large part to the differences between operating conditions of off-road
machinery and automobiles, the maximum loads applied to the respective seat-pan and
backrest cushions were modified. The application of 1335 N and 665 N to the seat-pan
and backrest, respectively, to the automotive seats would most certainly cause excessive
deflection of the cushion and seat sub-frame, and perhaps cause failure of the seat’s outer
covering. In addition, automotive seat cushions are subjected to approximately 70 —76 %
and 24 — 30 % of the total body weight for the seat-pan and backrest, respectively [4,55].
Therefore the maximum load to which the cushions were loaded was limited to 850 N

and 300 N for the seat-pan and backrest, respectively. Furthermore, the incremental
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values of force were reduced from 220 N to 50 N to facilitate the characterization of the
cushion at loads representative of the subjects seated mass.

JASO B-407 [54] on the other hand prescribes test methods for the evaluation of
seat parameters specifically with respect to the assessment of comfort performance of
automotive seats. The test methodology is outlined as follows:

Test Conditions

This standard does not provide specifications for the conditioning of test seats
prior to cushion characterization.

Test Specimen

Shall be any automotive seat for which the characterization is desired.

Apparatus

For the Tekken type indentor, shown in Figure 2.6 the point of application of the
indentor force shall be through the center of the indentor located at a distance of
130 mm forward of the B point on the seat pan and 170 mm above the B point for
the backrest. The method used to determine the location of the B point is shown in
Figure 2.7.

Figure 2.6: Tekken type indentor used by [52] (all dimensions in mm)
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Figure 2.7: Load application points for the “Tekken” type indentor [54]

Procedure

1.

This standard specifies that seats must be pre-loaded at least two times to a load
of 700 N at the seat-pan and 300 N at the backrest. However, if the seat has
previously been loaded to similar magnitudes, the pre-loading may be omitted.

Pre-load the cushion to 5 N at the specified point of application. Load and unload
the test seat at a rate of 150 — 300 mm/min and restricting the switchover time
from load to unload to no more than 2 seconds until the maximum load is reached
(700 N and 300 N for the seat-pan and the backrest, respectively).

Record the loading rate and obtain the loading curves for the test seats.
From the load-deflection curve, obtain and record the deflection, in mm,

corresponding to loads of 450 N and 150 N for the seat-pan and the backrest,
respectively.
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5. Derive the static spring constant, which is defined as the slope of the tangent to
the load-deflection curve at a point corresponding to 450 N and 150 N loads for
the seat-pan and backrest, respectively.

6. Obtain the coefficient of hysteresis loss by measuring the area inside the load-
deflection curve and dividing this value by the area under the loading curve. The
ratio defines the coefficient of hysteresis loss (o)) expressed in percent, and can be
expressed as:

o= Area 0 abed 0 2.1
Area 0 abe 0

Load (N)

Cushion Deflection (mm)

Figure 2.8: Typical hysteresis loop for PUF seat cushions [54]

The fundamental difference between the methods outlined by SAE [53] and JASO
[54] is the manner in which the load is applied. For the practices recommended by the
SAE, the loading is discrete and from a physical perspective yields truly static values of
cushion stiffness by allowing the PUF to completely relax before the incremental load is

changed. The JASO, on the other hand, use a continuous triangular function to deflect the
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cushion and obtain a more realistic value of the cushions properties in-light of the
dynamic environment of the automobile, which may not allow for complete cushion
relaxation. The test methods outlined in [53,54] both use different load indentors and
points of application. While the use of different indentors would inevitably yield different
results, the same 200 mm diameter SAE indentor, shown in Figure 2.5, was used in this
study for both characterization methods. Furthermore, the point of application for the

loads was taken as the aggregate center of pressure for all the subjects for each seat.

2.3.2 Test setup and acquisition of force-deflection characteristics

Three different automotive seats were selected for the static characterization. The
force-deflection characteristics of the seats were acquired using a 4500 N Sensotek load
cell, a built-in Schaevitz LVDT and a Magnatek string potentiometer. The displacement
measured by the built-in LVDT however was used for the data analysis. Figure 2.9 shows
a schematic of the hardware for the experimental setup. An analog Direct Memory
Access (DMA) block of a PC connected to a 4-channel data acquisition board PC-1-
204228 W-1 acquired the sensor signals. The DMA block was linked to a Dynamic Data
Exchange (DDE) server block, schematically shown in Figure 2.10, which contains a
Visual Designer Analog to Digital conversion (A/D) code that exports the data directly
into a Microsoft Excel spreadsheet. The data is acquired at a rate of 360 Hz and is further

manipulated by Excel to display the force-deflection diagrams.
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Figure 2.9: Test stand for load-deflection characterization of test seat cushions.
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Figure 2.10: Data flow chart for DDE and DMA blocks used in the acquisition of the
load-deflection data
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2.4 Description of Test Seats

The effects of pre-load and deflection amplitudes on the cushion properties and
the pressure variations resulting from these property changes have been reported [19,48,
56]. Figure 2.11 shows the three test seats used in this study, each seat can be categorized
based on the vehicle it was taken from. Seat 1 is a high-end after market racing seat that
has narrow seat-pan and backrest cushions, and high wings located on both the seat-pan
and the backrest. The wings on seat 1 are much larger than those of seats 2 and 3, and are
typical of racing type seats, which must provide greater lateral support to the body
resulting from cornering at higher speeds. It is anticipated that these wings will provide a
higher level of wrapping leading to increased loading and potentially higher peak
pressures in these areas. Seats 2 and 3 are OEM seats that fall into the economy and sport
seat categories, respectively. Seat 2 has very little variation in the seat-pan cushion
contour and is typical of seats that are intended to accommodate a wider range of
occupants. The wider seat-pan and smaller wings reduces the likelihood of localized high
pressure for the heavier subjects. Seat 3 shows similar characteristics to those of seatl
with respect to the wings located on both the seat-pan and backrest but still offers wider
distance between the wings. Figure 2.11 further illustrates the differences in seat-pan and
backrest cushion contours, which are also anticipated to have a significant effect on the

variations of the BPD.
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Static Properties of the Test Seats

The candidate seats are characterized in terms of the static stiffness of the

cushions, defined in the vicinity of a specific pre-load, as illustrated in the force

deflection curve in Figure 2.12.

Force (F)
A
F=F(x)
L/
FrAF=F(x*+Ax) | o
gy
A"/ dx x*
F=Fx* | __ .. _ !
/1
/ '
7
i I | >
x* x*+Ax Displacement (x)

Figure 2.12: Spring element linearization process. [57]

for a given static load, F, representing the occupant weight supported by the seat cushion,

the cushion undergoes a static deflection x*, the application of an incremental load, A4F,

causes the cushion to further deflect by 4x. The static stiffness of the seat cushion about a
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given pre-load can be derived from the Taylor’s Series expansion and neglecting the

higher order terms, such that:

K = 2.2)

where K; is the linear static stiffness of the cushion about the operating point x". The
force-deflection characteristics were obtained for the candidate seats using both
characterization methods and independent trials. The experiments were repeated to obtain
the static force-deflection characteristics of the seat-pans and the backrests. Figure 2.13
shows, as an example, the force deflection curves for the seat-pan of seat 3, measured
using the JASO and the modified SAE test guidelines. Both methodologies yield
significantly different characteristics for the entire load range considered. In addition, the
results show poor repeatability of the SAE method above 50 mm deflection, while the
JASO standard showed excellent repeatability. The poor repeatability of the SAE method
1s most likely attributed to the differences in the relaxation duration at each step of
loading.

To derive the equivalent stiffness of the cushions, the force-deflection curves are
fitted with a fourth order best-fit polynomial. Evaluating the slope of the curves at any
desired pre-load (subject weight) derives the equivalent stiffness for the cushion.
Equations (2.3) and (2.4) define the best-fit polynomials describing the force-deflection

data acquired using the JASO and SAE test methodologies, respectively.
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Figure 2.13: Comparison of force-deflection characteristics of seat 3 attained using the
SAE J1051 and JASO B407 methods

F(x) =0.0002x* —0.0169x> +0.5246x> +2.1832x+13.01; for x >0 2.3)

F(x)=7x10"x* —0.0008x> + 0.372x* —1.8304x +9.9511; for x >0 (2.4)
Both the above functions revealed R? values in the order of 0.999. The equivalent static
stiffness about an operating point F(x*) is computed using Equation (2.2), such that:

K, =0.0008x> — 0.0507x +1.0492x + 2.1832 ; for the JASO data (2.5)

K, =2.8x10"x* - 0.0024x” + 0.744x —1.8304 ; for the SAE data (2.6)

The equivalent stiffness of the cushions over the entire weight range of the subject
population considered in the study is determined from Equations (2.5) and (2.6) by
considering the appropriate pre-load. Table 2.5 summarizes the results obtained for both

characterization methods for seat-pan pre-loads corresponding to 76 % of the total body
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weight of each subject selected in this study. The results show signiﬁcant differences
between the two methods for both deflection and stiffness. For the same load, the cushion
deflection is significantly higher for the SAE method, when compared to the JASO
method. This is attributed to the relaxation of the cushion in the SAE method and
possible bottoming of the foam cells under high loads in the JASO method. Inspection of
the cushion stiffness reveals that the stiffness evaluated by the JASO methodology is up
to 1.4 times higher than that evaluated by the SAE method. In both cases however, the
results show an increasing trend in deflection and stiffness with an increase in the pre-
load. Table 2.3 further illustrates that SAE J1051 is not able to provide enough
information to characterize the cushion over the entire weight range due to high
deformations of the relaxed PUF. Owing to its poor repeatability, the data obtained from
the SAE J1051 standard was dropped and further characterizations were performed using

the JASO test methodology.

Table 2.3: Comparison of SAE and JASO static stiffness coefficients for the seat-pan of

seat 3
SAE [51] JASO [52]
Seat | Subject Pre-Load
(N) Cushion Static Stiffness Cushion Static Stiffness

Deflection (mm) (N/m) Deflection (mm) (N/m)

1 452 61.2 17994 46.6 21888

2 498 63.6 20485 49.0 26038

3 506 64.0 20893 49.5 26825

3 4 550 66.2 23439 51.5 31043
5 562 66.7 24109 52.1 32271

6 641 69.8 28376 55.1 40006

7 673 70.8 29834 56.2 42872

8 805 X X 59.48 53566
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The measured force-deflection characteristics of the cushions and backrests of the
candidate seats are analyzed to compute the static stiffness values corresponding to the
pre-load of 450 N and 150 N, respectively, as outlined in the JASO standard. The
coefficients of the hysteresis loss for the candidate seat-pans and backrests are further
analyzed using equation (2.1). The results attained for the three seats are summarized in
Table 2.4 together with the deflections corresponding to specified pre-loads. The results
suggest that the seat-pan cushion of seat 3 (21735 N/m) is more than 5 times stiffer than
that of seat 1 (4267 N/m) and seat 2 (12422 N/m) is almost 3 times stiffer than that of
seat 1 corresponding to a pre-load of 450 N. The behavior of the backrest cushions,
however, are significantly different; in addition to being stiffer than both seats 2 and 3,
the backrest of seat 1 (7999 N/m) is also stiffer than its seat-pan cushion. The backrest of
seat 3 1s 53 % stiffer than seat 2. The coefficient of hysterisis loss of seat 3 for both the
seat-pan and backrest are significantly higher than those of seat 1 and 2, which in large

part is due to the seat construction and to the different foam chemistry.

Table 2.4: Deflection, static spring constant and coefficient of hysteresis loss for seat 1, 2

and 3
SEAT Pre-Load | Foam Deflection Static Spring Coeff!cient of
(N) {mm) Constant (N/m) | Hysteresis Loss (%)
Seat-Pan 450 54.51 4267 30.9
1 Backrest 150 26.73 7999 18.5
2 Seat-Pan 450 44.01 12422 245
Backrest 150 32.01 5015 431
3 Seat-Pan 450 46.47 21735 63.9
Backrest 150 20.23 7656 49.6
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Figure 2.14 further illustrates the comparisons of load-deflection characteristics of
the seat-pans of the candidate seats. The pan of seat 3 exhibits highly non-linear
characteristics, and bottoming of the foam cells under deformations near 60 mm. the seat-
pan cushions of seats 1 and 2 show comparable behavior in the 0 — 450 N pre-load range;
above which the foam characteristics become highly non-linear, while the bottoming
seems to occur under deformations exceeding 90 mm. Seat 1 exhibits typical PUF
deflection characteristics where the softening of the cushion material becomes visible
between 40 mm — 75 mm deflection, and rapid stiffening (densification) above 80 mm

deflection.
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Figure 2.14: Seat-pan load-deflection characteristics of the test seat
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Figure 2.15 similarly shows a comparison of the backrest load-deflection
characteristics of the candidate seats. The backrest of seat 1 is stiffer than that of seat 2
over the entire weight range, while seat 3 is only stiffer than seat 1 above approximately
175 N pre-load. Furthermore, the backrest of seat 2 permits larger deformation, while that
of seat 3 allows for least deformation prior to bottoming. Figure 2.16 illustrates
comparisons of the load-deflection between the seat-pan and backrest for the three seats;
seats 1 and 2 show significant differences between the seat-pan and backrest properties,
while seat 3 shows almost identical behavior below 450 N for both the seat-pan and the
backrest. The backrest of seat 1 reveals higher stiffness that its seat-pan, while the

backrest of seat 2 is softer than its seat-pan.
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Figure 2.15: Backrest load-deflection characteristics of the test seats
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Figure 2.16: Comparison of load-deflection curves of the seat-pan and backrest: (a) Seat
1; (b) Seat 2; (c) Seat 3
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The measured data are further analyzed to derive the static stiffness and
deflections of the seat-pans and backrests corresponding to pre-loads due to the 8 subjects
employed in the study. Table 2.5 summarizes the seat properties corrésponding to the
selected pre-loads. For the seat-pan, seat 3 is more than 5 times stiffer than seat 1, as
observed earlier in Table 2.6.but as pre-load increases the difference in stiffness becomes
smaller as the pre-load increases. The seat-pan cushion of seat 3 approaches only 1.8
times that of seat 1 for a pre-load of 805 N. A similar trend is also observed for the pans
of seats 2 and 1, where the pan of seat 2 is almost 3 times stiffer than that of seat 1 for
450 N pre-load but becomes slightly softer than seat 1 at pre-loads above 640 N. The
difference between seat 3 and 2 however show different trends. For the entire weight

range, seat 3 is between 1.7 and 2.7 times stiffer than seat 2.

Table 2.5: Seat-pan and Backrest cushion deflection and static stiffness

Seat-Pan Backrest
SEAT | Subject Cushion Static Stiffness Cushion Static Stiffness
Deflection (mm) (N/m) Deflection (mm) (N/m)
1 54.88 4277 25.65 7958
2 62.89 5726 27.36 8022
3 64.08 6174 27.50 8027
1 4 69.93 9422 29.15 8084
5 71.31 10466 20.42 8094
[$] 77.71 16879 32.04 8210
7 79.54 19229 33.04 8270
8 85.98 29545 37.40 8702
1 44.10 12436 30.42 4836
2 47.79 13049 33.49 5208
3 48.34 13151 33.89 5264
2 4 51.76 13858 35.75 5552
5 52.51 14030 36.38 5659
6 58.76 15749 39.89 6358
7 60.25 16241 41.22 6670
8 67.83 19318 46.82 8299
1 46.57 21888 19.03 7437
2 49.03 26038 21.15 7843
3 49.45 26825 21.39 7895
3 4 51.51 31043 23.28 8338
5 52.06 32271 23.68 8442
6 55.14 40006 26.44 9243
7 56.15 42872 27.75 9681
8 59.48 53566 31.72 11245
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The relationship between stiffness and pre-load for the seat-pan and the backrest
cushions are further illustrated in Figures 2.17 to 2.18, respectively. The seat-pan and
backrest stiffness shows good linear relationships with subject weight, as evident from
the R? values, where R* > 0.99 and R? > 0.93 for the seat-pan and the backrest cushions,
respectively. Figure 2.17 further suggests that the seat-pan stiffness of seat 2 is less
sensitive to pre-load when compared to seats 1 and 3, while Figure 2.18 suggests that the
backrest stiffness of seat 1 is less sensitive to pre-load when compared to the backrest of
seats 2 and 3. Figure 2.19 and 2.20 also show that the static deflection of the cushions
exhibits a good linear relationship with pre-load, as observed by the R? values, where R
> 0.93 and R* > 0.99 for the seat-pans and the backrests, respectively. Figure 2.19 shows
that the seat-pan cushions of seats 2 and 3 undergo significantly smaller static deflections
than those of seat 1 over the entire weight range considered. Seats 2 and 3 exhibit similar
static deflections up to approximately 800 N pre-load, above which seat 2 undergoes
slightly higher deflections. Figure 2.20 shows that the backrest cushions of all test seats
have similar relationships with the pre-load, and that the static deflections of seat 2 are
higher than those of seat 1 and that the deflections of seat 1 are greater then those of seat
3 over the entire weight range considered in this study. The stiffness properties of the
seat-pan and backrest yield considerable insight into the behavior of the seat under
loading. While the characterization of the candidate seats has established both a
quantitative and qualitative relationship between the three test seats, it is anticipated that
the differences in seat-pan and backrest cushion contours will also account for significant

differences in the measured responses.
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Figure 2.17: Seat-pan cushion stiffness as a function of subject weight
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Figure 2.18: Backrest cushion stiffness as a function of subject weight
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Figure 2.19: Seat-pan cushion deflection as a function of subject weight
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Figure 2.20: Backrest cushion deflection as a function of subject weight
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2.6  Summary

In this chapter, the methodology and test setup used for the acquisition of BPD
has been presented. The equipment used and standards followed for the characterization
of the test seats has also been presented. Two proposed cushion characterization
standards, one from the SAE and the other from the JASO, have been investigated and
compared. It was found that the SAE method showed poor repeatability and yielded
considerably lower stiffness results when compared to the JASO standard. The load-
deflection characteristics of the three test seats showed highly non-linear behavior for
both the seat-pan and the backrest cushions. Consequently, the force-deflection curves
were fitted with a fourth order best-fit polynomial to determine the static stiffness of the
cushions. Both the seat-pan and backrest cushion stiffness were found to have a strong
dependence on pre-load. The cushion stiffness and deflections obtained by the methods
outlined in this chapter are used simply to compare the test seats to one-another. Based on
the results from the JASO standard, it is concluded, for the purposes of this study that: the
seat-pan cushion of seat 3 is stiffer than that of seats 1 and 2 over the entire weight range,
while seat 2 is stiffer than seat 1 up to 800 N pre-load, above which seat 1 becomes
slightly stiffer than seat 2. For the backrest stiffness, seat 2 is softer than both seats 1 and
3 over the entire weight range considered, and seat 1 is stiffer than seat 3 up to

approximately 550 N pre-load above which seat 1 is slightly softer.
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CHAPTER 3
GENERALIZED CONTACT FORCES AND PRESSURE ANALYSIS AT THE
HUMAN-SEAT INTERFACE OF AUTOMOTIVE SEATS
3.1 Introduction

The reported studies on comfort performance characteristics of automotive seats
have suggested that the contact pressure at the body-seat interface could serve as an
effective and important measure [20,21,26]. The peak pressures and local concentrations
of high pressures at the interface could be related to the discomfort and/or pain [28,33,34]
Both the peak pressures and their concentrations, however, depend upon many subject
and seat design related factors in a complex manner. The pressure data, therefore, could
not be directly interpreted to design guidelines in a quantitative manner. The need for
further efforts to develop quantitative tools has been emphasized to enhance the
understanding of the contact forces and the effects of various seat design features on the
comfort performance of automotive seats.

The pressure distributions acquired at the body-seat interface for the seat-pans
backrests of the three candidate seats are analyzed in this chapter to build the essential
knowledge on the role of different seating variations, such as posture as determined by
the backrest inclinations, the knee angles, the seat heights, as well as the mechanical
properties of the seats, and the various anthropometric factors such as: body weight and
build. The data are analyzed to study the effective contact area, peak contact pressures,
and locations of peak pressures and contact force magnitudes as functions of the seated

posture, as well as the various seat design and anthropometric factors.
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3.2  Data Analysis

The total contact force developed over the entire surface is derived through
integration of the localized pressures over the effective seat-pan and backrest contact
areas. Since each sensor area is constant, and, assuming a uniform pressure distribution

over the relatively small sensor area, the overall contact force F, can be estimated by:

F, =AAcZn:p,. 3.1
i=1
Where 44, is the surface area of a single sensor equal to 6.45 cm?, pi is the pressure
measured by sensor i and # is the total number of active sensors for which the pressure
exceeds the preset threshold value. The pressure thresholds for the seat-pan and the
backrest were selected as 0.25 and 0.125 N/cm?, respectively, to reduce the signal noise.
The effective contact area between the body and the seat is further derived upon

consideration of the number of active sensors, such that:

A =nAd (.2)

c c
where A, is the total effective contact area. The data were acquired for 8 male adult
subjects for each seat-height-knee-back combination. Each measurement was repeated
twice and the data were examined to ensure repeatability of the measurements. The
subjects were asked to stand up and move away from the seat before assuming the
desired sitting posture for the next trial to account for the small differences in the posture,
and also to allow the mat to be re-positioned to its reference position in case it had
shifted. The data acquired from the two trials showed good within subject repeatability
and very little variations in the magnitudes and locations of peak pressures and the
contact force. As a result of the good repeatability, the subsequent force and pressure

analyses, as well as the statistical analyses, are performed on the basis of the mean values
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of the two trials. The mean values of the contact force, peak contact pressure and the
effective contact area are thus analyzed to investigate the influence of subject
anthropometry, seated posture and seat properties on the behavior of the interactions at

the human-seat interface.

3.3  Analysis of Seat-Pan Contact Force and Peak Contact Pressure-

The BPD acquired for the selected subject-seat-posture combinations are analyzed
using the PLIANCE software to derive total contact force and effective contact area on
the basis of equations (3.1) and (3.2). The peak and mean contact pressures are further
derived from the measured data for each test combination. Figure 3.1 shows, as an
example, the seat-pan pressure profiles for a 76 kg subject assuming the same sitting
posture on seats 1, 2 and 3. The concentration of higher pressure is clearly seen to be in
the vicinity of the IT and surrounding buttocks for all seats with peak pressures ranging
from 0.75 — 1.00 N/em?, 1.125 — 1.375 N/em® and 0.75 — 0.875 N/cm?, respectively, for
seats 1, 2 and 3. The body/seat-pan contact forces and peak pressures are directly
influenced by the effective contact between the seat and the human body, which appears
to further be affected by the seat design and the seated posture. A lower contact area
could generate higher contact force and magnitude of peak pressure. The relationship
between contact area (A.) contact force (F;) and peak pressure (PP) is also directly
related to the anthropometry and the cushion’s ability to deform under the weight of the
subject. Softer seats tend to reduce the likelihood of hard points and the associated

localized high pressures. Analyses of the pressure distribution data acquired for the same
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subject and posture could thus yield considerable insight into the differences attributed to
the cushion features of each seat. The pressure profiles in Figure 3.1 suggest that seat 3
behaves more like a softer seat providing a smoother pressure gradient away from the IT
and a higher effective contact area, while seat 2 behaves as the hardest seat with the
lowest contact area and the highest contact force and peak pressure. Seat 1, on the other
hand, as anticipated, yields asymmetric pressure distribution attributed the high wings,
while the contact area and force magnitudes are between those of seats 2 and 3. Based on
the cushion characterization and the seat-pan stiffness derived in section 2.5, the results
suggest that for a pre-load of 562 N (76 kg subject), seat 3 is observed to be stiffer than
seat 2 and that seat 2 is observed to be stiffer than seat 1. Comparing the pressure profiles
obtained for seats 1 and 2, the results indeed suggest that a stiffer seat undergoes
significantly lower deflection causing leading fo lower interface contact area and higher
magnitudes of contact force and peak contact pressures as shown in Figure 3.1. A
subsequent physical inspection of the seta-pan of seat 3 revealed that the seat-pan
actually had a very thin layer of PUF supported by steel bars running along the width of
the seat-pan. This would explain why the pressure profile of seat 3 behaves more like a
soft seat but that the effective static stiffness of the seat-pan is greater than that of seats 1
and 2.

As a result of the differences in pressure profiles between test seats, each seat was
analyzed separately to investigate the variations in the pressure profiles and to identify
relationships as functions of the anthropometry and the seated posture. The results of the
individual analyses are then compared to one-another in an attempt to explain the
differences in the cushion stiffness and seat contouring. Tables 3.1 to 3.4 summarize the

mean values of contact force (F.), contact area (A.), peak pressure (PP) and mean
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pressure (MP), and the standard deviations of the means for each seat-posture
combination. The results show considerable variations as indicated by the large standard
deviations, which are attributed to the large inter-subject variability associated with
differences in subject anthropometry and preferred sitting postures. While these
variations are expected, the mean values show clear trends with respect to the
experimental factors considered, namely, seat height (H), knee angle (K) and the backrest

angle (B).

Table 3.1: Mean and standard deviation (SD) of seat-pan contact force, F,

Seat Knee Back Seat-Pan Contact Force, Fc (N)
Height Angle Angle Seat 1 Seat 2 Seat 3
(mm) (deg.) (deg.) Mean sSD Mean SD Mean SD
5 544.9 86.0 X X X X
95 15 517.9 88.1 523.7 879 516.9 99.5
25 460.5 79.9 485.2 84.1 468.9 824
5 569.1 84.7 X X X X
318 115 15 534.3 73.7 545.4 99.9 523.1 100.4
25 470.6 88.3 488.3 776 464.5 95.5
5 600.7 92.4 X X X X
135 15 558.3 101.8 561.1 959 533.9 103.9
25 520.7 90.5 506.5 80.9 485.5 101.1
5 561.0 94.1 X X X X
95 15 519.9 88.3 527.7 95.4 508.4 87.0
25 451.7 71.4 478.1 88.5 463.4 104.2
5 569.8 87.5 X X X X
368 115 15 529.1 94.6 541.7 89.4 523.7 93.2
25 471.0 64.4 478.8 88.3 475.8 107.1
5 579.6 108.7 X X X X
135 15 565.5 120.7 555.4 83.6 559.1 91.4
25 504.5 109.2 512.1 81.8 496.0 115.7
5 568.8 68.1 X X X X
95 15 538.5 104.5 528.2 111.4 528.3 101.8
25 464.6 62.5 490.0 76.1 4721 113.7
5 574.1 71.4 X X X X
419 115 15 557.9 91.0 541.0 106.3 543.5 95.5
25 501.1 81.8 506.2 808 488.3 104.5
5 590.7 106.0 X X X X
135 15 547.1 108.8 562.1 879 564.8 90.2
25 513.5 119.5 520.5 732 5154 102.1

X — Data not acquired for the combination
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Table 3.2: Mean and standard deviation (SD) of seat-pan peak pressure, PP

Seat Knee Back Seat-Pan Peak Pressure, PP (N/cm*2)
Height Angle Angle Seat 1 Seat 2 Seat 3
{mm) (deg.) (deg.) Mean SD Mean Sb Mean Sb
5 1.50 0.12 X X X X
95 15 1.28 0.09 1.43 0.27 1.35 0.30
25 1.24 0.16 1.30 0.21 1.22 0.24
5 1.39 0.19 X X X X
318 115 15 1.27 0.17 1.26 0.25 1.18 0.30
25 1.17 0.20 1.18 0.22 1.03 0.24
5 1.33 0.21 X X X X
135 15 1.16 0.26 1.07 0.21 1.02 0.23
25 1.08 0.26 1.08 0.22 0.89 0.17
5 1.45 0.11 X X X X
95 15 1.23 0.14 1.32 0.22 1.21 0.24
25 1.19 0.12 1.26 0.19 1.12 0.13
5 1.37 0.24 X X X X
368 115 15 1.17 0.14 1.21 0.27 1.09 0.29
25 1.14 0.18 1.09 0.18 0.99 0.20
5 1.33 0.25 X X X X
135 15 1.18 0.23 1.08 0.24 1.01 0.27
25 1.08 0.21 1.03 0.20 0.85 0.11
5 1.38 0.20 X X X X
95 15 1.19 0.20 1.26 0.31 1.10 0.22
25 1.09 0.14 1.16 0.18 0.96 0.10
5 1.32 0.26 X X X X
419 115 15 1.13 0.18 1.15 0.24 0.97 0.16
25 1.07 0.18 1.08 0.18 0.90 0.10
5 1.34 0.29 X X X X
135 15 1.15 0.27 1.04 0.16 1.01 0.19
25 1.05 0.19 1.02 0.15 0.91 0.18

Table 3.3: Mean and standard deviation (SD) of seat-pan contact area, A,

Seat Knee Back Seat-Pan Contact Area, Ac (cm*2)
Height Angle Angle Seat 1 Seat 2 Seat 3
(mm) (deg.) (deg.) Mean SD Mean SD Mean SD
5 883.8 166.4 X X X X
95 15 875.8 179.9 839.2 170.5 950.0 165.5
25 804.0 174.1 799.2 178.9 913.0 164.8
5 1025.5 161.4 X X X X
318 115 15 997.8 155.9 917.3 180.6 1037.6 176.3
25 922.7 177.4 922.2 171.4 985.9 182.3
5 1160.0 153.1 X X X X
135 15 1135.4 157.5 1117.9 180.2 1146.3 161.2
25 1112.4 160.0 1053.2 205.0 1118.0 179.7
5 977.0 181.0 X X X X
95 15 922.8 181.7 898.6 189.0 994.5 178.1
25 854.9 163.5 842.3 194.5 937.4 190.9
5 1089.9 161.2 X X X X
368 115 15 1046.3 202.5 1010.1 178.7 1093.1 202.9
25 991.6 161.1 952.5 200.1 1048.8 2222
5 1148.6 180.0 X X X X
135 15 1149.1 204.2 1111.8 149.7 1200.3 156.1
25 1101.1 199.2 1101.8 173.9 1163.8 187.6
5 1036.1 138.4 X X X X
95 15 1028.5 205.8 970.3 205.6 1080.7 195.7
25 962.8 162.8 926.5 172.2 1024.8 214.8
5 1132.0 125.3 X X X X
419 115 15 1130.8 160.3 1072.6 170.8 1181.9 178.6
25 1103.9 145.5 1059.3 177.1 1126.0 192.8
5 1134.2 163.3 X X X X
135 15 1128.5 177.0 1134.0 117.5 1228.3 136.4
25 1101.0 208.9 1112.6 155.8 1204.1 143.0

X — Data not acquired for the combination
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Table 3.3: Mean and standard deviation (SD) of seat-pan mean pressure, MP

Seat Knee Back Seat-Pan Mean Pressure, MP (N/cm”2)
Height Angle Angle Seat 1 Seat 2 Seat 3
{mm) (deg.) (deg.) Mean SD Mean SD Mean SD
5 0.62 0.04 X X X X
95 15 0.60 0.04 0.63 0.04 0.54 0.04
25 0.58 0.04 0.61 0.05 051 0.02
5 0.56 0.04 X X X X
318 115 15 0.54 0.04 0.58 0.04 0.51 0.05
25 0.51 0.05 0.55 0.05 0.47 0.04
5 0.52 0.02 X X X X
135 15 0.49 0.03 0.50 0.04 0.47 0.04
25 0.47 0.02 0.49 0.04 0.43 0.04
5 0.58 0.04 X X X X
95 15 0.57 0.05 0.59 0.03 0.51 0.03
25 0.53 0.04 0.57 0.04 0.50 0.03
5 0.52 0.04 X X X X
368 115 15 0.51 0.04 0.54 0.04 0.48 0.03
25 0.48 0.05 0.51 0.05 0.45 0.03
5 0.50 0.03 X X X X
135 15 0.49 0.03 0.50 0.04 0.46 0.03
25 0.46 0.03 0.46 0.04 0.42 0.04
5 0.54 0.04 X - X X X
95 15 0.53 0.03 0.54 0.02 0.49 0.03
25 0.49 0.04 0.53 0.04 0.46 0.03
5 0.51 0.02 X X X X
419 115 15 0.49 0.03 0.50 0.03 0.46 0.04
25 0.45 0.03 0.48 0.04 0.43 0.03
5 0.52 0.03 X X X X
135 15 0.48 0.03 0.49 0.04 0.46 0.04
25 0.46 0.03 0.47 0.04 0.42 0.04

X — Data not acquired for the combination

The most significant factor affecting the magnitudes of the measured responses is
the backrest angle. For each combination of seat height and knee angle, increasing the
backrest angle from 5° to 15° to 25° systematically reduces the magnitude of the seat-pan
contact force and contact area, while also significantly reducing the magnitudes of peak
pressure surrounding the IT. The higher backrest angles cause the upper body to recline
more and therefore reduce the percentage of total body weight supported by the seat-pan.
This trend has also been reported in a recent study on the biodynamic behavior of the
seated occupants exposed to vertical vibration [55]. Figure 3.2 shows the pressure
profiles measured on the pan of seat 1 as a function of backrest angle for a 76 kg subject.
Higher backrest inclination reduces the contact beneath the thighs and transfers the body

weight towards the rear of the seat away from the IT onto the sacrum and lower lumbar
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area. For the same subject, increasing the backrest angle results in a reduction of the peak
pressure around the IT from 1.0 — 1.125 N/em? to 0.875 — 1.0 N/em? to 0.75 — 0.875
N/em? for 5° to 15° to 25° backrest angles, respectively. The transfer of weight towards
the rear of the seat is clearly visible from the last two rows of each pressure map; higher
backrest angles generate higher peak pressures and higher concentrations of peak
pressure near the sacrum and lower lumbar area.

While an increase in the backrest angle generally leads to a decrease in the total
contact force and contact area, the effect of increasing the knee angle is opposite. As seen
in Figure 3.3, increasing the knee angle from 95° to 115° and to 135° increases the
contact force from 607.5 N to 636.3 N and finally to 720.2 N, respectively. The
corresponding peak pressure around the IT, however, tends to benefit as it decreases from
1.25 — 1.125 N/em’ to 1.125 — 1.00 N/em” to 0.875 — 0.75 N/em’ for 95° to 115° and to
135° knee angles, respectively. The decrease in the pressure around the IT, however,
results in a significant increase in the contact pressure beneath the thighs just above the
knees, which may encourage reduced blood flow to the legs and rapid fatigue. A higher
knee angle, however, tends to reduce the concentration of high pressure around the IT
and generates a smoother pressure gradient surrounding the IT. Moreover, higher knee
angles create increased contact between the lower body and the seat-pan, as evident from
the increase in contact area from 1071.1 cm? to 1193.5 cm? to 1348.4 cm? for 95°, 115°
and 135° knee angles, respectively. A higher contact area ensures that the body weight is
distributed over a larger area, and thereby reducing the magnitudes of peak pressure. The
results thus suggest that sitting postures with higher knee angles may be sustained for

longer periods of time without discomfort or pain.
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The effect of seat height on the seat-pan pressure distribution is shown in Figure
3.4, for the same seat-knee-backrest combination to study the effect of seat height alone.
An increase in the seat height results in higher contact force and contact area beneath the
thighs just above the knees. The effect of seat height shows very little effect on reducing
the magnitudes of peak pressure surrounding the IT, 0.625 — 1.00 N/em? and 0.625 — 1.00
N/em?® to 0.875 — 1.00 N/cm” for seat heights H1 — 318 mm, H2 — 368 mm and H3 - 419
mm, respectively. The higher contact force with a relatively higher seat is attributed to
increased body mass supported by a higher seat-pan. A few studies have shown that the
body weight supported by the seat increases with seat height [52,55,56]. Increased
contact between the thighs and the pan is mostly caused by the subject’s tendency to
stabilize the desired knee angle. The variations in the measured parameters attributed to
changes in the seat height, however, show much smaller significance compared to those
due to the variations in the backrest and knee angle settings. In light of the observed
variations in F;, A, PP and MP with respect to the three experimental factors, a multi-
factor within subject ANalysis Of VAriance (ANOVA) is performed on the data to verify
the statistical significance of the different factors, namely: the seat (S); seat height (H);
knee angle (K); and the backrest angle (B); on the measured responses. The Statistical
Package for the Social Sciences (SSPS) software is used to perform the analyses. The
ANOVA is further applied to identify and verify the significance of any interactions
between the experimental factors considered. While significant variations in the contour
shape exist between the three candidate seats, the parameter designated as S, is quantified
by the static stiffness of the cushion as derived in section 2.5 for the appropriate pre-

loads.
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3.3.1 Relationship between seat-pan contact force and posture

The results attained from the ANOVA revealed that the factors K and B have very
significant effect on the total contact forces (p<0.001), while the effects of H and the two-
way interaction between H and K (H*K) as well as the three-way interactions between S,
H, K (S*H*K) and S, K, B (S*K*B) are fairly significant (p<0.05). Figures Al.1 to A1.9,
presented in appendix Al, show the variations in the seat-pan contact force for each seat-
posture combination as a function of the subject weight. The contact forces exhibit fairly
linear relationships between the subject weight, backrest angle (Figures Al.1 to A1.3),
knee angle (Figures Al.4 to A1.6) and seat height (Figures Al1.7 to A1.9). A sample
output for the ANOVA is shown in Table B1-1 in Appendix B. Seat 1 in this study
offered an advantage over seats 2 and 3, where it was possible to acquire BPD
measurements for a third angular setting, B1 - 5°, representing a more erect sitting
posture. The results clearly suggest that both the backrest and knee angles have strong
effects on the variations in the contact force, when compared to the seat height.

A multiple linear regression analysis was further performed to illustrate the
relationship between the contact force and the experimental factors, S, H, K, B using the
SPSS software. The model also included the significant two and three-way interactions
revealed by the ANOVA as well as the subject weight (W). The resulting regression
analysis reveals the following relationship between the experimental factors and the

predicted values of contact force.

F,=0,+p W)+ B,(K)+ B,(B)+ B,(H)+ B (H*K) + (3.2)
Bs(S*H*K)+ B,(S*K*B)

The coefficients £y, B, B2 B3 P Ps Ps and B, represent the contributions due to the

individual factors and their interactions which are summarized in Table 3.5.
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Figure 3.5: Correlation between the measured and estimated mean contact force at the
seat- pan for the three test seats
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The regression model provides an acceptable prediction of the actual measured seat-pan
contact force values as shown in Figure 3.5. The correlation coefficients, R2, 0 0.68, 0.80
and 0.81 were obtained for seats 1, 2 and 3, respectively. A sample output from the SPSS

software is shown in Figure B2-1 in Appendix B.

Table 3.5: Regression coefficients for the prediction of total seat-pan contact force

Seat | R’ Bo Br | B2 | Ps B4 Bs Ps Br

1 |0.682|-2557| 0.62 | 3.0 | -4.5 | 0.71 | -0.005 |-6.3x10*|7.1x10®
2 10800 [-2054] 086 |1.15| -1.0 | -0.02 | 0.007 |-4.3x107{-2.2x10°®
3 0810 344 | 0.463 [-1.40| -6.0 | -0.45 | 0.006 |-9.4x107°|7.1x107

The results indicate, as anticipated, that the total contact force increases proportionally
with the subject weight (W). The coefficients of B, S, clearly show the decreasing trend
in contact force with higher backrest angles for all seats. The regression model further
suggests that a higher knee angle for seat 3 would reduce the contact force, while higher
contact forces would be attained for seats 1 and 2. Similarly, seat height has a positive
effect on the contact force of seat 1, while higher seat settings contribute to reductions in
the contact force on seats 2 and 3. The coefficients of the two and three way interactions
show very little contribution to the of seat pan contact force, but further suggest that
contact force is sensitive to the postural variations.

The regression analysis of the contact force shows good linear relationship with
the subject weight and the individual experimental factors. Owing to the most obvious
effect of the body weight and the considerable variations in the body weights of different

subjects, the measured contact force is normalized with the body weight to study the
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effects of the other factors alone. The normalized contact force, referred to as the Contact

Force Ratio (CFR), is expressed as:

CFR = % (3.3)

where F, is the total contact force measured at the seat-pan for a given posture and W;
represents the total body weight of the subject. The CFR is a direct indication of the
amount of total body weight supported by the seat-pan cushion, which may further
depend upon various seat-posture related factors. Figures 3.6 — 3.8 illustrate the
variations in CFR for seats 1, 2 and 3, respectively, as a function of the backrest angle,
knee angle and the seat height. The regression model, presented in Equation 3.2, is
further simplified to describe the CFR, and by neglecting the contributions due to the

three-way interactions S¥*H*K and S*K*B, such that:
CFR =, + Bi(H) + B,(K) + p;(B) + B,(H *K) (3:4)

Table 3.6: Regression coefficients for the prediction of seat-pan CFR

Seat R’ Bo 8, Bs Bs B4(10)
1 0.945 0.232 0.00111 0.004477 -0.00589 -8.8
2 0.814 0.663 -0.00011 0.000824 -0.00552 1.85
3 0.970 0.926 -0.00067 -0.001755 -0.00721 7.75

Table 3.6 summarizes the results of a stepwise forward regression analysis used to
verify the contribution of each parameter to the CFR. The results presented in Figure 3.6

to 3.8, show strong coupled effects of the backrest and knee angles with little clear trends
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for all the tree seats. The backrest angle, however, appears to be most instrumental in
reducing the ratio of the body weight supported by the seat pan as shown by the
coefficient ;. A lower knee angle also tends to reduce the CFR considerably,
irrespective of the seat height and seat type considered. Seat height shows a negative
effect on the seat-pan CFR where the higher seats caused more significant decreases in
contact force for seats 2 and 3, while higher knee angles generated higher contact at the
seat-pan for the same two seats. Seat height and knee angle however, do not have the
same effect on the CFR of seat 3, which shows relatively higher dependence on the two-
way interaction between H and K, where the coupled increase in height and knee angle

cause the CFR to increase, while seat 1 was observed to behave in an opposite fashion.
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3.3.2 Relationship between peak pressure and posture

The ANOVA of the peak pressure data revealed that the factors K and the two-
way interactions between H and K (H*K) are most significant (p < 0.001), while H, K, B
and the two-way interaction between S and K (S*K) are fairly significant (p < 0.05). The
variations in the peak pressures measured on the candidate seats as functions of the
subject weight and the different experimental factors are presented in Figures A2.1 to
A2.9, presented in Appendix A2. Similar to the contact force data, a multiple linear
regression analysis was performed to study the relationship of the peak pressure with the

experimental factors considered. The regression model for peak pressure is obtained as:

PP =f, + B(W)+ B, (K) + B5(B) + B, (H) + Bs(H * K) + B, (S * K) (3.5)

where the coefficients, fyto fs, are summarized in Table 3.7 for all the test seats.

Table 3.7: Contributions of seat stiffness, body weight, seat height and knee and backrest
angles to the seat-pan peak pressure.

Seat R? Bo b B2 Bs P Bs Bs
1 0.314 | 1.89 | 0.002 | -0.009 | -0.013 | -0.004 [2.9x 107}-2.7 x 107
2 0.448 | 542 | -0.002 | -0.031 | -0.007 | -0.004 [2.7x 107}1.0x 10°
3 0343 | 5.56 | -0.001 | -0.029 | -0.012 | -0.009 6.3 x 107|3.2x10?

The regression coefficients suggest that increasing the knee angle (f,), back angle

(B53) and seat height (8,) leads to a reduction in the peak pressure surrounding the IT for
all three seats. Seats 2 and 3 reveal lower peak pressures for heavier subjects, while seat 1
shows an opposite trend. This is directly attributed to the construction of the seat and the
cushion contours. Seat 1 has a significantly narrower seat-pan and is confined on both

sides by high lateral wings, which tends to generate high pressures for heavier subjects
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who generally have larger, thicker and longer legs. Seats 2 and 3, on the other hand, are
much wider than seat 1 and comprise much smaller lateral wings, and therefore can
accommodate larger subjects without generating localized high pressures. The
coefficients f, suggests that knee angle has higher influence in reducing seat-pan peak
pressures for seats 2 and 3 than it does for seat 1, which further illustrates the effect of
high lateral wings, where higher knee angles for seat 1 caused increased contact between
the thighs and the lateral wings. While the regression model results in trends that are
observed from the measured peak pressure, relatively poor correlations exist between the
predicted and measured peak pressures as shown in Figure 3.9. The correlation
coefficients obtained for the three seats are also reported in Table 3.7. The poor
correlations observed for all seats are believed to be attributed to large inter-subject
variability related to large variations in the anthropometric dimensions of the lower
limbs. Apart from this, the variations in peak pressure are mostly caused by the poor
resolution of the 16 X 16 sensing matrix in detecting the exact magnitude and location of
the hard points. Sustained exposure to excessive pressure loading has been reported to
restrict blood flow to the lower limbs and increase the sensation of discomfort in the
seated position. Therefore, based on the pressure analysis of the seat-pan, higher knee
angles and backrest angles provide efficient mechanisms for the alleviation of pressure
loading surrounding the IT. Furthermore, wider, flatter seat-pans generally are more
efficient in accommodating passengers of greater stature while reducing the occurrence

of high localized pressures associated with a higher degree of cushion contouring.
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3.3.3 Postural effects on the contact area and mean pressure

The measures of contact area and mean pressure were also subjected to a multi-
factor within subject ANOVA involving the experimental factors. The results revealed
that the factors S, H, K and B, as well as the two-way interaction between H and K
(H*K) are very significant (p < 0.001) while the three-way and four-way interactions
(S*H*K) (S*H*K*B) are fairly significant (p < 0.05). Equation (3.6) shows the
regression model derived from the analysis that describes the relationship between the
contact area and each significant factor. Table 3.8 summarizes the respective regression
coefficients for seats 1, 2 and 3. Higher levels of body weight (W), knee angle (K) and
seat height (H) tend to cause higher contact area at the body-seat interface while a higher
backrest angle yields lower seat-pan contact area. The regression model provides an
accurate prediction of the actual contact area developed at the seat-pan for the ranges of

postural settings considered in this study, as evident from Figure 3.10

A, = By + B W)+ B, (K) + 5 (B) + B, (H) + B5(S) + B (H * K) (3.6)
B, (S*H*K)+ B, (S*H*K*B)

Table 3.8: Contribution of seat stiffness, body weight, seat height, knee and backrest
angles to seat-pan contact area

Seat | R’ Bo Bi| B2 | B3 | Be| Ps Bs B7 Bs
1 | 0784 | 24655 | 1.1 | 204 | -49 | 57 | 0.003 | -0.04 |-1.7x107 | 2.5x 107
2 | 0872 |-1877.7 | 35 | 139 | -9.65| 3.6 | -0.11 | -0.03 |-1.5x10°| 1.0x 10®
3 |0893 |-11159| 1.2 | 82 | -59 | 2.2 | 0.001 | 0.008 | -24x10%|3.8x 10"
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90



As indicated in section 3.2, a higher contact area implicitly increases the interface
contact force, but beneficially reduces the magnitudes of peak pressure surrounding the
IT. The effective contact area is also significantly affected by the cushion design, which
includes both the stiffness properties of the PUF and the cushion contouring. The
variations in the coefficient fs suggest that seats with a higher level of contouring and
stiffness generate higher contact area, while a stiffer seat with less contouring could yield
lower contact area.

The results attained form the ANOVA of the mean pressure data revealed high
significance of all factors, namely, S, H, K and B (p < 0.001). The interactions between
the seat height and the knee angle (H*K) was also observed to be as significant (p <
0.001), while the two-way interactions, S*H and S*K, and the three-way interaction,
S*H*K, S*K*B and H*K*B were observed to be fairly significant (p < 0.05). The
contribution due to the large number of parameters may suggest that the measure of mean
pressure is not sensitive to any particular factor, which can be observed from the

variations in the coefficients summarized in Table 3.9 for the regression model given

below:

MP=,+ W)+ B,(K)+ S,(B) + B, (H) + Bs(8S) + B, (H*K) + (3.6)
B (S*H)+ B (S*K)+ B (S*K*B)+ B, (S*H*K) +
B (H*K*B)

Table 3.9: Contribution of seat stiffness, body weight, seat height, knee and backrest
angles to seat-pan mean pressure.

Seat| R?| B, | B | B | B5 | Bs |B(x10%)| B, (x10%) | 7 (x10%) | Ba(x107) Po Pro P

1 {0.72|1.27| 0.001 |-0.01/-0.002|-0.003] -4.1 20 2.5 1.3 [1.2x10™]-1.2x10™]-1.7 x10?
2 10.66/1.75(-0.001(-0.01]0.002|-0.002| 2.3 - 5.5 1.0 [-3.6x10°] 1.1x10° {4.5x 10°
3 10.62{1.34-8.4 x10%[-0.006/-0.001(-0.002| -0.012 1.1 -0.026 | -0.0045 [2.5x10"{8.1x10™|-4.3x10®
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The regression model also shows acceptable accuracy in the prediction of seat-pan mean
pressure, as evident from Figure 3.11. The results suggest similar magnitudes of
coefficients of B, H and W, while those of the two and three-way interactions suggest
very little contribution on behalf of their parameters. The interactions between the
experimental factors show that changing a single factor will create a noticeable difference
in the mean pressure. The measure of the mean pressure is also observed to vary
significantly from seat to seat, which further suggests that contouring and stiffness
properties strongly influence the interactions at the human-seat interface.

The measures of contact area and mean pressure were found to vary significantly
with respect to the experimental factors, namely; the seat height, the knee angle and the
backrest angle. Significant differences were observed between the three candidate seats,
which further suggests that contouring and stiffness properties strongly influence the
interactions at the human-seat interface. This would further suggest that more suitable
measures to compare the seat design factors of automotive seats would significantly
improve the significance of pressure studies related to the assessment of comfort
performance of automotive seats.

While the regression models developed in the section 3.3 account for the
significant inter-subject variability, as shown by the regression coefficients, variations in
peak pressure and their locations are also attributed to intra-subject variability. Since each
subject was asked to stand up and sit back down between each measurement, variations
in seated posture with respect to the position during the previous measurement would

cause some variations in the measured responses for the same posture.

92



0.80 -

Seat1 -R?=0.715
0.75

Measured Mean Pressure (N/cm*2)

© © © o © © o o
w B -y (4] (4] (2] » -~
[4)] (=] [4;1 [=3 (4] o L4 o

0.30 T T T T T T T T T |
0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80

Predicted Mean Pressure (N/cm#2)

0.80 1

2 _
075 |Seat2 - R = 0.664

Measured Mean Pressure (N/cm*2)

e © o o © o ©o © ©
S [S - - SN

8 &8 & &§ 8 &8 8 & o
T S VU SO F S

T T T T T T T T T 1

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80
Predicted Mean Pressure (N/cm*2)

0.80 -
Seat3 -R?=0.619

e o ©o ©o o

o @ @ N 0N

o & O o o
. . . . .

o

o
8 & 8

Measured Mean Pressure (N/cm*2)
o

o

)

]
.

o
w
=]

T T T T T 1

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80
Predicted Mean Pressure (N/cm#2)

Figure 3.11: Correlations between the measured and estimated seat-pan mean pressure for
the three test seats.

93



3.4  Regression Model Diagnostics and Best Subset Regressor

The interpretation of the regression coefficients as measuring the change in the
expected value of the response variable (force, area and pressure) when the given
predictor variable is increased by one unit while all other variables are held constant is
not fully applicable when multicollinearity exists [58-61]. When the regression variables
are strongly correlated, the interpretation of the regression analysis may become
ambiguous. There are generally three problems associated with multicollinearity [61];
first, the importance and the effects of individual regressor variables cannot be estimated;
secondly, the estimates of the regressor variables are very sensitive to slight changes in
the data and to the addition or deletion of regressor variables in the equation; finally, the
estimated regression coefficients have large sampling error that affect both inferences
concerning the regression model and the forecasts based on the model. The occurrence of
multicollinearity is detected by the Variance Inflation Factor (VIF) and the Condition
Index (CI) as well as the correlation matrix of the experimental factors obtained from the
SPSS software package [60]. Owing to the existence of milticollinearity of the measures,
a best subset regression is performed on the data to eliminate the correlated variables and
to obtain a more accurate regression model representing the variations in the predicted
measures. A stepwise forward selection method was performed with the SPSS to identify
the best subset regressor having the smallest change in the overall correlation factor, R,
The resulting predictor equations for the contact force, peak pressure, contact area and

mean pressure are expressed below:
F,=p,+B,W)+B,(B)+ B,(K)+ B,(S*K*B) (3.7

PP =g, + B(W)+ B,(B) + B (K) + B,(§* K) + B, (H * K) (3.8)
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A, =By + W)+ B,(B) + 3 (K) + B,(H) + B(S) + B (S* H* K)

(3.9)

MP:ﬂo +ﬂ1(W)+ﬁ2(B)+:33(K)+:B4(H)+ﬂ5(S)+ﬂ6(S*K)+ﬁ7(S*H*K)
+B(H*K)+ [, (S*H*K) + B,,(S*K*B) + B,,(H*K*B)

(3.10)

The coefficients of the above regression models in F,, PP, A, and MP are

summarized in Tables 3.10 to 3.13, respectively.

Table 3.10: Best subset regression for seat-pan contact force

Seat R Bo B B: Bs 2
1 0.68 114.4 0.48 -4.39 1.01 -
2 0.79 127.5 0.52 -4.68 0.77 -
3 0.79 268.0 0.45 -5.91 - 6.1x 10"
Table 3.11 Best subset regression for seat-pan peak pressure
Seat R? Bo Bi B2 Bs B4 Ps
1 0.26 1.68 -0.001 | -0.013 - - 6.0 x10°
2 0.38 2.34 - -0.007 | -0.001 | -3.9x 107 -
3 0.29 2.30 - -0.012 - 3.1x107 |-1.33x 107
Table 3.12  Best subset regression for seat-pan contact area
Seat R? Bo B B B3 o7 Ps Bs
1 0.76 -978.5 1.37 | -3.51 5.86 1.36 - -1.7x 10"
2 0.87 | -1936.7 349 | -3.36 [ 13.01 3.33 - -1.35x 10°
3 0.89 -825.8 1.15 | -4.34 542 1.32 | 0.001 -1.66 x 10™
Table 3.13 Best subset regression for seat-pan mean pressure
Seat |R*| By | B | B | Bs | Ba Bs Bs B Bs Bo Pro B
1 0.71{1.27] 0.001 |-0.002-0.01[-0.003|-3.2 x 10°|8.5 x10° - -
2 [0.55[0.79 - - - |-49x10° - 1.4x10°° -
3 10.59] 1.3 [-s4x10° -0.006{-0.002| - 55x 10" 1.3x10°|5.5x 10" - -8.7x10%
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The best subset regressor model based on the forward selection process
establishes a hierarchical order among the significant factors beginning with the most
significant and ending with the least. Therefore, Equations (3.7) to (3.10) not only show
the contributions of the respective experimental factors to the measured response but also
show which experimental factor is more significant relative to the others. From the
results of the best subset regression, it is clear that the subject weight (W), backrest angle
(B) and the knee angle (K) have the most significant effect on the variations of the
contact force, the contact area and the peak and mean pressures. Heavier subjects and
higher knee angles generally caused higher overall responses, while backrest angle was
instrumental in reducing the magnitudes of contact force and peak pressure at the seat-
pan.

3.5  Summary of Seat-Pan Analysis

The pressure distributions at the human-seat interface of three different
automotive seats were measured using a flexible pressure sensing mat under static
conditions. The seat-pan pressure profiles for each seat were compared to one-another,
the effects of anthropometry and posture on the variations in pressure distribution were
investigated in terms of contact force, contact area, and peak and mean pressures. The
study revealed that the pressure distribution was significantly affected by the subject
weight and seated posture, which is a complex function of the seat height, knee angle and
the backrest inclination. Heavier subjects tend to generate higher values of contact force,
which also leads to a higher ratio of body weight supported by the seat-pan. Similarly,
heavier subjects also cause higher effective contact area of the seat-pan mainly due to

longer, larger and heavier legs. Heavier subjects, in general, tend to have larger muscles
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and more fatty tissue surrounding the buttocks and thighs, and, while these subjects
generated higher values of contact force and area, they benefited from significantly lower
values of peak interface pressure which is attributed to a higher amount of soft tissue
deformation of the surrounding the lower limbs. The analyses further reveals that the
backrest angle is the most significant factor that leads to a systematic reduction in the
magnitudes of contact force, contact area and peak pressure for all the test seats. Subject
weight and knee angle on the other hand, had an opposite effect on contact force and
area, while higher levels of knee angle generated significantly lower levels of peak
pressure surrounding the IT.

The regression analysis also revealed significant two and three-way interactions
between the seat, seat height, and the knee and the backrest angles for the peak and mean
pressures. These interactions clearly suggest that the construction and contour of the seat-
pan cushion is of considerable importance. In this study, the factor designated as seat (S)
was quantified by the cushion static stiffness, derived in chapter 2; these interactions
clearly suggest that stiffness alone does not provide sufficient information regarding the
characteristics of the seat-pan cushion and more measures to compare the stiffness and
cushion contours in different locations are required. It can, however, be concluded that
higher cushion stiffness generates higher magnitudes of interface pressure in the IT
region. It was also found that the amount of body weight supported by the seat-pan was a

function of the backrest angle, knee angle and the cushion stiffness.
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3.6  Analysis of Backrest Contact Forces and Pressures

The pressure profiles measured at the backrests of the candidate seats were also
analyzed using the PLIANCE software to derive overall values of contact force, contact
area, and peak and mean pressures. Figure 3.12 shows, as an example, the variations in
the pressure distribution for a 76 kg subject assuming identical seated posture on seats 1,
2 and 3. The variations in the pressure distributions are largely due to the differences in
the contouring and stiffness of the backrest. Seat 1 exhibits an almost symmetric
distribution about the vertical central axis of the backrest. The peak pressures range
between 0.375 — 0.5 N/cm® in the lower lumber area, while seat 2 reveals higher
magnitudes of peak pressure, approaching 0.625 N/cm?, as well as a higher concentration
of pressure at points well above the lumbar region along the vertical axis of the backrest.
Seat 3 again shows much smoother pressure gradients away from the centerline of the
backrest cushion. The location of the high pressure zone is considerably lower than those
observed for seats 1 and 2, while the magnitudes of peak pressures similar are similar to
those obtained for seat 1.

Figures 3.13, 3.14 and 3.15 illustrate the effects of variations in the backrest
angle, knee angle and the seat height, respectively, on the pressure distributions measured
at the backrest of seat 1 for a 76 kg subject. These distributions suggest that the most
significant factor affecting the pressure distribution is again the backrest angle, as
observed for the seat-pan. The effect however, is opposite to that observed for the seat-
pan pressure distribution. Higher backrest angles cause higher loads on the backrest, and
thus significantly higher contact area and pressure. Figure 3.16 clearly shows an almost

symmetric distribution of contact pressure about the vertical axis where both the
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magnitudes of peak pressure 0.75 N/cm?, 0.875 N/em” and 1.00 N/cm® and the higher
concentration of pressure generate higher magnitudes of contact force 183.9 N, 220.2 N
and 267 N for backrest inclinations of 5°, 15° and 25°, respectively. Figure 3.14 shows
that knee angle has very little effect on the variations of pressure at the backrest. The
difference is mainly in the amount of contact in the lower lumbar region where higher
knee angles reduce the contact between the lower lumbar region and the seat. This is
attributed to the rotation of the pelvic link away from the backrest for higher knee angles.
Figure 3.15 indicates that seat height also has very little effect on the pressure variations
when compared to backrest angle. The values of contact force, contact area, peak and
mean pressure measured on the backrest are virtually unchanged as a function of seat
height.

Tables 3.14 to 3.17 summarize the mean values and the standard deviations of the
contact force, contact area, and peak and mean pressure, respectively, as a function of
posture related factors for each seat. The extremely large standard deviations are mainly
attributed to the radically different contours of the backrest cushions as well as the
differences in upper body anthropometry and the preferred sitting postures of the test
subjects. The preferred sitting posture relates to the instinctive position that each subject
adopts when they sit; while some subjects feel more comfortable in a slouched posture,
others prefer to sit in a more erect posture. These qualitative measures are not as easily
quantifiable as the knee or backrest angles and imply that both heavy and lighter subjects
alike may have similar backrest pressure profiles. The characterization of the backrest has
determined that the backrests of seats 1 and 3 are stiffer than that of seat 2 over the entire

weight range, and that seat 3 is stiffer than seat 1 for loads above 550 N. the results
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presented in Tables 3.14 — 3.17 suggest that a softer backrest generates higher
magnitudes of contact force and contact area, irrespective of the seated posture, while it

also reduces the magnitudes of peak pressure over the entire contact area.

Table 3.14: Mean and standard deviation (SD) of backrest contact force, F,

Seat Knee Back Backrest Contact Force, Fc (N)
Height Angle Angle Seat 1 Seat 2 Seat 3
(mm) (deg.) {deg.) Mean SD Mean SD Mean SD
5 119.9 333 X X X X
95 15 130.4 37.2 171.6 64.4 146.9 31.2
25 158.5 39.6 197.0 58.8 167.2 27.8
5 123.2 36.5 X X X X
318 115 15 138.4 41.3 164.5 56.1 148.8 35.1
25 158.3 51.4 196.4 56.0 159.7 33.5
5 128.5 38.4 X X X X
135 15 149.7 44.3 166.1 50.5 155.1 343
25 163.2 48.3 182.6 57.6 161.6 36.9
5 113.0 35.1 X X X X
95 15 135.1 40.9 163.1 42.1 139.8 38.9
25 141.9 59.3 189.1 56.4 154.9 38.7
5 96.4 46.1 X X X X
368 115 15 122.6 50.1 153.6 40.0 138.6 42.8
25 146.2 54.2 183.7 53.0 150.7 376
5 115.4 32.9 X X X X
135 15 139.1 42.7 154.8 41.0 143.1 36.7
25 152.3 46.5 181.9 46.9 158.6 38.1
5 118.7 54.8 X X X X
95 15 132.7 41.7 155.2 46.5 138.8 30.6
25 140.3 39.6 182.3 58.5 154.3 36.2
5 111.3 47.9 X X X X
419 115 15 135.2 48.7 152.7 48.0 136.9 31.9
25 140.2 44.5 173.1 51.8 143.7 334
5 110.5 46.0 X X X X
135 15 131.4 40.0 145.0 399 142.2 33.5
25 147.7 43.9 163.7 477 147.4 27.6

X — Data not acquired for the combination
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Table 3.15: Mean and standard (SD) deviation of backrest peak pressure, PP

Seat Knee Back Backrest Peak Pressure, PP (N/cm*2)
Height Angle Angle Seat 1 Seat 2 Seat 3
{mm) (deg.) (deg.) Mean SD Mean SD Mean SD
5 0.62 0.12 X X X X
95 15 0.66 0.16 0.63 0.12 0.60 0.09
25 0.69 0.28 0.66 0.13 0.66 0.13
5 0.67 0.13 X X X X
318 115 15 0.66 0.15 0.61 0.08 0.59 0.08
25 0.70 0.21 2.60 5.49 0.66 0.12
5 0.62 0.11 X X X X
135 15 0.66 0.13 0.64 0.12 0.59 0.09
25 0.71 0.23 0.66 0.13 0.65 0.07
5 0.67 0.18 X X X X
95 15 0.67 0.16 0.61 0.10 0.59 0.13
25 0.71 0.28 0.65 0.10 0.61 0.10
5 0.63 0.11 X X X X
368 115 15 0.63 0.18 0.61 0.12 0.60 0.09
25 0.75 0.29 0.61 0.07 0.62 0.11
5 0.57 0.13 X X X X
135 15 0.64 0.16 0.60 0.08 0.59 0.10
25 0.73 0.27 0.64 0.15 0.65 0.11
5 0.59 0.13 X X X X
95 15 0.61 0.14 0.62 0.13 0.55 0.09
25 0.70 0.27 0.67 0.14 0.60 0.06
5 0.58 0.13 X X X X
419 115 15 0.61 0.15 0.62 0.14 0.58 0.10
25 0.74 0.27 0.62 0.10 0.62 0.09
5 0.56 0.13 X X X X
135 15 0.59 0.19 0.59 0.13 0.58 0.11
25 0.68 0.20 0.62 0.15 0.61 0.10

Table 3.16: Mean and standard deviation (SD) of backrest contact area, A,

Seat Knee Back Backrest Contact Area, Ac {cm*2)
Height Angle Angle Seat 1 Seat 2 Seat 3
{mm) (deg.) (deg.) Mean SD Mean SD Mean SD
5 622.5 203.0 X X X X
95 15 675.1 248.5 814.7 301.9 785.2 192.9
25 785.9 247.0 882.0 237.0 877.4 165.0
5 630.4 230.3 X X X X
318 115 15 675.2 249.5 761.7 266.9 790.2 193.8
25 767.5 264.8 869.0 2454 812.7 163.0
5 624.9 186.4 X X X X
135 15 698.1 215.3 760.1 210.5 798.2 205.1
25 764.2 230.7 767.0 2314 811.0 187.4
5 605.7 222.2 X X X X
95 15 690.9 236.7 787.6 194.6 752.3 172.8
25 711.9 334.3 863.9 257.9 818.9 202.0
5 482.3 271.5 X X X X
368 115 15 612.7 201.6 734.5 186.7 747.6 206.6
25 721.5 283.1 840.9 229.7 817.1 189.4
5 593.5 180.2 X X X X
135 15 663.2 216.6 720.1 167.0 777.3 175.2
25 688.4 197.9 832.5 206.4 829.0 181.8
5 633.1 308.4 X X X X
95 15 670.6 270.2 752.3 230.4 762.3 181.1
25 719.1 265.9 836.4 267.2 797.6 202.6
5 593.4 2779 X X X X
419 115 15 685.9 303.8 732.9 209.7 745.4 190.0
25 684.9 239.4 824.5 263.7 7571.2 177.3
5 564.9 263.9 X X X X
135 15 646.9 215.7 711.6 191.7 766.4 185.6
25 684.2 169.6 758.3 224.6 794.0 181.7

X — Data not acquired for the combination
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Table 3.17: Mean and standard deviation (SD) of backrest mean pressure, MP

Seat Knee Back Seat-Pan Mean Pressure, MP (N/cm”2)
Height Angle Angle Seat 1 Seat 2 Seat 3
(mm) (deg.) (deg.) Mean SD Mean SD Mean SD
5 0.58 0.13 X X X X
95 15 0.56 0.17 0.58 0.11 0.57 0.08
25 0.66 0.26 0.59 0.11 0.62 0.12
5 0.60 0.18 X X X X
318 115 15 0.63 0.18 0.60 0.08 0.57 0.08
25 0.67 0.25 2.19 4.42 0.60 0.10
5 0.57 0.11 X X X X
135 15 0.58 0.15 0.59 0.09 0.53 0.09
25 0.65 0.24 0.62 0.14 0.61 0.08
5 0.59 0.16 X X X X
95 15 0.62 0.16 0.57 0.08 0.52 0.13
25 0.65 0.25 0.58 0.13 0.55 0.12
5 0.56 0.09 X X X X
368 115 15 0.58 0.19 0.58 0.10 0.51 0.09
25 0.69 0.31 0.56 0.07 0.54 0.08
5 0.52 0.12 X X X X
135 15 0.61 0.15 0.56 0.07 0.52 0.08
25 0.70 0.26 0.59 0.15 0.58 0.10
5 0.53 0.12 X X X X
95 15 0.55 0.11 0.60 0.13 0.51 0.10
25 0.61 0.28 0.64 0.13 0.54 0.05
5 0.52 0.13 X X X X
419 115 15 0.54 0.13 0.56 0.10 0.54 0.08
25 0.66 0.25 0.58 0.10 0.56 0.06
5 0.54 0.13 X X X X
135 15 0.53 0.20 0.53 0.11 0.51 0.10
25 0.63 0.18 0.59 0.13 0.58 0.10

X — Data not acquired for the combination

3.6.1 Relationship between the backrest contact force and seated posture

The magnitudes of the measured backrest contact force show significant
variations with the seated posture, as evident from the relatively high standard deviations
(Table 3.14). A multifactor within subject ANOVA revealed that only the factors H and
B have strong statistical significance (p < 0.001) and only the two-way interaction
between S and K (S*K) becomes fairly significant (p < 0.05). A multiple regression

model relating the backrest contact force with the significant factors is formulated as:

F. =By + Bi(W)+ B,(H) + p;(B) + B,(§* K) (3.11)
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where By, B;, B2 B3 and B, are the coefficients of the regression model. The model
coefficients obtained for the three seats are summarized in Table 3.18 together with the
correlation coefficient, R%. The model coefficients suggest that heavier subjects tend to
generate higher contact forces but that the effect of body weight is not as significant as
the backrest angle. Conversely, seat height shows a negative trend on the contact force of
the backrest which means that higher seats promote reduced contact force, which may be
due to the subject’s tendency to shift more weight on the legs when seated on a high seat
thereby less contact at the backrest. The two-way interaction between S and K (S*K)
suggests that both the knee angle and the cushion characteristics significantly affect the
magnitudes the of contact force. Thus, for seat 1, the combination of higher knee angle
and stiffer backrest results in higher backrest contact force, while the opposite trends are
observed for seats 2 and 3. The interactions between S and K, S*K, would suggest that
seats with greater contouring and stiffer backrest in the lower lumbar area reduces the
body weight transferred to the backrest. The regression model however, provides poor
accuracy in the prediction of backrest CFR, as evident from the correlation factors, R%, in

Table 3.18 and Figure 3.16.

Table 3.18: Regression coefficients and correlation factors for the backrest contact force

Seat R’ Bo B B2 B3 B4
1 0.114 133.17 -6.22x 10” 0.11 1.73 1.63x 10
2 0.534 3.12 0.27 0.17 2.48 -3.59x 10°
3 0.299 80.37 0.12 -0.12 1.20 7.27x107
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The Contact Force Ratios (CFR) of the backrests are further derived by
normalizing the measured contact force with the subject weight. The resulting values
directly relate to the body weight supported by the backrest as functions of the various
posture and seat-related parameters. Figures 3.17, 3.18 and 3.19 illustrate the backrest
CFR for seats 1, 2 and 3, respectively. The results show that the backrest CFR generally
decreases with increasing seat height for all test seats. Higher backrest angles, on the
other hand, cause higher CFR for all the test seats. The variations in knee angle setting do
not show a clear trend in the CFR at the backrest. The ratio of the body weight supported
by the backrest is also significantly affected by the amount of cushion contouring, as
evident from the differences in CFR values for each seat. Figure 3.15 suggests, for seat 1,
that the mean CFR and thus the total body weight transferred to the backrest ranges from
13 to 26 % for the postural variations considered. The backrest CFR for seats 2 and 3
range from 19 to 26 % and 19 to 23 %, respectively. Considering the large standard
deviations, the CFR for seat 1 was observed to be as low as 6% for the 5° backrest angle
and as high as 30% for the 25° backrest angle. Similarly for seat 2, the lowest and highest
values of CFR were obtained as 14% and as high as 30%, respectively, while those for
seat 3, as 13% and 27%. The higher standard deviations of seat 1 further suggest that the
backrest contouring helps minimize the variations in the contact force and pressure, as it
tends to limit the effects of the variations caused by individuals preferred sitting posture

by forcing the upper body to follow the contours of the backrest cushion.

109



CFR

CFR

CFR

Figure 3.17:

B1-5deg.
0.18

0.17 +
0.16 +
0.15 + .
0.14
0.13 + .

B

0.12 . t t + ;
300 320 340 360 380 400
Seat Height (mm)

B2 - 15 deg.
0.21

420 440

0.20 } A
0.19 4
0.18 4
0.17 4 ¢
0.16 }
0.15 4
0.14 }
0.13 4
0.12 t t + : +

*>>

300 320 340 360 380 400
Seat Height (mm)

B3 - 25 deg.
0.24

420 440

0.22 Iy
0.20 ¢
0.18
0.16 |
0.14 +

LA N 2

0.12 + ¥ } f f
300 320 340 360 380 400
Seat Height (mm)

420 440

Variations in the CFR of the backrest of seat 1: ¢ K1 -95°; m K2 -115 °;

A K3 -135°.

110



B2 - 15 deg.
0.23

0.22 + .

L[ g

0.21

CFR
B>
L 4

0.20

0.19 | A

0.18 I I ¥ , + I
300 320 340 360 380 400 420 440

Seat Height (mm)

0.26

0.25 +
o 0.24 +

F
>
*

©0234

0.22

0.21 : + - ; ; ’
300 320 340 360 380 400 420 440
Seat Height (mm)

Figure 3.18: Variations in the CFR of the backrest of seat 2: ¢ K1 -95°;, m K2-115°9;

A K3 -135°.

111

3



B2 - 15 deg.

0.21
A

0.20

[14

o 0.19 4 :

3 a A
0.18 4 M ']
0.17 } } t } t

300 320 340 360 380 400 420 440
Seat Height (mm)

B3 - 25 deg.
0.23
0.22 + *
A
w 0214 = R
L. .
S 020 ¢ ¢
a
A
0.19 4+ -
0.18 : : : : : :

300 320 340 360 380 400 420 440
Seat Height (mm)

Figure 3.19: Variations in the CFR of the backrest of seat 2: ¢ K1 -95°; m K2-115°9;
A K3 -135°.

112



3.6.2 Relationship between interface pressure and seated posture.

A multi factor ANOVA on the peak and mean pressures as well as the contact
area of the backrest revealed that only the backrest angle is significant (p < 0.001) for the
peak and mean pressure, while the factors H, K and B are also fairly significant (p < 0.05)
on the backrest contact area. The results are applied to formulate the following regression

models in peak pressure (PP), mean pressure (MP) and the contact area:

PP =f,+ B,(W)+ B,(B) (3.12)
MP =g, +B,W)+ B,(B) (3.13)
A, =B, + B W)+ B, (H)+ B, (K)+ B,(B) (3.14)

Table 3.19: Regression coefficients and correlation factors for the backrest peak pressure

Table 3.20: Regression coefficients and correlation factors for the mean pressure

Seat R’ Bo B B
1 0.109 0.33 0 0.005
2 0.075 0.725 0 0.003
3 0.262 0.27 0 0.004

Seat R’ Bo Bi B2
1 0.091 0.31 0 0.005
2 0.062 0.67 0 0.002
3 0.232 0.25 0 0.004

Table 3.21: Regression coefficients and correlation factors for the contact area

Seat R’ Bo B B, Bs Ba
1 0.226 22537 0.71 -0.40 -0.52 6.54
2 0.702 -15.25 1.27 -0.39 -1.61 7.77
3 0.215 442.07 0.55 -0.41 -0.07 4.33
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Tables 3.19, 3.20 and 3.21 summarize the regression and correlation coefficients
for the peak and mean pressures, and the contact area respectively. The results show
extremely poor correlation between the measured and predicted values of peak and mean
pressures, and the contact areas on the backrests of all the candidate seats. The subject
weight is shown to have zero contribution to the prediction of the pressure at the backrest.
This suggests that the pressure variations are far more sensitive to cushion contours and
stiffness and that subject weight does not provide an accurate indication of the level of
loading at the backrest. In terms of the contact area, both heavier subjects and higher
backrest angles lead to increased contact between the subject and the seat, while higher
seats and knee angles contribute to a reduction in the contact between the subject and the

seat.

3.7  Summary of Backrest Analysis

The statistical analyses of the contact forces and areas as well as the peak and
mean pressures of the backrest of the three candidate seats have shown that higher
backrest angles create higher magnitudes of contact area and force between the occupant
and the seat. The large standard deviations associated with all the measured responses
suggest that anthropometry and postural variations do inevitably cause differences in
pressure distributions at the backrest, while the backrest cushion contours and stiffness
have a more significant effect on creating zones of localized high pressure, irrespective of
the subject anthropometry and posture. The analysis of the pressure distribution on the
backrest of the three automotive seats has shown that while some mildly significant

trends are observable with respect to anthropometry and the posture, excessive inter-
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subject variability or standard deviations exist, which are attributed to preferred sitting
postures which cannot be easily quantified. Furthermore, the pressure profiles of the
backrest cushion are significantly affected by the cushion geometry and require much
larger test populations and considerable investigation into a more suitable method of
comparison to draw any significant conclusions pertaining to the assessment of the
comfort performance of automotive seats.

3.8  Summary of Generalized Seat-Pan and Backrest Pressure Analyses

The pressure profiles acquired at the seat-pan and backrest for three different
automotive seats have been analyzed with respect to anthropometry, posture and cushion
stiffness. It was found that the amount of body weight supported by the seat-pan varied
with posture and anthropometry but generally varied in the 60% to 79% range,
irrespective of the cushion properties, which correlates well with the data reported in
more extensive studies in automotive seating [50,55,62]. The backrest was found to
support up to 27% of the body weight and as low as 11% for seats allowing a more erect
posture. The ratio of body weight transferred to the seat-pans and backrests of automotive
seats have been found to be a complex function of anthropometry, posture and cushion
properties. Table 3.22 summarizes the overall seat-pan and backrest contact force ratios
for each test seat; these values reflect the total means and do not correspond to a
particular subject or posture.

Table 3.22: Mean values and standard deviations (SD) of seat-pan and backrest CFR

SEAT 1 SEAT 2 SEAT 3
Seat-Pan | Backrest | Seat-Pan | Backrest | Seat-Pan | Backrest
MEAN 0.70 0.18 0.68 0.22 0.66 0.20
SD 0.09 0.07 0.06 0.05 0.06 0.04
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CHAPTER 4
DISTRIBUTED CONTACT FORCES AND PRESSURE ANALYSES AT THE
HUMAN-SEAT INTERFACE OF AUTOMOTIVE SEATS
4.1 Introduction

The ratio of the total body weight supported by the seat-pan and the backrest is
found to vary from seat to seat, depending on its stiffness and cushion geometry. The
seat-pan of automotive seats is reported to carry up to 76% of the total body weight [4,
28,55], while the remainder of the body weight is transferred to the backrest and the feet.
The results obtained from the generalized pressure analyses, presented in chapter 3, show
that the amount of body weight supported by each section of a seat is also a complex
function of anthropometry and the sitting posture. Specific areas of the body, namely: the
IT, the fleshy area of the thighs just above the knees and the lower lumbar area of the
back are known to be sensitive to excessive pressure loading [10,27].The sensation of
comfort, fatigue and pain in specific segments of the biological system could be related to
the high localized pressure and contact forces in the vicinity of the specific body
segments.

The interface pressure distribution attained for a seat could be analyzed to derive
peak pressures and contact forces occurring over different body segments. The
knowledge gained from such analysis could provide guidelines for contouring of the seat-
pan and the backrest ‘to redistribute the contact pressure. The data attained from the
interface pressure measurements are therefore further analyzed in this chapter to
investigate the localized pressure concentrations and contact forces in the zones known to

be more sensitive to pressure loading. The effect of body weight on the distribution of
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forces and pressures at the seat-pan and backrest are shown, and a zonal analysis of the
interface pressure is performed with respect to the three experimental factors namely, the
seat height, knee angle and the backrest angle. The data are analyzed to determine the
combinations of factors that could help reduce the levels of loading on the sensitive areas
of the body. The data are analyzed with the group-mask evaluation software module of
the PLIANCE system to derive the zonal contact forces, areas, and peak and mean
pressures.
4.2  Analysis of Distributed Seat-Pan Forces and Pressures

The surface areas of the seat-pan and the backrest of each candidate seat are
divided into different zones to study the contact force and interface pressure imparted on
specific body segments in contact with the seat. The seat-pan is divided into 5 zones
referred to as ‘Zone 1’ to ‘Zone 5°, as illustrated in Figure 4.1. The figure presents a
generalized description of the zones that could be applied to all the candidate seats. Zone
1 encompasses the region surrounding the IT, which is known to support the major
portion of the body weight and exhibits higher concentration of interface pressure. It has
been reported that the two IT bones are approximately 16 to 25 cm apart [4]. The zone is
thus defined by a 25.4 cm x 14.8 cm area of the sensing mat eﬁveloping 10 columns and
7 rows of sensors, with a total area of 451.61 cm?® Zone 2 is defined to measure the
contact force between the sacro-illiac region and the seat surface. This zone comprises 10
columns and 3 rows of sensors with a total surface area of 195.55 cm?. It has been
reported that soft thigh tissues may undergo rapid fatigue under high contact
pressure[1,4,10], Zone 3 is thus defined to measure the contact forces between the thighs

and the seat surface, and it envelopes 10 columns and 6 rows of the sensor mat with a
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total area of 387.10 cm®. The side wings of a seat-pan, when elevated, could cause high

loading of the
ZONE 2
SACRO-ILLIAC
10 Columns x 3 Rows
30 Sensorg
ZONE 5 195.55 cm ZONE 4
RIGHT ZONE 1 LEFT
LATERAL | |SCHIAL TUBEROSITES | LATERAL
3 10 Columns x 7 Rows 3
Columns 70 Sensors Columns
X 16 Rows 451.61 cm? x 16 Rows
48 48
Sensors Sensors
309.68 ZONE 3 300.68
cm? THIGHS cm?
10 Columns x 6 Rows
60 Sensors
387.10 cm?

Figure 4.1: Zone definitions for the seat-pan cushion.

femur bone leading to increased sensation of discomfort and fatigue. The localized
contact forces arising from the side supports are thus evaluated by defining left-lateral
(Zone 4) and right-lateral (Zone 5) regions, as shown in Figure 4.1. It is anticipated that
the leading portions of these zones surrounding Zone 2 may encounter negligible
interface pressure. Each of these zones envelopes 3 columns and 16 rows of sensors with
a total area of 309.68 cm’.

The interface pressure distributions acquired at the seat-pan under different seat
heights and sitting postures are analyzed to derive the contact force, peak and mean
pressures, and the effective contact area for each zone. The effects of various
experimental factors on the zonal response parameters are then evaluated and discussed

in the following sub-sections.
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4.2.1 Postural effects on the distribution of seat-pan contact forces

The results presented in the previous chapter clearly show that the body weight
supported by the seat-pan significantly influences the contact force and peak pressure.
The body weight is thus expected to affect the zonal contact force and pressure in a
similar manner. The effect of body weight, therefore, needs to be isolated in order to
study the effects of the postural factors alone. For this purpose, the resulting forces
developed in the various zones are normalized by the total body weight to derive the
zonal CFRs, such that:

CFR, = Lo 4.1)

I

where CFR, is the contact force ratio of Zone ‘n’ and F, is the corresponding zonal
contact force. The zonal CFR data could yield knowledge on the proportion of body
weight supported by different segments of the seat-pan. The zonal pressure and force data
may further provide guidelines with respect to contouring and localized cushion stiffness
requirements. The data acquired for all the test subjects for specific seat and postural
factors are analyzed to compute the mean values of zonal contact forces, interface
pressures, and effective contact areas.

Figures 4.2 to 4.4 show the variations in the mean values of the zonal CFR for
seats 1, 2 and 3, respectively, as functions of the seat height, knee angle and the backrest
angle. The figures show that the ratio of the body weight supported by different zones of
the seat-pan is not only a function of anthropometry and posture, but significant
variations are also attributed to the differences in cushion contours and stiffness. The

Zone 1, surrounding the IT, supports the largest portion of the body weight, irrespective
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of the subject-seat-posture combinations. The results suggest that 32 to 54 % of the total
body weight is supported by Zone 1, while significant variations occur with variations in
the seat design and posture related factors. The body weight supported by this zone is
followed by that of Zone 2, surrounding the sacro-illiac region specifically under postures
of low knee angle. On the basis of the CFR data, it was concluded that this zone supports
3 to 11 % of the total body weight when all three seats and seat heights are considered
with a knee angle of 95°. An increase in the knee angle tends to shift the body weight
from Zones 1 and 2 onto Zone 3, surrounding the thighs, indicating increased contact
between the thighs and the seat, for all seats. The results suggest that a higher knee angle
could impose increased loads on the soft tissues and may potentially impede blood flow
and cause fatigue in that area of the body.

The portion of body weight supported by different zones is also strongly
influenced by the seat height. A higher seat coupled with large knee angles causes far
more contact with the thighs, as evident from the high contact force ratio in Zone 3 for all
the candidate seats. A higher seat, however, tends to lower the concentration of high
pressures and thus the contact force in the IT region (Zone 1) and the sacro-illiac zone
(Zone 2). An increase in the backrest angle also helps to reduce the contact force around
the IT (Zone 1) and the thighs (Zone 3), while it tends to increase the contact with the
sacro-illiac zone and the seat for seats with less backrest curvature. For seat 1, the mean
contact force attained for each height-knee-backrest combination suggests that increasing
the backrest angle from 5° to 15° to 25° systematically reduces the ratio of body weight
supported by the IT (zone 1), the thighs (Zone 3) and both the lateral zones (Zones 4 and

5) as evident in Figure 4.2. Furthermore, increasing the knee angle and seat height also
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individually contribute to reductions in the CFR in Zones 1 and 2 but significantly
increase the loading onto the thighs both beneath the knees (Zone 3) and on each lateral
portion of the legs (Zones 4 and 5). The results further show strong interaction between
the seat height (H) and the knee angle (K), where increasing the ievel of both factors
simultaneously leads to a more significant reduction in CFR surrounding the IT and
sacrum but transfers the body weight onto the thighs and lateral zones. The similar trends
are also observed for seats 2 and 3, as shown in Figures 4.3 and 4.4, respectively. All the
three seats tend to support similar proportions of the body weight in Zone 1, while more
significant variations are observed for Zones 3, 4 and 5 with the experimental factofs.

To determine the effects of each experimental factor on the variations in the seat-
pan CFR, and to verify the statistical significance of the factors, ANOVA and multiple
linear regression analyses are performed on the data for each zone. The analysis also
revealed fair to high significance of the seat height (H), knee angle (K) and the backrest
angle (B); p < 0.05. A multiple linear regression formulation is thus obtained to describe
the relationship between the CFR, and the seat height, the knee angle and the backrest
angle, such that:

CFR, =, + Bi(H)+ B, (K)+ B,(B);n=1,2, ...,5 4.2)
where 0y, B, 8;and (3; are the regression coefficients.

Table 4.1 summarizes the regression coefficients attained for each zone of the
seat-pan. The regression based relationships revealed a high degree of correlation with
the mean measured data with R* values in excess of 0.8 for all cases. The results in
general support the conclusions derived from the generalized force analysis of the

previous chapter and the observations made from the mean data presented in Figures 4.2
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Table 4.1: Regression coefficients for the zonal contact force ratios for seats 1,2 and 3

ZONE SEAT R? Lo iz [2 3
1 0.92 0.832 0 -0.002 | -0.004
1 2 0.95 0.949 -0.001 -0.002 | -0.004
3 0.98 0.85 0 -0.002 | -0.005
1 0.89 0.263 0 -0.001 0.002
2 2 0.86 0.088 0 -0.001 0.003
3 0.84 0.129 78E-5 -0.001 0.001
1 0.97 -0.488 0.001 0.003 | -0.002
3 2 0.93 -0.374 0.001 0.003 | -0.003
3 0.93 -0.329 0.001 0.003 | -0.002
1 0.96 -0.027 0 0 -0.001
4 2 0.75 -0.032 36E-5 0.001 -0.001
3 0.92 -0.002 91E-5 0 -0.001
1 0.97 0.024 0 0 -0.001
5 2 0.75 -0.046 69E -5 0.001 -0.001
3 0.95 0.001 72E-5 0 -0.001

to 4.4. The effect of backrest inclination is again obvious and shows that for the range of
angles considered, increasing the value from 5° to 15° to 25° significantly reduces the
amount of body weight carried by the ischials (Zone 1) by transferring the weight
backwards onto the sacro-illiac zone (Zone 2) and onto the backrest. All the seats indicate
similar contributions of the backrest angle to the CFR in the lateral zones (Zones 4 and
5). The contributions due to the variations in the knee angles to the CFR in the lateral
zones are also quite small, which is further evident from Figures 4.2 to 4.4. Variations in
the seat height show very little effect on the variations in the CFR of Zones 1, 2, 4 and 5,
but are found to be considerably significant in increasing the contact force in Zone 3

surrounding the thighs.

4.2.2 Distribution of seat-pan contact pressure
The peak contact pressures and their concentration have been shown to vary with

respect to the anthropometric and postural factors. The cushion contour and the effective
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stiffness of the seat have also been shown to be important in view of the contact pressure
variations. Figure 4.5 shows the differences in the contours of the seat-pan cushions of
seats 1, 2 and 3, considered for this study. The figures clearly illustrate major differences
in the lateral wings of the three seats. The seat-pan of seat 1, Figure 4.5 (a), is very
narrow and shows very high wings when compared to those of seats 2 and 3 as illustrated
in Figures 4.5 (b) and (c), respectively. The seat-pan of seat 2, Figure 4.5 (b), is relatively
flat when compared to seats 1 and 3. While the seat-pans of each seat are generally
considered flat, the differences in the wing’s height, shape and the stiffness are expected

to generate significant variations in peak pressure.

(©)

Figure 4.5: Comparisons of seat-pan contours of seats 1 (a), 2 (b) and 3 (c)
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The pressure distribution data acquired at the body-seat-pan interface are analyzed
to derive the pressure maps for each zone. The peak pressures within different zones are
then identified for each subject-seat-posture combination using the multi-mask analysis
module available within the PLIANCE software. The peak pressure data obtained for
each subject are then grouped to derive the mean values of peak pressure within each
zone. Table 4.2 shows the variations in the mean peak pressures within the five different
zones together with the standard deviations (SD) of the means as a function of the
posture-related factors for seat 1. Comparing Zones 1, 2 and 3 clearly shows that the IT
are subjected to higher magnitudes of pressure. The mean data further shows the strong
effects of the posture related factors, namely the knee and backrest angles. The mean
pressure of Zone 1 tends to decrease with increasing knee angle, backrest angle and seat
height, while that of Zone 2 increases with backrest angle and decreases with increasing
knee angle and seat height. Zones 4 and 5 are of particular significance to seat 1 because
they include the lateral wings of the seat-pan and clearly show higher peak pressures
regardless of the posture. This further suggests that seat-pan contouring has a significant
effect on creating hard-points, which may lead to significant pressure loading and
increased discomfort in subjects of heavier stature.

Seats 2 and 3 on the other hand, show somewhat opposite trends; a comparison of
the mean pressures of Zones 4 and 5, of both seats, to those of seat 1 clearly highlights
the effect of the wings. For seats 2 and 3, the location of the peak pressure invariably
occurs within Zone 1 surrounding the IT, as seen in Tables 4.3 and 4.4, respectively.
Similarly, comparing the peak pressure of Zones 4 and 5 for seats 2 and 3 further

highlights the effects of the lateral wings in generating higher peak pressures.
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Significantly large standard deviations are also observed for Zones 2, 4 and 5 for all
seats. These are mainly attributed to the lack of contact within these zones for postures

with lower seat heights and knee angle settings for subjects of smaller stature.

Table 4.2: Zonal mean peak pressure and standard deviations (SD) variations for seat 1

Seat | Knee | Back ZONE 1 ZONE 2 ZONE 3 ZONE 4 ZONE 5
Height | Angle Angle

(mm) (deg.) (deg.) Mean SD Mean SD Mean SD Mean SD Mean SD

5 1.33 0.26 0.91 0.29 0.38 0.25 1.27 0.38 1.36 0.19

95 15 1.19 0.16 1.01 0.23 0.36 0.26 1.07 0.32 1.1 0.22

25 1.09 0.13 1.15 0.25 0.27 0.21 0.88 0.34 0.92 0.26

5 1.15 0.16 0.80 0.37 0.55 0.21 1.30 0.33 1.39 0.21

318 15 15 1.06 0.12 0.91 0.26 0.48 0.20 1.1 0.26 1.12 0.26

25 0.98 0.07 1.10 0.24 0.41 0.20 0.93 0.28 0.95 0.25

5 1.01 0.13 0.70 0.33 0.70 0.14 1.16 0.35 1.31 0.26

135 15 0.92 0.12 0.83 0.30 0.60 0.15 1.02 0.29 1.11 0.31

25 0.90 0.07 0.88 0.33 0.63 0.18 0.88 0.22 0.95 0.27

5 1.22 0.20 0.78 0.35 0.54 0.22 1.30 0.32 1.31 0.15

95 15 1.09 0:11 1.05 0.25 0.40 0.26 1.01 0.36 1.10 0.25

25 0.97 0.12 1.08 0.32 0.34 0.21 0.91 0.28 0.92 0.26

5 1.06 0.19 0.72 0.32 0.60 0.15 1.23 0.35 1.30 0.23

368 115 15 0.99 0.12 0.94 0.34 0.52 0.15 1.02 0.22 1.06 0.22

25 0.90 0.12 1.03 0.27 0.49 0.16 0.89 0.26 0.97 0.20

5 0.92 0.14 0.62 0.30 0.77 0.14 1.20 0.35 1.30 0.30

135 15 0.90 0.11 0.78 0.40 0.69 0.14 1.02 0.28 1.09 0.30

25 0.79 0.10 0.75 0.39 0.66 0.16 0.89 0.23 1.00 0.27

5 1.09 0.10 0.74 0.32 0.59 0.19 1.28 0.23 1.40 0.21

95 15 1.02 0.05 0.94 0.24 0.48 0.16 1.02 0.26 1.1 0.24

25 0.92 0.07 1.00 0.26 0.43 0.14 0.96 0.20 0.90 0.14

5 0.97 0.13 0.65 0.30 0.7 013 1.15 0.21 1.32 0.25

419 15 15 0.94 0.06 0.85 0.24 0.58 0.09 1.02 0.22 1.15 0.21

25 0.85 0.09 0.89 0.34 0.54 0.13 0.97 0.27 0.92 0.20

5 0.87 0.05 0.38 0.24 0.84 0.12 1.23 0.27 1.35 0.29

136 15 0.78 0.06 0.52 0.27 0.78 0.16 1.07 0.28 1.16 0.29

25 0.77 0.09 0.58 0.29 0.78 047 0.95 0.24 1.05 0.22
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Table 4.3: Zonal mean peak pressure and standard deviations (SD) variations for seat 2

Seat

Knee

Back

- ZONE 1 ZONE 2 ZONE 3 ZONE 4 ZONE 5
Height | Angle Angle

_(mm) (deg.) (deg.) Mean SD Mean SD Mean SD Mean SD Mean SD
95 15 1.48 0.29 0.66 0.32 0.54 0.18 0.67 0.26 0.64 0.18

95 25 1.33 0.23 0.90 0.29 0.38 0.22 0.59 0.24 0.56 0.11

318 115 15 1.31 0.27 0.62 0.30 0.60 0.15 0.74 0.21 0.73 0.17
115 25 1.22 0.20 0.90 0.32 0.48 0.11 0.64 0.22 0.60 0.14

135 15 1.09 0.25 0.51 0.30 0.70 0.21 0.67 0.22 0.69 0.18

135 25 1.06 0.22 0.66 0.34 0.63 0.30 0.62 0.18 0.55 0.13

95 15 1.39 0.20 0.60 0.34 0.56 0.18 0.71 0.18 0.68 0.16

95 25 1.29 0.18 0.84 0.37 0.46 0.15 0.58 0.15 0.55 0.16

368 115 15 1.29 0.29 0.56 0.31 0.62 0.13 0.71 0.21 0.69 0.15
115 25 1.13 0.19 0.80 0.35 0.51 0.09 0.62 0.15 0.56 0.15

135 15 1.52 1.23 0.51 0.36 1.09 0.95 0.88 0.82 0.98 0.98

135 25 1.42 1.03 0.99 0.80 0.92 0.58 0.86 0.82 0.79 0.60

95 15 1,32 0.32 0.59 0.29 0.62 0.15 0.65 0.19 0.65 0.25

95 25 1,19 0.18 0.83 0.34 0.53 0.11 0.55 0.18 0.57 0.13

419 115 15 1.18 0.27 0.53 0.27 0.70 0.13 0.62 0.18 0.69 0.23
115 25 1.15 0.19 0.75 0.32 0.63 0.15 0.54 0.20 0.57 0.12

135 15 1.04 0.10 0.26 0.25 0.93 0.23 0.62 0.25 0.74 0.13

135 25 0.99 012 0.50 0.24 0.87 0.24 0.55 0.25 0.67 0.07

Table 4.4: Zonal mean peak pressure and standard deviations (SD) variations for seat 3

Seat Knee Back
Height | Angle Angle Zone 1 Zone 2 Zone 3 Zone 4 Zoneb
(mm) (deg.) (deg.) Mean SD Mean SD Mean SD Mean SD Mean SD
95 15 1.42 0.31 0.71 0.20 0.48 0.18 0.71 0.15 0.61 0.12
95 25 1.27 0.24 0.75 0.15 0.47 0.16 0.73 0.15 0.49 0.09
318 115 15 1.23 0.27 0.70 0.16 0.56 0.10 0.76 0.11 0.61 0.09
115 25 1.11 0.24 0.76 0.20 0.51 0.12 0.72 0.16 0.55 0.10
135 15 1.07 0.23 0.58 0.14 0.67 0.13 0.68 0.15 0.59 0.10
135 25 0.95 0.20 0.69 0.18 0.60 0.16 0.66 0.13 0.53 0.12
95 15 1.26 0.26 0.74 0.16 0.55 0.11 0.73 0.14 0.55 0.11
95 25 1.15 0.10 0.75 0.18 0.52 0.12 0.69 017 0.52 0.08
368 115 15 1.13 0.28 0.66 0.15 0.61 0.07 0.72 0.13 0.58 0.12
115 25 1.03 0.18 0.66 0.16 0.53 0.11 0.69 0.13 0.53 0.12
135 15 1.03 0.27 0.61 0.17 0.74 0.12 0.69 0.18 0.66 0.17
135 25 0.90 0.16 0.63 017 0.67 0.15 0.70 0.14 0.58 0.11
95 15 1.17 0.25 0.69 017 0.62 0.14 0.78 0.15 0.60 0.15
95 25 1.02 0.11 0.68 0.15 0.56 0.13 0.69 0.10 0.53 0.08
419 115 15 1.05 0.16 0.66 0.19 0.71 0.14 0.76 0.15 0.63 0.15
115 25 0.95 0.12 0.70 0.13 0.64 0.13 0.65 0.12 0.53 0.08
135 15 0.92 0.13 0.48 0.18 0.87 0.23 0.75 0.32 0.65 0.12
135 25 0.85 0.09 0.50 0.22 0.80 0.21 0.70 0.28 0.59 0.11
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4.3  Analysis of Distributed Backrest Contact Forces and Pressures

Similar to the seat-pan, the backrest area was also divided into different zones to
study the contact forces and pressures imparted on specific body segments of the back in
contact with the seat. The backrest is divided into 4 different zones, referred to as ‘Zone
1’ to ‘Zone 4’, as illustrated in Figure 4.6. The figure presents a generalized description
of the zones that could be applied to each candidate seat. Zone 1 encompasses the region
including all the lumbar vertebrae of the spine. Zone 1 is defined by an area of 25.4 cm x
20.3 cm on the sensing mat, which contains 10 columns and 8 rows of sensors, with a
total area of 516.13 cm”. Zone 2 is defined to measure the contact force between the
thoracic region of the back and the backrest support surface of thé seats. This zone
includes 10 columns and 8 rows of sensors with a total surface of 516.13 cm?; it is
anticipated that this zone will exhibit higher contact forces and concentrations of peak

pressure at higher backrest angles.

ZONE ZONE 2 ZONE
Thoracic Zone
3 4
Right 10 Columns x 8 Rows Left
ig 80 Sensors
Lateral 516.13 cm? Lateral
3 3
Columns Columns
X 16 X 16
Rows ZONE 1 Rows
48 48
Sensors 10 Léulmbar Zg';e Sensors
309.68 olumns x & Rows 309.68
cm? 80 Sensor§ om?
516.13 cm

Figure 4.6: Zone definitions for the backrest cushion
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The wings located on the backrest provide an effective way to create significant
contouring of the backrest support. Similar to the seat-pan, higher and stiffer wings of the
backrest can significantly increase loading on the lateral segments of the body leading to
increased discomfort. The localized contact forces and pressures in these areas are thus
evaluated by defining Zones 3 and 4 to include the right (Zone 3) and left (Zone 4) lateral
wings of the test seats, as shown in Figure 4.6. Each of these zones includes 3 columns
and 16 rows of the sensor matrix for a total area of 309.68 cm”.

The backrest interface pressure distributions acquired under different seat-height-
knee-back combinations are analyzed to derive the mean zonal contact forces, peak and
mean pressures; and the effective contact areas for each zone. The effects of the various
experimental factors on the response of the zonal parameters are then evaluated and

discussed in the following sub-sections.

4.3.1 Postural effects on the distribution of backrest contact forces

As it has been observed in the previous chapter, significant variations in the
backrest contact forces and pressures have been attributed to the various experimental
factors as well as to the inter-subject variability. However, the poor correlation factors
attained for the backrest regression analyses in chapter 3 further suggest that the backrest
contouring is also a very significant factor causing large variations in the backrest contact
forces and pressures, irrespective of the anthropometric and postural factors. Similar to
the seat-pan, significant contouring is achieved by adding wings to the lateral portions of
the backrest support and is accounted for by Zones 3 and 4 on the backrest. In addition,

significant contouring is also achieved by adding curvature along the vertical axes of the
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backrest to provide support for the natural curvature of the spine. The differences
between the backrest supports of the three test seats are shown in Figure 4.7. It is
anticipated that significant variations in the contact forces will arise due to the different
curvatures of the backrests. Figure 4.7 (a) shows that the backrest of seat 1 has no
curvature along the vertical axes of the cushion, but has wings of considerable size that
are anticipated to create high pressures in Zones 3 and 4 when compared to seats 2 and 3.
Seats 2 and 3 on the other hand, exhibit considerable curvature along the vertical axis of
the backrest, as shown in Figures 4.7 (b) and (c), respectively. With respect to the lateral
wings on the backrest, seat 2 provides very little lateral support (Figure 4.7(b)), while
seat 3 (Figure 4.7(c)), exhibits much larger wings similar to but smaller than seat 1. The
backrest zonal CFRs are thus derived to study the behavior of the distribution of total
body weight over the surface of the backrest as functions of the subject anthropometry,

seated postures, the cushion stiffness and the backrest contouring,.
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(2) (b)

©

Figure 4.7: Comparison of the backrest contouring of seats 1 (a), 2 (b) and 3 (¢)
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Figures 4.8 to 4.10 show the variations in the mean values of the zonal backrest
CFR for seats 1, 2 and 3, respectively, as functions of the seat height, knee angle and the
backrest angle. The figures show that the ratio of the body weight supported by different
zones of the backrest is not only a function of anthropometry and posture, but significant
variations can be attributed to the differences in cushion contours and stiffness, as
observed for the seat-pan.

Figure 4.8 shows the zonal CFR variations for the backrest of seat 1, which
exhibits very little contouring along the vertical axis of the backrest. For this seat, Zone 2
carries significantly higher portions of the body weight, up to 12 %, while the CFR for
Zone 1 was observed to be only as high as approximately 7.5 %. The figure further
suggests that the backrest angle has a higher effect on the CFR of Zone 1 when compared
to Zone 2. The amount of body weight supported by Zone 1 is further affected by the seat
height, where higher seats produced lower CFR; this effect becomes more pronounced at
higher knee angles suggesting a significant interaction between the seat height and the
knee angle. Zones 1 and 2 exhibit an inverse relationship with respect to the knee angle,
where higher knee angles tend to cause body weight transfer from Zone 1 onto Zone 2.
This behavior is also shown to be significantly affected by the seat height, where the
combination of higher seat heights and knee angles caused higher portions of the body
weight to be transferred onto Zone 2 from Zone 1. Zones 3 and 4 are significantly
affected by the backrest angle, where higher backrest inclinations caused higher contact

between the body and the seat irrespective of the height-knee combination.
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Figure 4.9 shows the variations in zonal CFR for the backrest of seat 2. The ratio
of body weight carried by Zones 1 and 2 are observed to have smaller variations with
respect to all the experimental factors, when compared to seat 1. Zones 1 and 2 each carry
between 8 and approximately 11.5 % of the total body weight for all the height-knee-
back combinations, while Zones 3 and 4 carry no more than approximately 2.5 % of the
total body weight within their respective zones. Some small trends, however, are
observed with respect to the backrest where higher values of backrest angle generally
caused higher contact between the subject and all the backrest zones.

Figure 4.10 shows the variations in zonal CFR for seat 3. The backrest contour of
this seat exhibits some curvature along the vertical axis within the lumbar area (Zone 1)
and is considered flat in the thoracic area (Zone 2). Zone 1 carries between 9 and 12 % of
the total body weight for this seat, while Zone 2 carries up to approximately 5 %. The
contact force variations in Zone 1 are mildly affected by the knee angle where higher
knee angles caused small increases in contact between the body and the backrest. Zone 2
also shows some variation with respect to the knee angle where higher knee angle were
also observed to cause slight increases in the CFR.

In light of the dependence of the CFR on seat height, knee angle and the backrest
angle, a multi factor within subject ANOVA was performed on the backrest zonal CFRs
to verify the statistical significance of the experimental factors. The ANOVA was also
used to identify any significant interactions between the experimental factors. Table 4.5
summarizes the results attained for the ANOVA for both the 99.9% and the 95%
Confidence Intervals (CI). The results revealed that the factors S and H are very

significant on the variations within Zone 1 (p < 0.001), while Zone 2 is only
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mildly affected by the factors S, K, and the two-way interaction between S and K, (S*K)
(p <0.05). The factors B and S*K are also found to have a strong statistical significance
(p < 0.001) on the CFR variations of Zones 3 and 4. The results attained from the
ANOVA further suggest that the cushion stiffness alone is not sufficient to compare the
distribution of contact forces, but that the amount of contouring is also significant and
should be considered in the analysis of the backrest contact force variations.

Table 4.5: Summary of ANOVA results for the backrest zonal CFR for 99.9% and 95%
Confidence Intervals (CI)

ZONE 99.9 % CI (p < 0.001) 95 % CI (p <0.05)
1 S, H S, H, K, B, S*K, H*K
2 - S, K, S*K
3 B, S*K H, B, S*K, H*K, H*K*B
4 B, S*K H, B, S*K, S*B,

A multiple regression was formulated similar to Equation (4.2) to investigate the
contribution of seat height, knee angle and the backrest angle on the variations in the
backrest CFR, where 3, 8;, 8, and §3; are the regression coefficients relating H, K and B
to the CFR and are summarized in Table 4.6. The results suggest that for all seats, the
ratio of total body weight within Zone 1 is decreased for higher seat heights and higher
knee angles, while higher backrest inclinations cause increased contact in the lumbar
region. The weaker correlation coefficients, R, for Zone 2 on seats 2 and 3 further
suggest that postural factors are not as significant as the cushion contouring and stiffness
in causing contact variations. Higher seats also reduced the interface contact between the
subjects and Zones 3 and 4, while higher backrest angular settings again increased

loading within these zones.
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Table 4.6: Regression and correlation coefficients for the backrest CFR.

ZONE | SEAT R? Bo B£:(10°) | £(107) | B5(107)
1 0.880 0.124 -11.5 -44.1 1.240
1 2 0.774 0.172 -19.7 29.2 1.330
3 0.904 0.147 -18.0 0 1.330
1 0.744 0.026 2.1 60.9 0.237
2 2 0.205 0.070 0 12.5 0.444
3 0.169 0.028 1.7 8.3 -0.222
1 0.854 0.006 -1.6 4.5 0.500
3 2 0.805 0.035 -8.2 -4.2 0.889
3 0.819 0.013 -1.6 0 0.889
1 0.921 0.018 2.7 1.4 0.427
4 2 0.547 0.026 4.9 4.2 0.778
3 0.605 0.038 6.6 0 0.556

The relationship between the zonal CFRs have been shown to be a complex
functions of the seated posture and the cushion characteristics, which are generally
expressed in terms of the effective stiffness. It has also been found, based on the zonal
analyses, that seats with cushion contouring along the vertical axis of the backrest
generally exhibit lower contact forces in the lumbar region which is mainly attributed to
the increased structural support of the spine and the reduced spinal deformation normally

associated with poorly supported postures.

4.3.2 Distribution of backrest contact pressure

The magnitudes of peak pressure in the various backrest zones are again found to
be significantly affected by the shape of the cushion. The contours of the backrests for
each seat have been shown in Figure 4.7. Both seats 2 and 3 have a significant amount of
curvature along the vertical axis of the cushion, while seat 1 exhibits none. The wings of

the three seats are also observed to be significantly different. Tables 4.7 to 4.9 summarize
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the mean zonal peak pressure magnitudes as functions of the posture for seats 1, 2 and 3
respectively. The magnitudes of peak pressure for zone 1 are highest for seat 3 and are
attributed to the significant amount of lumbar curvature located lower along the height of
the backrest as shown in Figure 4.7 (c), when compared to those of seats 1 and 2. While
the peak pressure magnitudes are significantly different for each seat within Zone 1, they
show little variation with respect to the postural factors. Zone 2 however, shows higher
variations with respect to backrest angle, where higher backrest inclinations generate
higher peak pressures in the thoracic zone. The values of peak pressure within zone 2 are
opposite to the trends found for Zone 1, which suggests that the thoracic zone supports
significantly larger contact as a result of the higher backrest angles. Seat 3 shows the
lowest magnitudes within Zone 2, while seat 2 was observed to have the highest. Seat 1
has the least amount of backrest curvature and exhibits almost equal magnitudes of peak
pressure for both zones 1 and 2 with more variations attributed to posture, which further
suggests that seats with less backrest contouring are more prone to pressure variations
due to anthropometric and posture related factors, when compared to those with
contouring. Both seats 2 and 3 exhibit similar peak contact pressures within Zones 3 and
4, which is mainly attributed to the backrest contouring that provides a greater amount of
structural support to the spine, whereas seat 1, which has no curvature, exhibits
asymmetric pressure loading of Zones 3 and 4. The lack of appropriate backrest support,
as in the case of seat 1, also increases the muscle activity required to maintain an
insufficiently supported posture, which may also lead to rapid fatigue of the back muscles

and an overall higher sensation of discomfort in the seat.
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Table 4.7: Zonal peak pressure variations for seat 1

Seat Knee Back Zonal Peak Pressures (N/cm”2)
Height Angle Angle ZONE 1 ZONE 2 ZONE 3 ZONE 4
(mm) (deg.) (deg.) Mean SD Mean SD Mean SD Mean SD
5 0.45 0.19 0.42 0.12 0.30 0.27 0.42 0.26
95 15 0.46 0.21 0.47 0.13 0.32 0.18 0.49 0.31
25 0.47 0.20 0.47 0.14 0.39 0.14 0.59 0.39
5 0.44 0.17 0.46 0.12 0.31 0.24 0.45 0.31
318 115 15 0.45 0.26 0.48 0.17 0.27 0.21 0.51 0.29
25 0.45 0.18 0.52 0.15 0.44 0.14 0.60 0.32
5 0.43 0.13 0.50 0.16 0.30 0.26 0.40 0.24
135 15 0.48 0.15 0.52 0.17 0.34 0.19 0.49 0.27
25 0.46 0.20 0.52 0.21 0.45 0.11 0.61 0.34
5 0.44 0.18 0.43 0.12 0.28 0.19 0.48 0.33
95 15 0.45 0.23 0.45 0.15 0.37 0.15 0.49 0.31
25 0.45 0.17 0.47 0.18 0.38 0.14 0.56 0.41
5 0.44 0.18 0.44 0.17 0.26 0.21 0.40 0.27
368 115 15 0.42 0.16 0.44 0.15 0.35 0.17 0.51 0.31
25 0.47 0.16 0.48 0.20 0.37 0.18 0.60 0.42
5 0.36 0.14 0.49 0.15 0.29 0.22 0.40 0.22
135 15 0.36 0.12 0.48 0.15 0.34 0.16 0.49 0.28
25 0.43 0.15 0.52 0.24 043 0.15 0.59 0.34
5 0.38 0.16 0.45 0.15 0.28 0.24 0.28 0.25
95 15 0.39 0.17 0.49 0.15 0.34 0.17 0.44 0.25
25 0.49 0.16 0.45 0.21 0.38 0.17 0.52 0.37
5 0.36 0.10 0.46 0.16 0.27 0.20 0.30 0.27
419 115 15 0.37 .0.12 0.51 0.14 0.32 0.19 0.42 0.25
25 0.47 0.15 0.49 0.23 0.38 0.17 0.57 0.39
5 0.26 0.15 0.52 0.12 0.27 0.20 0.30 0.25
135 15 0.31 0.09 0.51 0.19 0.34 0.14 0.42 0.21
25 0.37 0.13 0.55 0.21 0.42 0.15 0.49 0.24
Table 4.8: Zonal peak pressure variations for seat 2
Seat Knee Back Zonal Peak Pressures (N/cm*2)
Height Angle Angle ZONE 1 ZONE 2 ZONE 3 ZONE 4
(mm) (deg.) (deg.) Mean SD Mean SD Mean SD Mean SD
95 15 0.28 0.07 0.52 0.19 0.28 0.17 0.31 0.14
95 25 0.41 0.10 0.54 0.18 0.41 0.22 0.40 0.15
318 115 15 0.30 0.09 0.53 0.11 0.30 0.19 0.31 0.11
115 25 0.41 0.11 0.53 0.15 0.41 0.23 0.31 0.12
135 15 0.26 0.08 0.59 0.16 0.26 0.17 0.31 0.13
135 25 0.34 0.09 0.52 0.20 0.34 0.18 0.40 0.16
95 15 0.26 0.09 0.52 0.15 0.26 0.17 0.33 0.15
95 25 0.37 0.09 0.52 0.19 0.37 0.20 0.34 0.12
368 115 15 0.28 0.06 0.52 0.17 0.28 0.16 0.30 0.15
115 25 0.36 0.08 0.50 0.12 0.36 0.21 0.38 0.14
135 15 0.24 0.06 0.53 0.13 0.24 0.17 0.28 0.15
135 25 0.30 0.08 0.55 0.20 0.30 0.16 0.37 0.15
95 15 0.30 0.12 0.53 0.17 0.30 0.17 0.27 0.1
95 25 0.38 0.12 0.56 0.18 0.38 0.23 0.36 0.13
419 115 15 0.26 0.10 0.54 0.15 0.26 0.18 0.29 0.10
115 25 0.35 0.08 0.54 0.14 0.35 0.18 0.33 0.12
135 15 0.26 0.11 0.52 0.15 0.26 0.19 0.30 0.12
135 25 0.33 0.08 0.59 0.18 0.33 0.18 0.35 0.11
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Table 4.9: Zonal peak pressure variations for seat 3

Seat Knee Back Zonal PeakPressures (N/cm”*2)
Height Angle Angle Zone 1 Zone 2 Zone 3 Zone 4
{(mm) (deg.) (deg.) Mean SD Mean SD Mean SD Mean SD
95 15 0.50 0.10 0.32 0.13 0.39 0.22 0.44 0.22
95 25 0.52 0.12 0.31 0.10 0.45 0.26 0.47 0.23
318 115 15 0.51 0.09 0.32 0.17 0.36 0.23 0.44 0.21
115 25 0.52 0.11 0.29 0.12 0.44 0.28 0.48 0.22
135 15 0.50 0.14 0.35 0.13 0.37 0.21 0.42 0.21
135 25 0.54 0.10 0.32 0.14 0.44 0.24 0.47 0.19
95 15 0.52 0.11 0.27 0.09 0.37 0.22 0.48 0.22
95 25 0.49 0.10 0.33 0.12 0.44 0.25 0.46 0.18
268 115 15 0.53 0.08 0.31 0.10 0.36 0.23 0.46 0.23
115 25 0.49 0.10 0.32 0.13 043 0.28 0.45 _0.18
135 15 0.50 0.10 0.32 0.12 0.35 0.26 0.45 0.20
135 25 0.49 0.08 0.35 0.15 0.44 0.27 0.43 0.19
95 15 0.46 0.11 0.35 0.15 0.35 0.22 0.43 0.18
95 25 0.50 0.10 0.34 0.16 0.41 0.22 0.46 0.20
419 115 15 0.48 0.10 0.34 0.18 0.37 0.22 0.41 0.20
115 25 0.52 0.10 0.29 0.13 0.41 0.26 0.43 0.17
135 15 0.49 0.10 0.38 0.19 0.36 0.21 0.37 0.16
135 25 0.45 0.08 0.35 0.11 043 0.27 0.43 0.15

4.4  Distribution of Total Body Weight

The distribution of the body weight at the human-seat interface has been found to
be a complex function of subject anthropometry, seated posture and cushion
characteristics, which include the contour shapes and static stiffness of the cushions. The
characterization of the cushions has been performed following two different methods
outlined by the SAE J1051 [50] and JASO B407 [51] standards respectively. The results
have been found to vary considerably for both methods, and for the purposes of this
study, the point of application was taken as the aggregate center of pressure for each seat
for both the seat-pan and the backrest. The loads and deflections observed during the
characterization of the cushions were found to be excessive, when compared to the
deflections observed during the BPD acquisition. The subsequent pressure analyses of
chapter 3 has been found to correlate well with the recent studies published regarding the
total amount of body weight supported by both the seat-pan and the backrest cushions

[31,53,60]. The cushion stiffness was derived corresponding to 76% and 24% of the total
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body weight for the seat-pans and backrests, respectively. The point of application for the
characterization of the seat-pan was inside the ischial zone (zone 1) and in the lumbar
zone (Zone 1) for the backrest. The zonal analysis of chapter 4 has further shown that the
total body weight carried by these same zones only reaches a maximum of 52% and 14%
on the seat-pan and backrest, respectively. Therefore, application of forces up to 76% and
24 % of the total body weight on the seat-pan and backrest is inaccurate and provides an
over-estimation of the stiffness of the cushion in those specific zones.

Figure 4.11 shows the overall mean distributed contact force ratios between the
seat-pan and the backrest cushions for each of the test seats. The large standard
deviations for each seat accounts for the anthropometric and postural variations. The
values strongly suggest that a more accurate characterization of the cushion properties
can be performed by considering the results of the zonal analyses as limits regarding the
loads applied to the various areas of the cushions for characterization of the static
stiffness. As a result, the characterization of the cushions could inevitably provide more
accurate information regarding the true foam properties instead of the combined foam
and seat sub-frame. The characteristics of the seat properties in different areas, similar to
those derived in [60], could also provide more insight into the localized stiffness

requirements for the alleviation of high contact pressures.
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45  Summary

The pressure distribution at the human-seat interface of three different
automotive seats was acquired with a flexible sensor matrix under static conditions. The
seat-pan and backrest cushions were divided into anatomical zones which are known to
be sensitive to pressure loading. The contact forces and peak pressures within each zone
were analyzed as a function of anthropometry and posture. The study revealed that the
load supported by the various anatomical zones are a complex function of anthropometry,
posture and cushion properties. The backrest angle was found to have the most significant
effect on the variations of contact force for both the seat-pan and backrest. Higher levels
of backrest inclination lead to greater reductions in contact force for all the seat-pan
zones except for the sacro-illiac zone (Zone 2), which tended to support higher loads for
higher backrest angles. The knee angle was found to have a similar effect on the weight
distribution of zones 1 and 2 and also generated significantly higher levels of loading
along the outer thighs (Zones 4 and 5) as well as Zone 3 beneath the thighs above the
knees. The seat height was only found to have a positive influence on zone 3 where
higher seat heights generated more contact within that zone but had little effect on the
variations within the other zones. With respect to the backrest measurements, the trends
were opposite. Higher values of backrest angle generated higher values of contact over
the entire surface of the back. Both seat height and knee angle had very little effect on the
overall backrest force variations but higher seats and knee angles did contribute to
reducing the contact in the lateral zones of the backrest.

The peak pressure have also been found to vary with respect to anthropometry

and posture, but the most significant factor affecting the peak pressure was the cushion
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geometry and stiffness, which suggests that anthropometric measures such as weight and
BMI alone, do not necessarily provide an accurate indication regarding the pressure
loading. Seats with high lateral wings generated peak pressure magnitudes similar to,
and in some cases, greater than those attained beneath the IT and lumbar areas.

The results of the zonal analyses have shown that while contact forces with
weight and posture, the mean total load carried by the various anatomical areas was
found to be approximately 45 % for the IT, 10 % for the thighs beneath the knees, 9% on
the sacrum and 5% for each lateral zone. On the backrest, much smaller magnitudes were
obseryed, where the lumbar area carries up to approximately 14% and the thoracic zone
carried up to 10%, while each lateral zone carried no more than 2% of the total body

weight.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
5.1 HIGHLIGHTS OF THE STUDY

The comfort performance of a seat is a complex function of multiple seat design
factors such as: cushion geometry and contouring, stiffness and damping properties,
sitting posture and individual preferences. The assessments of comfort performance of
automotive seats are mostly performed through subjective evaluations. In this study, the
body-seat interface pressure is explored as an objective measure of the seating comfort. A
comfort study of automotive seats was carried out through structured experiments
involving human subjects and different automotive seats in a static environment. The
study involved consideration of resiliency of the PUF materials of the seat-pan and
backrest; sitting posture as realized by varying seat height, knee and backrest angle; three
different seats with significantly different contouring of the pan and backrest; and eight
different subjects. The total body seat interface contact force at the pan and backrest, and
pressure distributions in different localized zones are investigated to study the pressure
loading influenced by the different design and postural factors.

The static stiffness of the test seats were investigated using two different
standards; the two methods resulted in significantly different results suggesting that the
manner in which the load is applied has a significant effect on the characterization of the
cushion. Discrete loading of the PUF over timed intervals allows the cushion material to
undergo stress relaxation, which reduces the cushion force for a given deflection thereby
underestimating the static stiffness of the cushion. Stiffness derived from continuous

loading functions, on the other hand, is more representative of the instantaneous stiffness
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and is more suitable for the characterization of the dynamic properties of the PUF. The
foam deflections observed during the characterization of the cushions were found to be
excessive when compared to those observed during the BDP measurements with human
occupants. The contact force analysis further revealed that the ratios of the total body
weight in specific areas of the seat reach maximum values irrespective of the occupant-
posture combinations.

The pressure distribution at the human-seat interface of the seat-pan is
investigated under varying postural conditions for a range of subjects. The variations in
the pressure distribution have been found to be significantly affected by the subject
weight, the seated posture and the cushion characteristics. The data are analyzed to
determine the contact force and localized pressure peaks at different segments of the
body that may provide measures of comfort performance and design guidance with
respect to contouring, PUF material and seat geometry. Although body size and mass
have a definite effect on the interactions at the seat-pan of automotive seats in terms of
contact force and contact pressures, the changes in the seated posture and the cushion
characteristics cause the most significant variations in the measured responses.

Similar to the analysis of the seat-pan pressure distributions, the measured
responses were also analyzed for the backrests of automotive seats. Again, body weight
and size generated significant differences in the measured responses, but it is the
characteristics of the backrest, namely, the stiffness and the cushion contouring that had

the most significant effect on the variations of force and pressure.
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5.2 CONCLUSIONS

Based on the analysis of the pressure distribution at the human-seat interface, the
following conclusions regarding the assessment of comfort performance of automotive
seats are drawn:

e The cushion stiffness is highly dependent upon the pre-load and the cushion
construction, which affects the distribution of body pressure at the human-seat
interface.

e The cushion characterization performed in this research was found to cause excessive
deflections of the cushion material and in some cases the application of the
recommended loads in SAE and JASO Standards caused deflections in the seat
substructure.

e It is concluded, on this basis, that more a accurate characterization of the cushion
properties may be attained by significantly reducing the magnitudes of force applied
to the cushions and by deriving the force-deflection characteristics in multiple areas
of the cushion based on the limiting force values derived from the zonal analysis.

o Stiffer seat-pans caused less deformation of the cushion leading to decreased contact
area, but significantly higher contact forces and peak interface pressures. Softer seats,
on the other hand, provide higher amounts of pressure redistribution, leading to
higher contact areas and mean pressures but beneficially lower peak pressures.

e Variations in the knee angle and the backrest angle were found to be most significant
in changing the seat-pan contact force. Higher knee angles caused higher contact at
the seat-pan, while higher backrest angles decreased the seat-pan contact force.

e Seat height was found to have a smaller effect compared with those of the knee and
the backrest angles but generally, higher seats caused higher seat-pan contact forces.

e The overall ratio of body weight supported by the seat-pan is also strongly influenced
by the seat height, the knee angle. Higher knee angles and higher seats generally
decreased the body weight supported by the seat-pan.

e The ratio of body weight supported by the seat-pan correlates well with the reported
literature, and varies between 60 and 79% of the total body weight with significant
standard deviations attributed to variations in anthropometry, posture and cushion
characteristics.

e Heavier subjects have been found to generate higher interface contact forces and

areas but generally benefited from lower values of peak pressure owing to a higher
degree of soft tissue deformation. Conversely, lighter and leaner subjects were
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observed to generate higher peak contact pressures surrounding the Ischial
Tuberosities and lumbar zones.

The location of the peak contact pressures of the seat-pan were invariably found to be
in the area of the ischial tuberosities, with some exceptions occurring on narrower
seat-pans with high lateral wings where peak pressure magnitudes exceeded the peak
Ischial pressure for heavier subjects in extended leg postures.

Reductions in peak Ischial pressures were achieved by increasing the knee and
backrest angles, which lead to a redistribution of the total body weight over a larger
area on the seat-pan and transferred portions of the body weight onto the backrest.

The measures of seat-pan contact area and mean pressure were found to be
significantly affected by all the experimental factors, but can generally be increased
by providing softer cushions and more contouring.

The zonal analysis of the seat-pan indicates that higher seats and knee angles transfer
the seated body weight from the IT and the sacrum onto the thighs and the cushions
with significantly less contouring produce lower peak interface pressures in the thigh
and lateral regions.

Lower knee angles generate increased contact at the sacrum for lower seats

Seat height and backrest angle were observed to be the most significant factors
causing differences in the backrest contact forces. Higher seats decreased the contact
at the backrest while higher backrest angles significantly increased the loading at the
backrest interface.

The ratio of body weight supported by the backrest was also found to be strongly
affected by seat height and backrest, and is observed to be between 11 and 27 % with
large standard deviations attributed to anthropometric, postural and cushion
variations.

The peak and mean contact pressures at the backrest were found to be only
significantly affected by the subject weight and the backrest angle. The contact areas
were further affected by the knee angle where higher knee angles decreased the
contact in the lumbar region.

The regression analysis of the peak and mean pressure indicate that body weight has
little to no significance when compared to the backrest angle. The poor correlation
coefficients for peak and mean pressure further indicate that the variations are
strongly affected by the contouring.

Seats with a significant amount of backrest contouring along the vertical axis provide

more structural support to the spine reducing the occurrence of excessive peak
pressures on the backrest.
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e Secats with a higher degree of contouring along the vertical axis of the backrest were
found to provide more support for the body, thereby reducing the occurrence of
localized high pressures.

The above conclusions with respect to the analysis of body pressure distribution at
the human-seat interface can be interpreted to derive fundamental guidelines for the
design of automotive seats with enhanced comfort. Based on the results of this research
thesis, it is suggested that increased comfort can be attained by eliminating or reducing
the occurrence of high localized pressures and providing the seated body with adequate
structural support. Therefore the following design guidelines are proposed:

e As the force-deflection characteristics of PUF have been found to be highly non-
linear, selecting a foam material that is soft enough to deflect under lighter subjects
but stiff enough to support heavier subjects without bottoming-out is of primary
importance.

e Owing to the large variations in occupant anthropometry among automobile users,
wider seat-pans with lower and softer lateral wings would be desirable to
accommodate smaller and larger occupants alike without creating hard-points or
points of localized high pressure along the lower extremities.

o If the height of the seat presents a design constraint within the vehicle interior, then
the alleviation of high pressure surrounding the tuberosities can be achieved by
allowing sufficient leg room so that the occupant may increase/decrease the knee
angle accordingly. This is implicitly related to the adjustability of the seat in the
longitudinal direction with respect to the location of the pedals.

e Similar reductions in the pressure loading around the tuberosities can also be
achieved by increasing the backrest angle for the same height-knee combinations.
Increasing the backrest angle, however, increases the distance between the upper
body and the steering wheel highlighting the need for adjustable steering wheels.

e Owing to the large variations in upper body anthropometry among automobile users,
wider backrests with smaller wings reduces the occurrence of high pressure.

e Providing adjustable lumbar support in the vertical direction provides added
flexibility for accommodating occupants of varying stature, and also provides good
structural support to the spine which reduces spinal deformation and pelvic rotation
thereby decreasing muscle activity required to maintain unstable posture.
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5.3 RECOMMENDATIONS FOR FUTURE WORK

The assessment of the comfort performance of automotive seats has been
investigated by the objectives measures in terms of body pressure distribution; the
following recommendations for future work may provide more advanced and reliable
conclusions and design guidelines for automotive seats with enhanced comfort.

e A more in depth study into the factors affecting the characterization of the seat
mechanical properties. The behavior of the PUF used in the design of automotive
seats exhibits highly non-linear force-deflection characteristics, which depend on pre-
load, cushion thickness and foam chemistry. Important advances in the accuracy of
the cushion characterization can be accomplished and would thus provide a more
accurate representation of the actual PUF behavior under loading.

e The current characterization methods use flat, solid, circular indentors to impose a
force on the cushion material and do not account for the soft tissue deformations
occurring at the human-seat interface. Developing force indetors which replicate the
actual shape of the human body may be validated with the pressure distributions
attained in this study. Selecting indentor materials that could account for the soft
tissue deformation would further enhance the accuracy of the cushion
characterization.

e A more accurate seat cushion model, which incorporates the variations caused by the
different postures, can be developed.

e Comprehensive criteria need to be developed to define a measure that would quantify
the seat cushion contour so that seat features on different seats may be compared to
one another, this would yield more substantial conclusions regarding the influence of
the cushion on the pressure variations and thus the comfort performance of the seat.

e While the analysis of the pressure distribution at the human-seat interface in this
study has provided insightful information regarding its behavior as a function of
posture, comfort studies using a significantly higher number of subjects representing
the complete range of intended occupants is recommended. This may reduce the
standard deviations attributed to anthropometry and posture.

e Further study the interactions at the human-seat interface under simulated driving
conditions to investigate the effects of a realistic driving environment.
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STATISTICAL ANALYSES
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APPENDIX - B1

Sample SPSS Output of the Analysis of Variance for the
Measured Seat-Pan Contact Force for Seats 1, 2 and 3
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Tests of Within-Subjects Effects

Measure: Seat-Pan Contact Force

Table B1-1: Within-Subject ANOVA for the Seat-Pan Contact Force

Type Ill Sum
Source of Squares df Mean Square F Sig.
SEAT Sphericity Assumed 10872.462 2 5436.231 655 535
Greenhouse-Geisser 10872.462 1.959 5548.701 655 532
Huynh-Feldt 10872.462 2.000 5436.231 655 535
Lower-bound 10872.462 1.000 10872.462 655 445
Error(SEAT) Sphericity Assumed 116142.846 14 8295.918
Greenhouse-Geisser 116142.846 13.716 8467.551
Huynh-Feldt 116142.846 14.000 8295.918
Lower-bound 116142.846 7.000 16591.835
HEIGHT Sphericity Assumed 14273.734 2 7136.867 5.991 013
Greenhouse-Geisser 14273.734 1.296 11015.693 5.991 .031
Huynh-Feldt 14273.734 1.467 9732.213 5.991 025
Lower-bound 14273.734 1.000 14273.734 5.991 .044
Error(HEIGHT) Sphericity Assumed 16678.787 14 1191.342
Greenhouse-Geisser 16678.787 9.070 1838.826
Huynh-Feldt 16678.787 10.267 1624.577
Lower-bound 16678.787 7.000 2382.684
KNEE Sphericity Assumed 92207.943 2 46103.971 9.083 .003
Greenhouse-Geisser 92207.943 1.072 86051.605 9.083 017
Huynh-Feldt 92207.943 1.109 83174.478 9.083 016
Lower-bound 92207.943 1.000 92207.943 9.083 .020
Error(KNEE) Sphericity Assumed 71065.444 14 5076.103
Greenhouse-Geisser 71065.444 7.501 9474.386
Huynh-Feldt 71065.444 7.760 9157.611
Lower-bound 71065.444 7.000 10152.206
BACK Sphericity Assumed 291570.423 1 291570.423 84.115 .000
Greenhouse-Geisser 291570.423 1.000 291570.423 84.115 .000
Huynh-Feldt 291570.423 1.000 291570.423 84.115 .000
Lower-bound 291570.423 1.000 291570.423 84.115 .000
Error(BACK) Sphericity Assumed 24264.212 7 3466.316
Greenhouse-Geisser 24264.212 7.000 3466.316
Huynh-Feldt 24264.212 7.000 3466.316
Lower-bound 24264.212 7.000 3466.316
SEAT * HEIGHT Sphericity Assumed 2653.623 4 663.406 .364 .832
Greenhouse-Geisser 2653.623 2.277 1165.390 .364 727
Huynh-Feldt 2653.623 3.433 772.869 .364 .805
Lower-bound 2653.623 1.000 2653.623 .364 .565
Error(SEAT*HEIGHT) Sphericity Assumed 51045.795 28 1823.064
Greenhouse-Geisser 51045.795 15.939 3202.537
Huynh-Feldt 51045.795 24.034 2123.873
Lower-bound 51045.795 7.000 7292.256
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SEAT * KNEE

Error(SEAT*KNEE)

HEIGHT * KNEE

Error(HEIGHT*KNEE)

SEAT * HEIGHT * KNEE

Error(SEAT*HEIGHT*KN

EE)

SEAT * BACK

Error(SEAT*BACK)

HEIGHT * BACK

Error(HEIGHT*BACK)

SEAT * HEIGHT * BACK

Error(SEAT*HEIGHT*BA

CK)

Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt

2150.333
2150.333
2150.333
2150.333
34155.004
34155.004
34155.004
34155.004
3300.447
3300.447
3300.447
3300.447
8342.855
8342.855
8342.855
8342.855
6838.962
6838.962
6838.962
6838.962
21441.434
21441.434
21441.434
21441.434
1797.363
1797.363
1797.363
1797.363
37107.787
37107.787
37107.787
37107.787
782.973
782.973
782.973
782.973
13628.663
13628.663
13628.663
13628.663
1173.361
1173.361
1173.361
1173.361
26592.717
26592.717
26592.7117
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1.231
1.361
1.000

28
8.620
9.527
7.000

2.596
4.000
1.000
28
18.174
28.000
7.000

2.337
3.581
1.000
56
16.360
25.065
7.000

1.768
2.000
1.000
14
12.376
14.000
7.000

1.523
1.859
1.000

14

10.661

13.015
7.000

2.381
3.601
1.000
28
16.668
25.839

537.583
1746.267
1579.960
2150.333
1219.822
3962.427
3585.062
4879.286

825.112
1271.237

825.112
3300.447

297.959

459.061

297.959
1191.836

854.870
2926.259
1909.909
6838.962

382.883
1310.625

855.418
3063.062

898.681
1016.615

898.681
1797.363
2650.556
2908.388
2650.556
5301.112

391.487

514.110

421.100

782.973

973.476
1278.393
1047.112
1946.952

293.340

492.763

317.871
1173.361

949.740
1595.406
1029.162

441
441
441
441

2.769
2.769
2.769
2.769

2.233
2.233
2.233
2.233

339
339
339
339

402
402
402
402

.309
.309
309
.309

778
.565
.5683
528

.047
.078
.047
140

.038
133
.100
A79

.718
.693
718
579

.676
625
.662
.546

.870
774
.856
.596




KNEE * BACK

Error(KNEE*BACK)

SEAT * KNEE * BACK

Error(SEAT*KNEE*BAC
K)

HEIGHT * KNEE * BACK

Error(HEIGHT*KNEE*BA
CK)

SEAT * HEIGHT * KNEE
* BACK

Error(SEAT*HEIGHT*KN
EE*BACK)

Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound

26592.717
903.092
$03.092
903.092
903.002

4226.290
4226.290
4226.290
4226.290
2926.546
2926.546
2926.546
2926.546
6984.277
6984.277
6984.277
6984.277
1631.428
1631.428
1631.428
1631.428
7052.524
7052.524
7052.524
7052.524
2371.459
2371.459
2371.459
2371.459

12275.187

12275.187

12275.187

12275.187

7.000

1.285
1.449
1.000
14
8.995
10.142
7.000

2.903
4.000
1.000
28
20.318
28.000
7.000

1.454
1.737
1.000
28
10.180
12.161
7.000

3.073
5.750
1.000
56
21.509
40.250
7.000

3798.960
451.546
702.767
623.292
903.092
301.878
469.830
416.698
603.756
731.637

1008.249
731.637

2926.546
249.438
343.745
249.438
997.754
407.857

1121.788
939.064

1631.428
251.876
692.770
579.927

1007.503
296.432
771.776
412.427

2371.459
219.200
570.697
304.973

1753.598

1.496
1.496
1.496
1.496

2.933
2,933
2.933
2.933

1.619
1.619
1.619
1.619

1.352
1.352
1.352
1.352

.258
.262
.262
.261

.038
.059
.038
131

197
241
237
.244

.238
.284
.259
.283
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APPENDIX - B2

Sample SPSS Output of the Multiple Regression
Analyses for the Seat-Pan Contact Force of Seat 1
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Figure B2-1: Multiple Regression Output for the Seat-Pan Contact Force of Seat 1

Variables Entered/Removed(b)

Variables Variables
Model Entered Removed Method

S_K B,
HEIGHT,
KNEE,

BACK, . Enter
WEIGHT,
S_H_K,
H_K(a)

a All requested variables entered.
b Dependent Variable: SP_FORCE

Model Summary

Adjusted R | Std. Error of

Model R R Square Square the Estimate
1 .826(a) .682 671 54.65101
a Predictors: (Constant), S_K B, HEIGHT, KNEE, BACK, WEIGHT, S_H_K, H_K
ANOVA(b)
Sum of
Model Squares df Mean Square F Sig.
1 Regressio 133%27'4 7 190103.925 | 63.649 | .000(a)
Residual 6212;,0.41 208 2086.733
Total 1951967.8
94 215

a Predictors: (Constant), S_K_B, HEIGHT, KNEE, BACK, WEIGHT, S_H_K, H_K
b Dependent Variable: SP_FORCE

Coefficients(a)

Unstandardized Standardized

Coefficients Coefficients
Model B Std. Error Beta t Sig.
1 (Constant | ,55 650 | 258.815 -.988 324
WEIGHT 621 134 925 4.622 .000
HEIGHT .708 638 .309 1.110 .268
KNEE 3.017 2.037 518 1.482 140
BACK -4.496 822 -.386 -5.473 .000
H_K -.005 .006 -.381 -.849 .397
S H_K |-6.256E-08 .000 -.238 -1.120 264
S K B | 7.052E-08 .000 .015 151 .880

a Dependent Variable: SP_FORCE
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