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Abstract

Next to an increase in the number of car users, comfort has become a major aspect
by which carmanufacturers can distinguish their products from their competitors. At today,
the assessment of seating comfort is largely based on subjective measures. A disadvantage
of such measures is that the relationship with design parameters is often unclear.
Furthermore, prototype development and testing are both time consuming and costly.

In this respect, virtual testing tools represent promising solutions to support early
automotive tests and, ultimately, reduce development times and associated costs.
Moreover, virtual testing tools allow to investigate parameters that are hard to measure,
such as the intervertebral disc pressure or the pressure distribution in the human soft tissues
of the buttocks, and put them in relation with (dis)comfort and physical complaints.

For prediction of seating comfort by virtual testing, in addition to a detailed seat
model, a highly sophisticated model of the occupant and objective parameters are
necessary. In the simulation work of this thesis, the human model CASIMIR, presented by
Pankoke (2003), was used. CASIMIR represents a dynamic, anatomical predictive finite
element model of a manin a sitting posture (Siefert et al., 2006) and it is currently available
for the ABAQUS code. The most significant characteristics of the CASIMIR model in seat
comfort analysis are: a detailed model of the lumbar spine, including frequency-dependent
damping properties of the ntervertebral discs, a detailed model of the relevant abdominal
and dorsal musculature, together with a detailed skeletal model. Regarding the objective

parameters, the mean and maximum pressure, the load percentage and contact area are the



parameters, which are mostly reported in the literature to relate to (dis)comfort, and are
therefore used in this thesis.

The comfort factor that relate to the automobile seatis generally explored in the
literature by the following indicators: height, adjustment, position, properties of
upholstered seatsuch as width, length and shape, foam softness and aesthetics. Some works
have been conducted to show association between seat dimensions, seat shape, seat
material and interface pressure but little is known about the influence of the properties of
the seat and their interactions on the (dis)comfort perception of drivers. Moreover, a strong
optimization of seat properties in order to fulfil comfort criteria is not established in
literature.

This thesis tries to enlighten the iteractions of different parameters in order to
achieve optimum seat design based on the comfort criterion proposed by Mergl in 2006. In
the first step, the validity of the model was investigated through the level of correlation
between experimental pressure maps and numerical results. The test group consisted of six
male subjects with anthropometric data close to 50th percentile (a man with average
anthropometric values). The pressure maps were obtained through the Xsensor pressure
mat during static seating of the subjects. The comparison between experimental objective
parameters related to (dis)comfort and numerical output data showed a good correlation.

In the second phase of the thesis, the numerical model was then used to evaluate
the sensitivity of static seat comfort to some input variables, i.e. the stiffness of cushion
and backrest foams and some geometry parameters of the seat cushion and backrest such
as length of cushion, concavity and convexity of seat surfaces and angle of bolsters. In

order to perform the sensitivity analysis, a reduced factorial technique was used. Sensitivity



analysis of the DOE technique showed a direct relation between maximum interaction
pressure and shape of seat cushion, as well as stiffening of materials in soft parts of the
seat. Thereafter, the results of DOE run were used to create an approximation of the
response variable over the design space, n order to implement the multi-objective

optimization based on comfort criteria.
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Chapter 1.

Introduction

Until teleportation becomes reality, individuals rely upon different methods for
transportation from one place to another, such as aircraft, trains, and cars. The numbers of
car users are increasing. For example, the sales volume of automobiles shows continuous
growth in which car sales volumes of the FCA Group have been increased almost 35% the
past four years, delivering around 5 million vehicles in 2017 (Statista website).

Next to an increase in the number of car users, the diversity of car drivers and
passengers increases as well. Although it is expected to slow down to an average of 8% a
year between 2011 and 2020, China’s automotive sector grew at an average rate of 24% a
year between 2005 and 2011 (McKinsey & Co. 2012). Hence, in the automotive industry,
the diversity in drivers and passengers increases.

Rather than cultural diversity of carusers, the world population i itself is changing
as well. In spite of the fact that the trend of increasing height has been gradually slowing
or stopping in many populations (Godina 2008), there is a strong tendency towards
increasing weight and obesity in many European countries and the USA (Komlos and Baur
2004). In the last twenty years, the number of people in the USA who are considered
“obese” has doubled. Another trend is the ageing of the population: the proportion of
people 60 years and over is predicted to increase to as much as 21% by 2050 (Ilmarinen

2005).



Furthermore, development of autonomous driving cars also introduces a larger
variation in activitics that car users perform while traveling. Currently, active safety
features such as lane change warning, autonomous cruise control, and collision avoidance
increasingly find their way into passenger cars (Litman 2015). Additionally, many major
automotive manufacturers, including Volkswagen, BMW, Volvo, Toyota and Mercedes
Benz, are testing driverless car systems as of 2013. The XchangE concept by Rinspeed,
presented at the Geneva Motor Show in 2014, shows how the mterior of an autonomous
vehicle could be designed (see Figure 1). In a self-driving car, the driver becomes a
passenger and as a result, is able to perform other activities while being driven towards the
destination. Current vehicle interiors do not facilitate this yet and thus, this could be an

opportunity for car manufacturers.

Figure 1. XchangE vehicle concept

Thus, although the first studies on seat comfort and activities appeared already 50

years ago (Branton and Grayson 1967) the driver population, technological developments



and travel habits have changed, resulting in other activities and a different context.
Unfortunately for the driver, the comfort rate is still one of the major problems.

To attract passengers and drivers, seats should allow car users to feel fit after a few
hours traveling without experiencing discomfort. Discomfort is a predictor of
musculoskeletal pain (Hamberg-van Reenen et al. 2008), and also seems inversely related
to productivity (e.g., Hozeski and Rohles 1987). However, every year, passengers are
traveling in restricted postures, not being able to perform the activities they want and
risking health problems such asback pain (Helander and Quance 1990; Burdorf etal. 1993)
and neck pain (Ariéns etal. 2000; 2001).

Comfortable seats can attract drivers. The seat is an important feature of every
vehicle mterior, as it is the interface with the driver for the whole journey. According to
Zhang et al. (1996), comfort and discomfort are two independent factors associated with
different underlying factors. Discomfort is associated with feelings of pain, soreness,
numbness and stiffness, and is caused by physical constraints in the design. On the other
hand, comfort is associated with feelings of relaxation and well-being, and can be
influenced by, for example, the aesthetic impression. Thus, reducing discomfort will not
necessarily increase comfort, but in order to accomplish a high level of comfort, the level
of discomfort should be low (Helander and Zhang 1997).

Building on the model by Helander and Zhang (1997), the theoretical model of
comfort and discomfort and its underlying factors by De Looze etal. (2003) distinguis hes
three levels: human, seat and context level. For instance, at context level, the physical

environment has an influence on sitting discomfort, whereas at seat level, aesthetic design



can influence sitting comfort. At human level, physical capacity as well as expectations

and emotions play a role in the perception of sitting discomfort and comfort, respectively.

However, little is known yet about the influence of drivers’ anthropometry, the
posture and movement, and the properties of the seat, on the comfort and discomfort
perception of passengers.

The aim of this thesis is to provide knowledge on how to optimize comfortability
of driver seats, taking into account the seat properties as the most important factor in the
theoretical model of comfort and discomfort. In order to accomplish this goal, first, a
literature review has been conducted on the current state of knowledge, to investigate the
effect of human, seat and context characteristics on comfort and discomfort. Next, the seat
pressure distribution evaluated by numerical simulation has been correlated by
experimental pressure maps. Finally, the ideal pressure distribution defined by Mergl
(2006) has been used as the best objective measure for discomfort in order to implement a

virtual optimization.



Chapter 2.

Seat Comfort and Discomfort

The Cambridge Advanced Learner’s Dictionary defines comfort as pleasant feeling
of being relaxed and free from pain. Comfort is a generic and subjective feeling that is
tough to quantify, know related to human physiological homeostasis and psychological
sound presence (Shen et al. 1997).

In spite of abundant research studies in automotive seating, many questions still
remain about what really contributes to seating comfort. As stated by Corlett (1989):
Though Hertzberg (1958) defined comfort as the absence of discomfort, here is no
universally known effective definition of discomfort. Furthermore, there is no approved
dependable technique for measuring the feeling of discomfort or comfort. While driving
the occupant comfort hang on different features and the environment. As the customer who
makes the final determination and customer evaluations are based on their opinions having
experienced the seat (Runkle 1994), the seat comfort will be a subjective concern.

According to Zhang, Helander, and Drury (1996), comfort and discomfort are two
independent factors associated with different underlying factors. Discomfort is associated
with feelings of pain, soreness, numbness and stiffness, and is caused by physical
constraints in the design. Discomfort feelings, as described by Helander and Zhang (1997),
is affected by biomechanical aspects and fatigue. The causes of different discomfort are

listed in Table 1.



Table 1. Causes of seating discomfort.

Human Experience mode Biomechanical Seat/environment
Physiology causes Engineering causes Source
Pain Circulation occlusion | Pressure Cushion stiffness
Pain Ischemia Pressure Cushion stiffness
Pain Nerve occlusion Pressure Seat contour
Discomfort - Vibration Vehicle ride
Perspiration Heat Material Vinyl upholstery
Breathability
Perception Visual/auditory/tactile | Design/vibration Vehicle cost

Comfort, on the other hand, is associated with feelings of relaxation and well-being,
and can be influenced by, for example, the aesthetic impression of a product or
environment. Thus, reducing the level of experienced discomfort will not necessarily
increase the level of comfort, but in order to accomplish a high level of comfort, the level
of discomfort needs to be low (Helander and Zhang 1997).

Building upon the model by Helander and Zhang (1997), the theoretical model of
comfort and discomfort and its underlying factors by De Looze, Kuijt-Evers, and Van
Dieén (2003) distinguishes three levels: human, seatand context levels (see Figure 2a). For
instance, at context level, the physical environment has an influence on sitting discomfort,
whereas at seat level, aesthetic design can also influence sitting comfort. Although the
models of Helander and Zhang (1997) and De Looze, Kuijt-Evers, and Van Dieén (2003)
contribute to the understanding of the concepts ‘comfort’ and ‘discomfort’, none of these

is able to predict either comfort or discomfort.
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Figure 2a. Theoretical model of sitting comfort and discomfort

Based on the theory of Helander and Zhang (1997); who consider discomfort and
comfort as two separate entities, with discomfort having a dominant effect (Figure 2b), the
relationship between human, seat and context characteristics (left) and the perception of
comfort and discomfort (right) can be explained by three mediating variables: posture,
pressure and movement (middle). For example, body posture is not only determined by a
passenger’s anthropometry (human), but also by the seat characteristics (e.g. reclined
backrest angle) and context (the performed activity, such as reading or working on laptop).

In the following sections, human, seatand context characteristics and their influence on the



interface pressure as the objective parameter of current thesis are described based on

literature.
HUMAN INTERACTION
ANTHROPOMETRY
POSTURE
SEAT PREE_;:_SURE E—
MOVEMENT
CONTEXT
ACTIVITIES

Figure 2b. Conceptual model of sitting comfort and discomfort

Human Characteristics and Their Effects on Interface Pressure

Human characteristics include a number of characteristics, such as age, nationality,
gender and body dimensions. In this thesis, the focus is on anthropometric variables, such
as stature and weight. However, it is important to keep in mind that anthropometric
variables are related to age, nationality and gender, and is also subject to secular trends.

Anthropometry is the scientific study of measurements of the human body. When
designing passenger seats, anthropometric data are a valuable source of information to
determine seat dimensions, but also to evaluate seats. It is important to note, however, that
the average passenger does not exist, and that it is very uncommon for a person to have

multiple body dimensions that are average. A tall person in stature might not have the



largest measurement for other body dimensions as well. Consequently, there is also no 5th
or 95th percentile passenger. The level of correlation between different body dimensions
varies; for example, the correlation coefficient between stature and popliteal height is 0.82
(with 0 = no relationship and 1 = a perfect positive relationship), while the correlation
between stature and hip breadth is considerably less with 0.37 (Kroemer 1989).
Anthropometric variability is mostly related with ethnicity, gender and age (Jiirgens
etal. 1990). However, anthropometric characteristics also change over time, but not always
at the same rate. Molenbroek (1994), for example, found that stature in the Netherlands
increased between 1965 and 1980 more rapidly, but that the growth rate decreased between

1980 and 1992.

Ethnicity

The majority of body dimensions follows a normal distribution. However, the
normal curve looks different for different populations. A 95th percentile male from the
Netherlands is taller than the 95th percentile males from Japan or North America, as can
be seen in Figure 3. In fact, the 95th percentile male from Japan corresponds with a 50th
percentile male from the Netherlands.

In addition, populations do not only differ in overall body size, but also in ratio
(measure of body proportions). For example, Japanese torsos are proportionally longer than
their legs, as compared to most other populations (Kennedy 1976), while the Turkish
population has relatively small arms compared to Western European populations (Ali and

Arslan 2009).
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Figure 3. Stature distribution of different male populations: the Netherlands, North

America and Japan (dimensions obtained from DINED)

According to Perissinotto et al. (2002), specific anthropometric reference data are
needed for elderly populations, because the anthropometric standards from adult
populations may not be appropriate due to changes in body composition that occur during
ageing. For example, stature decreases with age, most likely due to shrinkage that occurs
in the intervertebral discs of the spine. This starts at around 40 years of age, and is very
rapid between age 50 and 60 (Al and Arslan 2009). Weight, however, increases steadily
until the age of 50-55 years, after which it starts to decrease (Ali and Arslan 2009).

Furthermore, the mobility of passengers decreases with age, which is especially

relevant for the in- and egress in aircraft seats. For example, a study by Lijmbach et al.

10



(2014) shows that elderly people need more time before sitting down and use more hand
and foot movements compared to students.

Ortman et al. (2014) state that the US will experience considerable growth in its
older population between 2012 and 2050, where in 2050, the population aged 65 and over

will have almost doubled to 83.7 million.

Gender

The average stature of a Dutch male between 20 and 30 years old is 1848 mm,
which is 161 mm taller than the average Dutch female (1687 mm). A seat that is designed
for the 5th to 95th percentile male would therefore fit 90% of men, but less than 40% of
women, since the stature of 5th percentile male, 1716 mm, corresponds with a 66.7th
percentile female. Seats should be designed for a population of male and female

passengers.

Furthermore, the body proportions differ for males and females. For example, the
average hip breadth sitting is approaching the average shoulder breadth (bideltoid) for
Dutch females (402 vs. 422 mm), whereas this difference is 82 mm in Dutch males (388

vs. 470 mm).

Secular trends
Changes i life styles, nutrition and ethnic composition of populations lead to
changes in the distribution of body dimensions (Pheasantand Haslegrave 2006), which is

why regular updating of anthropometric data collections is necessary.

11



Although the trend of increasing height has been gradually slowing or stopping in
many populations (Godina 2008), there is a strong tendency towards increasing weight and
obesity in many European countries and the USA (Komlos and Baur 2004). In the last
twenty years, the number of people in the USA who are considered “obese” has doubled.
Matton et al. (2007) also found an increase in weight, stature and BMI in Flemish
adolescents between 1969 and 2005, while physical fitness declined.

For products with a relative short lifetime, this might not be relevant, but for
vehicles such as aircrafts and trains, the development time is long, as well as the expected
lifetime, and designers have to anticipate on changing body dimensions. For example, the
hip width of the P95 Dutch male has increased from 408 mm in 1982 to 440 mm in 2004

(DINED 2004).

Anthropometric variables and interface pressure

Literature (Vos et al. 2006, Hostens et al. 2001, Jackson et al. 2009, Kyung and
Nussbaum 2008, Paul et al. 2012, Moes 2007, Gyi and Porter 1999, Parketal. 2013, Kyung
and Nussbaum 2013) reported a correlation between anthropometry and pressure. Different
variables of pressure were studied, such as contact area, sitting force, mean pressure, peak
pressure, pressure factor (the combination of peak and mean pressure) and pressure
gradient. Anthropometric variables were stature, weight, gender, age, BMI, RPI,
percentage of subcutaneous fat and ectomorphic index. Below, the correlations are
described for each pressure variable.

Some studies found effects of anthropometric variables on contact area. For vehicle
occupant seats, Paul, Daniell, and Fraysse (2012) found a correlation between weight and

contact area on the seat pan (r ranges from r = 0.432 to r =0.845), and between weight and

12



contact area on the backrest (r = 0.432 to r = 0.741) for different car seats. Differences
between car seats were explained by different body postures. According to Paul, Daniell,
and Fraysse (2012), body mass and hip circumference were the best anthropometric
indicators for the seat pan contact area. Kyung and Nussbaum (2008) also found effects of
stature on pressure variables related to the contact area in the driver’s seat of cars. The
contact area at the right thigh (due to the asymmetric driving posture) and that at the upper
back was significantly larger for taller persons. Vos et al. (2006) found correlations
between several anthropometric variables and the seat pan contact area in office chairs:
BMI and contact area (r = 0.62), weight and contact area (r = 0.61), RPI and contact area
(r=0.50) and stature and contact area (r = 0.48). According to Moes (2007), who studied
pressure in upright sitting without back support, there is also a correlation between the
percentage of subcutaneous fat and the contact area of the seat pan. Vincent, Bhise, and
Mallick (2012) found that the contact area in different seat regions (e.g. front half of the
seat pan) could be predicted relatively well on the basis of cushion hardness and hip width,
gender, weight and stature. When comparing older and younger drivers, Kyung and
Nussbaum (2013) found that the average contact area at the right buttock was larger for the
older drivers, which could be explained by different driving postures. To summarize, the
highest correlation coefficients were found, in more than one study, for body mass with
contact area, followed by stature with contact area. Furthermore, correlations were found
for hip breadth, hip circumference, BMI and percentage of subcutaneous fat with contact
area.

Effects of anthropometric variables on mean pressure have been investigated by

several works. For agricultural machinery, Hostens et al. (2001) found a linear increase in

13



mean pressure with BMI (r = 0.88) for sitting on seats with the feet unsupported. Gyi and
Porter (1999) studied the correlation between anthropometry and pressure variables while
driving a car. They found that the highest average pressure was in thin and tall males (with
highest RPI), and found a positive correlation between weight and thigh pressure (no
correlation coefficients reported). Furthermore, hip breadth was one of the independent
variables that explains mean pressure in a multiple regression (Gyi and Porter 1999).
Vincent, Bhise, and Mallick (2012) found that weight, stature and buttock—popliteal length
were the best predictors of average pressures. Additionally, Moes (2007) found that gender
was the best predictor of average pressure (mult. r=0.75), with the average pressure being
lower for females than for males, and explains this by the lower mass in combination with
a larger contact area for women. Lower mass, in turn, is correlated with a lower sitting
force (Moes 2007; Paul, Daniell, and Fraysse 2012). Furthermore, Kyung and Nussbaum
(2013) found that the average contact pressure at the lower back was higher for younger
drivers compared to older drivers.

The effect of anthropometric variables on peak or maximum pressure was described
in some studies. Hostens et al. (2001) found no correlation between BMI and maximum
pressure, just as Jackson etal. (2009), who studied the effects of anthropometric variables
on peak pressure of glider pilot seats. They did not find a relationship between weight,
stature or BMI and peak pressure. This can be explained by the small variation in
anthropometrics of the subjects, as all of them were UK glider pilots (Jackson et al. 2009).
Moes (2007) found that the ectomorphic index (which is one of the indexes of the
somatotype classification) was the only explaining variable of maximum pressure (mult. r

=0.73). Although the maximum pressure could not be predicted as good as the average
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pressure, weight, stature and buttock—popliteal length were, again, the best predictors
(Vincent, Bhise, and Mallick 2012). In addition, Kyung and Nussbaum (2013) found
significant effects of age on average peak pressure ratio at the upper back, which was higher
for younger drivers.

A number of studies also included less common pressure variables, such as circular
pressure gradient, transverse pressure gradient (Moes 2007) and pressure factor (a
combination of pressure variables, derived from a principle compound analysis) (Vos et al.
2006). Moes (2007) found that the ectomorphic index and stature were the explaining
variables for the transverse pressure gradient (mult. r = 0.90), and that the ectomorphic
index was the only explaining variable for the circular pressure gradient (mult. r = 0.80).
Vos et al. (2006) found correlations between BMI and pressure factor (r = 0.31), weight
and pressure factor (r = 0.44) and stature and pressure factor (r = 0.38). Park et al. (2013)
did not find significant effects of cardriver’s gender on pressure distribution of upper body
parts (i.e. back and lumbar).

In conclusion, several studies report correlations between anthropometric variables
and different variables of pressure. Age was found to influence posture and, therefore,
pressure distribution. Most commonly studied pressure variables were contact area,
average pressure and peak pressure. A larger contact area can be explained by higher
weight and greater stature. A higher average pressure can be explained by a higher weight.
However, gender seems to affect this relationship, as the contact area for women is larger
(due to larger hip breadth). Besides weight and stature, buttock—popliteal length was found
to be a predictor of average and maximum pressures. Peak pressure is best explained by

the score on the ectomorphic index of the somatotype classification.
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Seat Characteristics and Their Influence on Interface Pressure

Seat characteristics can be divided into seat dimensions, shape of the seat and
material of the seat cushions based on literature (Kyung et al. 2008, Fazlollahtabar 2010,
Grugicic et al. 2009, Reed et al. 1994, Kolich 2004, Ebe et al. 2001, Kolich 2003 and
Mircheski 2014). Their associations with the contact pressure are described in the below.

The study by Ebe and Griffin (2009) has pointed out that low foam hardness is more
comfortable than high stiffness, but the relation between stiffness and comfort in the seat
have not been linear. This indicates that the comfort rate is affected by two indicators: the
feeling of being accommodated while seating and the feeling of the foam hardness.

For Reed, Schneider and Ricci (1994), the project parameters of automobile seats
focused on comfort are divided into three categories interacting among themselves, such
as, for example: a change on the back curvature (support) will affect the distribution of
pressure (sensation) and also change the length of the effective cushioning (adjustment).
The three categories described in this study are: 1) Adjustment parameters, established
through the anthropometrics of the population of passengers and it includes measures such
as the length of the seat cushion. 2) Parameters of sensation reported from the physical
contact between the occupant and the seat. These are a combination of subjective and
objective measurements, such as, for example, the distribution of pressure and the
upholstery features. 3) Parameters of support, affecting the occupier’s posture and include
the seat shape to its settings.

Kyung and Nussbaum (2008) found significant effects of different seats on pressure

variables, such as average pressure on buttock and thigh, peak pressure on buttock and
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thigh and contact area on buttock and thigh. This may be due to the different dimensions
of the tested seats, but may also be caused by different shapes and cushion materials.

According to Reed etal. (2000), cushion length is an important determinant of thigh
support. A cushion that is too long can put pressure on the posterior portion of the
occupant’s legs near the knee. Pressure in this area will lead to local discomfort and restrict
blood flow to the legs. This finding is supported by Mergl (2006), who defined the ideal
pressure distribution for cardriver’s seats. He showed that comfort is rated high when there
is an ideal pressure distribution under the legs and buttocks, namely 24.5-28.5% of the
total load for both left and right buttocks, less than 14% of the total load for the thighs and
less than 3% of the total load for the front of the thighs. The shape of the seat pan can
contribute to this ideal pressure distribution.

Additionally, Hostens et al. (2001) found that a smaller backrest inclination angle
leads to higher sub-maximum pressures on the seat pan and smaller sub-maximum
pressures on the backrest. However, Park et al. (2013) did not find significant effects of car
driver’s seat height (determined by occupant package layout) on pressure distribution of
lower body parts (i.e. buttock and thighs).

According to Chen et al. (2007), different shapes of cushions lead to different
pressure distributions. Carcone and Keir (2007) studied the effects of anthropometry
(individual size and stature) on backrest preference, but found no significant effects.

Andreoni et al. (2002) analysed pressure and comfort in a larger number of seats
with different shapes and foam stiffness, and defined correlations with the shape of the
human body at the interface measured by the imprinted surface. Using this method, it was

possible to find an optimum shape and stiffness of the foam. Noro et al. (2012) found a
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larger contact area and lower average pressure for a prototype of surgical seatthat followed
the buttock—sacral contour of the human body compared to a conventional surgical seat. In
a comparison of nine different office chairs, Zemp, Taylor, and Lorenzetti (2016)
concluded that material properties and shape of the cushions strongly influence pressure
distribution measurements. Therefore, they suggest chair-specific sensor calibration before
analyzing and comparing different chairs.

Although none of the studies calculated correlations between seat characteristics
and interface pressure, their results do show associations between seat dimensions, seat

shape, seat material and mnterface pressure; however, the exact relationships are unclear.

Context Characteristics and Their Influence on Interface Pressure

According to De Looze etal. (2003), it is generally agreed that comfort is a reaction
to the environment. A product is not comfortable by itself, but how the comfort of a product
is experienced depends on the way in which the user interacts with a product (Hekkert and
Schifferstein 2011). This interaction between a human and a product always takes place
within a specific context. Thus, the comfort experience is influenced by the context in
which the human-product interaction takes place (Desmet and Hekkert 2007). This context
can vary from physical circumstances, such as lighting conditions or temperature of the
room, to a broader cultural and social situation that influences how people experience
products (Hekkert and Schifferstein 2011).

The context characteristics that are considered most important for the design of
comfortable passengers’ seats are the activities that passengers perform and the duration of
the journey. In the case of driver, due to the fact that drivers perform driving tasks, their

activities are more restricted with respect to passenger. Hence, investigation of different
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activities as the context characteristics on the body posture and comfort/discomfort
perception is somehow meaningless. Exposure duration plays a role in the perception of
comfort and discomfort. For instance, Bazley et al. (2015) found declining physical
comfort levels throughout the day in offices. Other studies report an increase in discomfort
over time (Porter et al. 2003; Jackson 2009; Sember 1994; Na et al. 2005; Le et al. 2014),
concluding that it takes between 30 and 45 minutes before discomfort occurs. Additionally,
there is a relationship between discomfort over time in combination with seat pressure
dose: the longer the duration, the greater the discomfort (Noro et al. 2005).

Mastrigt (2015) studied the differences in posture of passengers reading a book,
using a laptop and using a tablet device while sitting in the back seat of a driving car. This
study has illustrated how much the body posture of car passengers is restricted by the car
interior and the performed activity. Especially working on a laptop seems to restrict
variation in body posture.

No studies were found that describe the direct association between performed
activities and interface pressure. Earlier, it was concluded that posture is dependent on the
task or activity, and that posture is associated with interface pressure. This is probably the
reason that no studies were found that describe a direct relationship between activities and

interface pressure.

Subjective measures vs. Virtual assessment
Until now the assessment of seating comfort is largely based on subjective
measures: when a prototype of a new seat has been developed, a limited number of people
is asked for their opinion about this new seat. A disadvantage of such measures is that the

relationship with design parameters is often unclear. Furthermore, these subjective comfort
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measures can only be assessed once a prototype has been made. Prototype development
and testing are both time consuming and costly, while short time to market and low costs
are critical for the automotive industry.

The above described economic problem introduce a need for efficient methods and
tools which support early automotive tests and, ultimately, reduce development times and
associated costs. Virtual testing can be regarded as a partial solution for the above
mentioned problems. In the early stages of the design process, a new design can be tested
for its degree of comfort by computer simulations, which would reduce the amount of
prototypes needed to introduce a new seat design. Moreover, virtual testing tools allow
investigations of parameters that are hard to measure, such as intervertebral disc pressure
or pressures in the human soft tissues of the buttocks, in relation with (dis)comfort and
physical complaints.

For prediction of seating comfort by virtual testing, objective parameters are
required. The discrepancy between the subjective feeling of comfort and the prediction of
the comfort level of new designs by virtual testing needs to be resolved by relationships
between that subjective feeling and objective parameters (Figure 4). These relationships
between objective parameters and comfort can be obtained from volunteer experiments in
which the volunteers are asked for their subjective sensation of comfort and at the same
time objective parameters are measured (first step). These objective parameters can be

predicted by virtual testing tools (second step).
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Figure 4. Schedule for comfort prediction by virtual testing

There are a number of objective parameters relating to the subjective parameter of
(dis)comfort in automotive conditions. The contact interaction between the human body
and the seat is one of the factors influencing the sensation of (dis)comfort for a subject.
Measurement of pressure distributions is a means to express the stresses acting at the
contact interface between the human and the seat. Seat pressure distribution seems to be
the objective parameter relating to (dis)comfort in quasi-static conditions. Most studies
investigating this relation found a statistically significant relation. Average pressure,
maximum pressure, load percentage, the size and symmetry of the contact area are the
parameters mostly reported in literature to relate to (dis)comfort. The studies that were not
able to establish a relation, clearly described that they investigated discomfort assubjective
rating. Probably, the measured pressures were too low to cause any discomfort feeling. it
can be concluded seat pressure distributions is most clearly related to (dis)comfort thus, it

is used in the current thesis.
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Chapter 3.

Virtual Simulation

In many industrial branches the development process of new products is changing
from the experimental testing methods to the digital prototyping method. Considering the
fact that, using hardware prototypes results in very time and money consuming, the
numerical simulation obtains a more and more decisive role due to the time and efficiency
aspects. This procedure can be observed especially in the automotive industry. There the
market always disposes the OEM to reduce the time and cost invested on a new product.
Corresponding approaches can be observed in the construction and the commercial vehicle
branches accordingly.

Hence, remarkable advantages of Virtual Simulation such as digital development
phase application, reduction of required hardware prototypes, investigation of innovative
concepts / materials and evaluation on not measureable quantities comes it into product
development department of each company. This process of virtual development started
more than two decades ago.

As the evolution of the numerical simulation tools was happening simultaneously,
the solution of complex problem is possible today. Despite its long history, the finite
element method continues to be the predominant strategy employed by engineers to

conduct structural analysis.
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Finite Element Analysis (FEA)

The finite element method is a general discretization method for the solution of
partial derivative differential equations and, consequently, it finds its application in many
other field beyond structural static and dynamic analysis. The FEM is based on the
subdivision of the structure into finite elements, i.e., into parts whose dimensions are not
vanishingly small. Generally speaking, finite element analysis is comprised of pre-
processing, solution and post-processing phases. Usually, in pre-processing step, we carry
out a modeling of an actual structure. After a modeling work, we execute the discretization
and mesh generation. Then, we enter the material properties and the boundary conditions.
Secondly, in solving step, by using the information inputting in previous pre-processing
step, solver operates the FEM analysis as a major one. Finally, in post-processing step, by
using the various tools, we check several results of the solved model from the pre-processor
and the solver, after the finite element analysis is completed.

As stated, the finite element method is a numerical procedure for obtaining
solutions to boundary-value problems. The principle of the method is to replace an entire
continuous domain by a number of subdomains in which the unknown function is
represented by simple interpolation functions with unknown coefficients. Thus, the original
boundary-value problem with an infinite number of degrees of freedom is converted into a
problem with a finite number of degrees of freedom, or in other words, the solution of the
whole system is approximated by a finite number of unknown coefficients. Therefore, a
finite element analysis of a boundary-value problem should include the following basic
steps (Figure 5):

e Discretization or subdivision of the domain
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e Selection of the interpolation functions (to provide an approximation of the
unknown solution within an element)

e Formulation of the system of equations

e Solution of the system of equations (Once we have solved the system of
equations, we can then compute the desired parameters and display the result in
form of curves, plots, or color pictures, which are more meaningful and

interpretable.)

Pre-processor

Actual Structure

Y

Geometrical Modeling

v

Discretization

v

Material Properties

v

Boundary Conditions

>

v

( Solver )

Numerical Analysis

» &
L

Post-processing

Figure 5. The basic procedure for general FEM analysis
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Finite Element discretization

The finite element method is a general discretization method for the solution of

partial derivative differential equations and, consequently, it finds its application in many

other fields beyond structural static and dynamic analysis. The FEM is based on the

subdivision of the structure into finite elements, i.e., into parts whose dimensions are not

vanishingly small. Many different element formulations have been developed, depending

on their shape and characteristics: beam elements, shell elements, plate elements, solid

elements, and many others. In figure 6 elements family and order of interpolation for most

common and usable elements is displayed.

Examples of various types of elements

1D Elements
Line Element

2D Elements
Surface Element

3D Elements
Volume element

Element Name Element Shape
First Order Second Order

Spring, Damper
Beam, Truss \ \\
Shell, Plane2D é

1 B

Hexahedral I .

1 [ L
Tetrahedral A

Figure 6. Various types of elements

A structure can be built by assembling elements of the same or different types, as

dictated by the nature of the problem and by the capabilities of the computer code used.
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Element displacement functions

After the discretization of the elements, the displacement functions must be defined
for finite elements. The displacement is written as a vector of order 3 in the tridimensional
space (sometimes of higher order, if rotations are also considered), and the equation
expressing the displacement of the points inside each element is

u(x,y,z,t) = N(x,y,2)q(t)

where q is a vector where the n generalized coordinates of the element are listed
and N is the matrix containing the shape functions. There are as many rows in N as in u
and as many columns as the number n of degrees of freedom (Genta 2009).

Usually the degrees of freedom of the elements are the displacements at given

points, referredto as nodes. Inthis case, previous equation reduces to the simpler form,

Uy (x,y,2,t) N(x,v,7) 0 0 qx (t)
uy(x,y,21t) ¢ = 0 N(x,y,2) 0 q,(t)
u,(x,y,2,t) 0 0 N(x,y,2)] (q,()

where the displacements in each direction are functions of the nodal
displacements in the same direction only. In this case matrix N has only one row and as
many columns as the number of nodes of the element. Above equation has been written
for a three-dimensional element; a similar formulation can also be easily obtained for
one- or two-dimensional elements.

Each element is essentially the model of a small deformable solid. The behavior of
the element is studied using an assumed-modes approach. A limited number, usually small,
of degrees of freedom is then substituted to the infinity of degrees of freedom of each

element. Inside eachelement, the displacement u (x,y,z) of the point of coordinates x, y, z
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is approximated by the linear combination of a number n of arbitrarily assumed functions,
the shape functions.

The shape functions are, as already stated, arbitrary. The freedom in the choice of
such functions is, however, limited, because they must satisfy several conditions. A first
requirement is a simple mathematical formulation: A set of polynomials in the space
coordinates is thus usually assumed.

The results of the analysis converge toward the exact solution of the differential
equations constituting the continuous model discretized by the FEM, with decreasing
element size (ie., with increasing number of elements) if the shape functions

e are continuous and differentiable up to the required order, which depends on the
type of element;

e are able to describe rigid-body motions of the element leading to vanishing elastic
potential energy;

e lead to a constant strain field when the overall deformation of the element dictates
so; and

e lead to a deflected shape of each element that matches the shape of the

neighboring elements.

The last condition means that when the nodes of two neighboring elements displace

in a compatible way, all the interfaces between the elements must displace in a compatible

way.
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Another condition, not always satisfied, is that the shape functions are isotropic,
ie., do not show geometrical properties that depend on the orientation of the reference
frame.

Sometimes not all these conditions are completely met; in particular, there are
elements that fail to completely satisfy the matching of the deflected shapes of neighboring
elements.

The nodes are usually located at the vertices or on the sides of the elements and are
common to two or more of them, but points that are internal to an element may also be
used.

The strains can be expressed as functions of the derivatives of the displacements
with respect to space coordinates. In general, it is possible to write a relationship of the
type

€e(xy,zt) = B(x,y,2)q(t)

where € is a column matrix in which the various elements of the strain tensor are
listed (it is commonly referredto as a strain vector but it is such only in the sense that it is
a column matrix) and B is a matrix containing appropriate derivatives of the shape
functions. B has as many rows as the number of components of the strain vector and as
many columns as the number of degrees of freedom of the element.

If the element is free from mitial stresses and strains and the behavior of the material

is linear, the stresses are obtained from the strains as

O'(x;y;z;t) = EE = E(x'y’Z)B(x'y’Z)q(t)
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where E is the stiffness matrix of the material. It is a symmetric square matrix
whose elements can theoretically be functions of the space coordinates but are usually

constant within the element. The potential energy of the element can be expressed as
1 1
U= EIETGdV=§qT<fBTEBdV)q
The integral in above equation is the stiffness matrix of the element
K = f BTE B dV

Because the shape functions do not depend on time, the generalized velocities can
be expressed as
u(x,y,zt) = Ny 2z)q (t)
In the case where all generalized coordinates are related to displacements, the

kinetic energy and the mass matrix of the element canbe expressed as

T=;fputidv =7 q"JpNTNAV) g,

szpNTNdV

Linear Finite Element

If some generalized displacements are rotations, last equation must be modified to
mtroduce the moments of nertia, but its basic structure remains the same.

Once it is assumed that the displacements of the finite element model are
infinitesimally small and that the material is linearly elastic. In addition, it is assumed that
the boundary conditions remain unchanged during the application of loading on the fiite
element model. With these assumptions, the finite element equilibrium equation was

derived for static analysis as presented in below. The equation corresponds to linear
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analysis of a structural problem because the displacement response {u} is a linear function
of the applied force vector {F}. This means that if the forces are increased with a constant
factor, the corresponding displacements will be increased with the same factor.
{F} = [K]{u}
where {F} is the assembled vector of the whole structure global nodal forces, [K] is the

whole structure assembled global stiffness matrix, and {u} is the assembled vector of the whole

structure global unknown nodal degrees of freedom or displacements. It should be noted that static
linear equation must be modified to account for the boundary conditions or support constraints.

Solving static linear equation will result in the evaluation of the unknown nodal degrees of
freedom or generalized displacements. The equation can be solved using Matrix Inversion Method
ie.

{F}=[Klu} — {u} = [K17H{F}

Non-Linear Finite Element

Nonlinearities can arise from large-displacement effects, material nonlinearity,
and/or boundary nonlinearities such as contact and friction and must be accounted for. The
basic problem in a general nonlinear analysis is to find the state of equilibrium of a body
corresponding to the applied loads. Assuming that the externally applied loads are
described as a function of time, the equilibrium conditions of a system of finite elements
representing the body under consideration can be expressed as

Rt— Ft=0

where the vector Ftlists the externally applied nodal point forces in the

configuration attime t and the vector Rt lists the nodal point forces that correspond to the

element stresses in this configuration. The relation must express the equilibrium of the
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system in the current deformed geometry taking due account of all nonlinearities. Also, in
a dynamic analysis, the vector F would include the inertia and damping forces.

Considering the solution of the nonlinear response, we recognize that the
equilibrium relation must be satisfied throughout the complete history of load application;
1.e., the time variable t may take on any value from zero to the maximum time of interest.
In a static analysis without time effects other than the defmition of the load level, time is
only a convenient variable which denotes different intensities of load applications and
correspondingly different configurations. However, in a dynamic analysis and in static
analysis with material time effects, the time variable is an actual variable to be properly
included in the modeling of the actual physical situation. Based on these considerations,
we realize that the use of the time variable to describe the load application and history of
solution represents a very general approach and corresponds to our earlier assertion that a
"dynamic analysis is basically a static analysis including mertia effects."

As for the analysis results to be calculated, in many solutions only the stresses and
displacements reached at specific load levels or at specific times are required. In some
nonlinear static analyses, the equilibrium configurations corresponding to these load levels
can be calculated without also solving for other equilibrium configurations. However,
when the analysis includes path-dependent nonlinear geometric or material conditions, or
time-dependent phenomena, the equilibrium relations need to be solved for the complete
time range of interest. This response calculation is effectively carried out using a step-by-
step incremental solution, which reduces to a one-step analysis if in a static time-
independent solution the total load is applied all together and only the configuration

corresponding to that load is calculated. However, we shall see that for computational
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reasons, in practice, even the analysis of such a case frequently requires an incremental
solution, performed automatically, with a number of load steps to finally reach the total
applied load.

The basic approach in an incremental step-by-step solution is to assume that the
solution for the discrete time t is known and that the solution for the discrete time t + At
is required, where At is a suitably chosen time increment. Hence, attime t + At we have

Rt+At _ pt+At —

where the right superscript denotes "at time t + At." Assume that R!*A! is

independent of the deformations. Since the solution is known attime t, we can write
Ft+At — ft 4 F

where F is the increment in nodal point forces corresponding to the increment in
element displacements and stresses from time t to time t + At. This vector can be
approximated using a tangent stiffness matrix Kt which corresponds to the geometric and
material conditions at time t,

F = Ktu

where u is a vector of incremental nodal point displacements and

_0F
— Jtu

Kt
Hence, the tangent stiffness matrix corresponds to the derivative of the internal
element nodal point forces Ft with respect to the nodal point displacements ut.
By substituting, we obtain
Ktu — Rt+At _Ft

and solving for U, we can calculate an approximation to the displacements at time

t + At,
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ut ¥4t = 4t 4y

The exact displacements at time ¢t + At are those that correspond to the applied
loads Ft+At,

Having evaluated an approximation to the displacements corresponding totime t +
At, we could now solve for an approximation to the stresses and corresponding nodal point
forces attime t + At, and then proceed to the next time increment calculations. However,
because of the approximation considered for F, such a solution may be subject to very
significant errors and, depending on the time or load step sizes used, may indeed be
unstable. In practice, it is therefore necessary to iterate until the solution is obtained to
sufficient accuracy.

ABAQUS/Standard generally uses Newton's method as a numerical technique for
solving the nonlinear equilibrium equations. The motivation for this choice is primarily the
convergence rate obtained by using Newton's method compared to the convergence rates
exhibited by alternate methods (usually modified Newton or quasi-Newton methods) for

the types of nonlinear problems most often studied with ABAQUS.

Implicit solution method vs. Explicit

The finite element method is a popular computational tool used in engineering
research and industrial design. In the field of solid mechanics, and specifically non-linear
quasi-static problems, finite element equation solution methods can generally be classed as
either mplicit or explicit and are typically solved incrementally (Harewood et al 2007). In
the implicit approach a solution to the set of finite element equations involves iteration

until a convergence criterion is satisfied for each increment. The finite element equations

33



in the explicit approach are reformulated as being dynamic and in this form they can be
solved directly to determine the solution atthe end of the increment, without iteration.

The word implicit in this study refers to the method by which the state of a finite
element model is updated from time tto t + At. A fully implicit procedure means that the
state at t + At is determined based on information at time ¢t + At, while the explicit
method solves for t + At based on information at time t.

There are a range of solution procedures used by implicit FE solvers. A form of the
Newton—Raphson method is the most common and is presented here. Vectors and matrices
are denoted as underlined. When solving a quasi-static boundary value problem, a set of

non-linear equations is assembled:
Gu) = J BTJ(u)dV—fNTt ds=0

where G is a set of non-linear equations in u, and u is the vector of nodal
displacements. B is the matrix relating the strain vector to displacement. The product of
BT and the stress vector, o, is integrated over a volume, V. N is the matrix of element shape
functions and is integrated over a surface, S. The surface traction vector is denoted by t.
Above equation is usually solved by incremental methods, where loads/displacements are
applied in time steps, At, up to an ultimate time, t.

The state of the analysis is updated incrementally from time t to time ¢t + At. An

estimation of the roots of equation is made, such that for the i t" iteration:

-1
oG (u§+At)
Supey =uify —u* = - [—a; G (ui™")

34



t+At
l

where u is the vector of nodal displacements for the it iteration at time ¢ + At. The
partial derivative on the right-hand side of the equation is the Jacobian matrix of the
governing equations and can be referred to as the global stiffness matrix, K.
Last equation is manipulated and inverted to produce a system of linear equations:
K(ui*)bug, = —Gui*th)

Corresponding equation must be solved, for each iteration, for the change in
incremental displacements, du;,¢. In order to solve for du;,,the global stiffness matrix,
K, must be inverted. Although, this is a computationally expensive operation, iteration
ensures that a relatively large time increment can be used while maintaining accuracy of
solution. Following iteration i, du;,, has been determined and a better approximation of
the solution has been made, u{+£¢. This in turn is used as the current approximation to the
solution for the subsequent iteration (i + 1).

The accuracy of the solution is dictated by the convergence criterion where the
updated value for G must be less than a tolerance value. Complications can arise in an
analysis that has a highly non-linear stress—strain response or where there is contact and
sliding between two surfaces. For a complex job it can be difficult to predict how long it
will take to solve or even if convergence will occur.

ABAQUS/standard uses a form of the N—R iterative solution method to solve for
the incremental set of equations. Formulating and solving the Jacobian matrix is the most
computationally expensive process. Several variations on the N—R method exist to improve
the solution time. The modified Newton method is the most commonly used alternative

and is suitable for non-linear problems. The Jacobian is only recalculated occasionally and

in cases where the Jacobian is un-symmetric it is not necessary to calculate an exact value
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for it. The modified Newton method converges quite well using a symmetric estimate of
the Jacobian.

The explicit method was originally developed, and is primarily used, to solve
dynamic problems involving deformable bodies. Accelerations and velocities at a
particular point in time are assumed to be constant during a time increment and are used to
solve for the next point in time. ABAQUS/explicit uses a forward Euler integration scheme

as follows:
w(+D = 4 + At(i+1)u(i+%)

1 AtED $ AO
"

u(”%) =702 ¢ > 0)

where u is the displacement and the superscripts refer to the time increment. The
term explicitrefers to the factthat the state of the analysis is advanced by assuming constant
values for the velocities, 1, and the accelerations, ii, across half time intervals. The
accelerations are computed at the start of the increment by
i = pM-1 (F(i) - R(i))
where F is the vector of externally applied forces, R is the vector of internal element
forces and M is the lumped mass matrix. As the lumped mass matrix is diagonalised it is a
trivial process to invert it, unlike the global stiffness matrix in the implicit solution method.
Therefore, each time increment is computationally inexpensive to solve.

A stability limit determines the size of the time increment:

2
At < —
Wy

Where w, is the maximum element eigenvalue. A conservative and practical

method of implementing the above inequality is:
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Le
At = min (ﬁ)
Where L€ is the characteristic element length and c? is the dilatational wave

speed:

A+ 2u
p

A and p are the Lame” elastic constants and p is the material density. A quasi-static
problem that is solved using the explicit method would have much smaller time increments
than an equivalent problem solved using the implicit method. Although the incremental
solution is easy to obtain using the explicit method, it is not unusual for an analysis to take
100,000 increments to solve. In order to maintain efficiency of the analyses it is important
to ensure that the sizes of the elements are as regular as possible. This is so that one small
element does not reduce the time increment for the whole model.

It is often impractical to run a quasi-static analysis using its true time scale as the
runtime would be very large. A number of methods can be used to artificially reduce the
runtime of the simulation. The first involves simply speeding up the applied deformation
or loading rate and the second involves scaling the density of the material in the model.
According to time increment and dilatational wave speed equation, when the density is
scaled by a factor, f2, the runtime is reduced by a factor f. The latter method is preferable
as it does not affect the strain rate dependent response of visco-plastic/rate-dependent
materials.

It is important when performing a quasi-static simulation that the inertial forces do
not affect the mechanical response and provide unrealistic dynamic results. To reduce the

dynamic effects Kutt et al. [16] recommend that the ratio of the duration of the load and
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the fundamental natural period of the model be greater than five. It has been shown that by
keeping the ratio of kinetic energy to the total internal strain energy at < 5% dynamic
effects in the model are negligible. This is the criterion for quasi-static behavior that is
employed in this study.

During implicit analyses where the material gives a nonlinear stress—strain response
many iterations are usually needed to solve for an increment. This leads to progressively
smaller time steps being used and should the code encounter large non-linearity’s
convergence may be impossible to achieve in practical terms. As there is no iteration
involved in the explicit method, convergence problems are not an issue.

The solution time of the mmplicit solver is proportional to the square of the
wavefront size in the global stiffness matrix. This has implications when increasing the
size of the model and when running 3D simulations. In the case of the explicit solver there
is a linear relationship between the size of the model and the solution time, as dictated by

the characteristic element length and the number of elements in the model.

Virtual Simulation of Seat Comfort

The strong competition in the automotive market requires from the OEM new
model types in continuously reduced time intervals. Thereby the customer demands for
more economical and safer solutions including a higher driving and seating comfort. The
fact of the current financial crisis rises this challenge for the OEM, as the cost for the
development of new products must be reduced constantly (Siefert etal. 2009).

Thereby the application of digital prototypes is of great benefit, since by numerical
simulations it allows for the layout design and thus reduces the number of required

hardware tests. Due to the high quality of prognosis compared to crash tests, numerical
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simulations with digital prototypes already are a standard element in the R & D
departments of OEM and Tierl seat-suppliers (Siefert et al. 2008).

Within previous approaches, simulations for the assessment of the static and
dynamic seating comfort have been carried out as methodical investigations only, due to
their complexity. Thereby especially the representation of the human body with its static
and dynamic properties by a finite-element (FE) model has been a great challenge, (Verver,
2004; Cakmak et al., 2006). Therefore, compared with requirements of mechanical
systems, a seating comfort simulation is overlaid with the definition and the mapping of
the human body and its behavior.

In the field of mapping the human body and its properties with a finite-element (FE)
model, different approaches have been published for seat comfort simulation within the
last years. Thereby, only parts of the human body or the whole body have been modelled.
Particular works to build the human thigh with pelvis and femur have been published by
Moes and Horva'th (2002), Verver (2004) and Mergl (2006). The presented models have
been used for static comfort simulations.

For whole-body human FE models, publications of Choi etal. (2006) and Pankoke
(2003) exist. Pankoke presented the human model CASIMIR, which is used in the
simulation method of this study.

Compared to experimental testing, the application of a simulation method with a
validated human model provides the possibility of investigating the loads on the driver and
evaluating his performance.

Based on the set-up of the complete model, the simulation of seating comfort can

be divided into three steps:
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e Seat structure
e Non-occupied seat
e Occupied seat
These steps correspond to the procedure of the experimental testing. In the first
step, the seat structure itself is modelled and validated to its nonlinear behavior in joints,
adjusting mechanism and damping behavior. The non-occupied seat model thus is an
expansion of the foam cushions and the seat cover and includes the interaction of these
parts to the seat structure. Finally, the occupied seat defines the whole system. Because of
the influence on resulting quantities, e.g. the seat pressure distribution, the interaction

definition between the human model and foam cushions is very important.

Seat modelling

The task always starts with the FE modelling of the seat structure. Generally
speaking, the seat framework is usually constructed of normal steel that has been formed
into tubular configurations or of stamped or rolled sheet metal except the par most affected
by dynamic stresses,such as the side uprights of the backrest, in which high resistance steel
is used. Historically, the function of structural backbone has been limited to providing
shape for the cushioning members and support for its own weight and that of its occupant.
Redesign and strengthening of seat framework in conjunction with its anchorages can
provide the force resistance necessary for occupant restraint during moderate and severe

front, side and rear-end collisions.
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The design definition of the structure represents a fundamental step of the seat
development, not only for the functions that it has to perform but also, the structure will be
an invisible component of the seat which canuse for different cars.

The studied seat structure of the specific automobile is shown here (Figure 7).

Suspension system backrest
(springs + beams)

Structural frame (shells)

Attached components:
height adjustment,
backrest regulator

Figure 7. Model of seat structure

The model must always contain all components with a strong influence on the
resulting values. Therefore, an expansion of the structure by the armrest or operation
elements such as the steering wheel and gear lever is required.

The structural model is generated and validated within the scope of the usual
development process. Especially in the automotive area the application of improved crash
models is economically efficient. The set-up of the structural model can be subdivided into

the following parts:

e Structural components
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e Attached assemblies (e.g. height adjustment mechanism, backrest regulator)
e Coupling elements there between (e.g. joints)
e Compliant interfaces for foam cushions (suspension systems)

The supporting components as well as the supplements are usually modelled based
on CAD data with shell elements, beams and springs. Realization of volumetric
components is carried out with continuum element (ABAQUS element type: C3D8) such
as height adjustment mechanism shown by figure 8. Furthermore, for an adequate
application of this digital prototype the seat adjustment must be considered. Only by
inclusion of the variation of e.g. the seatrail or the recliner all required real settings can be

investigated.

Height adjustment mechanism
(Element type: C3D8)

Figure 8. FE model of height adjustment mechanism
Connections between the structural part e.g. spot welds are modeled using
kinematic couplings (Figure 9). Moreover, the coupling between structural parts is defined

by connectors that represent the kinematics of the seat. Besides the influence on dynamic
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behavior, the connector elements enable different seat settings, which define the practical

operation mode.

Kinematic Coupling

Figure 9. Kinematic coupling of structural parts

If the seat simulation is carried out after a hardware prototype has been built, the
structural model should be validated by the results of an experimental modal analysis
(EMA). The evaluation is carried out by natural frequencies, mode shapes and damping
ratios. The differences between simulation and experimental testing should be only a few
percent (Pankoke et al., 2005).

According to the simulation of the static and dynamic seating comforts, the impact
of the suspension systems (rear and base) is very high. This is based on their compliance
compared to other parts and the direct interaction with the cushions.

The modelling of the foam cushions canbe done on the basis of the CAD geometry

of the out-of-tool parts. Within the modelling of the foam cushion (Fig. 10), the option of
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morphing the shape should be considered. Besides the material choice, this provides a
second possibility to optimize the seating comfort.

The foam cushions are modelled with solid elements. Investigations of different
element types have shown that the application of second-order tetrahedron elements meets
the requirements of computation. This has the advantage of an automatic meshing being
possible and the needed modelling time is dramatically reduced. However, in order to
guarantee the right contact nodal forces, and especially for contact problems, a modified

element approach must be applied.

Figure 10. Model of cushion and backrest foam with tetrahedron elements

The seat cover can be modelled with a shell layer, defined by the contact faces of
the foam cushions. As the nodes of the foam and the cover are merged a shear force

transmission between these parts is possible, which does not definitely reflect the real



behavior. This approach can represent the stiffening effects of the trimming process,
though simplified. Compared to an alternative modelling method, including the trimming

process (Cakmak et al., 2006), this procedure is very time efficient.

Material properties

The foam material of a commercial vehicle seats has great influence on the static
and dynamic seating comfort. Due to the fact that mechanical properties of the foam has a
direct physical effect on the driver, this study is dedicated to identify the material
parameters using the finite-element-solver ABAQUS based on experimental data. In
another words, the material parameters are validated by simulating the experiments and
evaluating the corresponding results.

Usually, several different PUR-foam materials are applied in a modern passenger
car seat. For example, in the cushion and backrest flank areas, the application of a stiffer
mixture is preferred in order to guarantee more lateral hold during rollng turn and
durability. Thereafter, two different types of foams have been considered for cushion and
backrest.

Considering the fact that numerical simulation is carried out for a foam specimen
whose dimensions are defined to 100*100*50 mm, geometrical modeling is a 3D solid
foam. Moreover, in the numerical test which follows the ISO 3386-1 standard test, the foam
specimen is compressed up to 70%. Hence, discretization of geometry was done by C3D8H
solid element which is 8-node linear brick hybrid incompressible solid element.

Hybrid elements are intended primarily for use with incompressible and almost
mcompressible material behavior; these elements are available only n ABAQUS/Standard.

When the material response is incompressible, the solution to a problem cannot be obtained
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in terms of the displacement history only, since a purely hydrostatic pressure canbe added
without changing the displacements.

Near-incompressible behavior occurs when the bulk modulus is very much larger
than the shear modulus (for example, in linear elastic materials where the Poisson's ratio is
greater than .48) and exhibits behavior approaching the incompressible limit: a very small
change in displacement produces extremely large changes in pressure. Therefore, a purely
displacement-based solution is too sensitive to be useful numerically (for example,
computer round-off may cause the method to fail).

This singular behavior is removed from the system by treating the pressure stress
as an independently interpolated basic solution variable, coupled to the displacement
solution through the constitutive theory and the compatibility condition. This independent
interpolation of pressure stress is the basis of the hybrid elements. Hybrid elements have
more internal variables than their non-hybrid counterparts and are slightly more expensive.

For present study firstly, free meshing algorithm was used to create surface quad
mesh then, brick elements were created in presence of cuboid surfaces using subpanel of

solid map as it is shown in figure 11.

Figure 11. Discretization of foam specimen
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It is worth to say that rigid plate which used to apply compressive force on foam
specimen was discretized by R3D4 element. R3D4 is a three-dimensional rigid element
which can be used to define the surfaces of rigid bodies for contact.

Elastomeric foam material model in following case must be isotropic, nonlinear
and be validated for cellular solids whose porosity permits very large volumetric changes.
Moreover, it can deform elastically to large strains, up to 90% strain in compression; and
requires that geometric nonlinearity be accounted for during the analysis step. Based on
aforementioned reasons, HYPERFOAM property was selected to be used as the material
model. Material model is obtained by a nonlinear least-squares fit of the uni-axial
compression test data (i.e. nominal stress and nominal strain values).

The boundary condition is the application of a force and/or constraint. In
HyperMesh, boundary conditions are stored within what are called load collectors. Quite
often especially at the beginning a load collector is needed for the constramnts (also called
SPC — Single Point Constraints). Therefore, in our case study all translational degrees of
freedom except the third one (translation in Z-direction) for rigid plate and foam specimen
considered as Homogeneous Dirichlet Boundary Conditions ie. u, = u, = 0.

A contact pair is defined between the rigid plate, which is modeled by a rigid
surface, and a slave surface composed of the faces of the elements in the contact region.
The friction coefficient between the rigid plate and the foam is 0.8.

The numerical simulation of uni-axial compression test of PUR-foam is Nonlinear
Static Analysis because of material nonlinearity, large displacement and also presence of

contact. Furthermore, simulated experiment is static uni-axial compression test of foam
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and mertia effects can be neglected. Because of nonlinearity, NLGEOM and UNSYMM
options which are referred to geometry nonlinearity and un-symmetric stiffness matrix
respectively, are invoked in *STEP definition.

In ABAQUS/Standard the rigid plate is displaced downward by a prescribed
displacement boundary condition in the first step, indenting the foam specimen by a
distance of 35 mm. Geometric nonlinearity should be accounted for in this step, since the
response involves large deformation. In the second step the rigid plate is displaced back to
its original position. Static analysis is performed for both steps. During a static step the
material behaves purely elastically, using the properties specified with the HYPERFOAM
model. In appendix, INPUT file which included steps, analysis procedure, prescribing
boundary conditions and output requests for each steps, was presented.

For determining the material properties of foams static measurement has to be
performed. Thereby the static test procedure is based on the ISO 3386-1 standard. For the
testing cuboid foam specimens of two different materials are used. Eliminating the
tolerances out of the production process, three samples are tested for each material.
According to the ISO standard the foam specimen is compressed uni-axially between two
rigid plates. Taking into account a conditioning of the material, only the fourth cycle of the
load-deflection curve is used for the evaluation.

In the static tests the foam specimen are compressed up to 70 %. The measurement
is carried out with a controlled deformation speed of 2 mm/s. The dimensions of the

specimen are defined to 100 x100 x 50 mm.
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Altogether two foam materials are tested within this investigation. As can be
observed the seat-cushion-foam is stiffer than the seat-backrest-foam to guarantee more
compressive load which applied by buttock.

Elastic materials in compression and tension can store usually up to 100% of energy
due to deformation. Whereas viscoelastic materials don’t store 100% of energy under
deformation; but actually lose or dissipate some of this energy as heat. This dissipation
energy is also known as hysteresis loss. The importance of the hysteresis measurement is
that it gives a strong indicator about the material capacity to absorb energy and/or relief
pressure. The area under the loading curve can be called as the total mechanical energy
input. The area under the return curve can be considered as the return of stored energy and
the area between the two curves is the energy which cannot be returned but rather is
dissipated and converted to heat as shown in figure 12. This dissipated heat loss can be
called also hysteresis loss.

It is well understood that the deformation of open-cell foams shows three main
regions. These regions can be divided into an initial linear elastic region where strain
energy is stored in the reversible bending of the struts; a plateau region where struts begin

to impinge upon each other and finally the third region which is the densification area.
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Figure 12. Comparison of stress-strain-curve for tested foam materials

As a material approach for the description of foams, a hyper-elastic law, following
equation, similar to Ogden’s strain energy potential formulation is used m ABAQUS. The
difference between the two formulation is based on the consideration of high

compressibility, being a main property of the investigated polyurethane foams.
- 2 1
U= z %[Afi HA 425 =3 4 (e 1)]
=1 ‘

Description: Strain energy potential formulation for static foam behavior
In the fiite-element-solver ABAQUS, this material model is described by the
option *HYPERFOAM with the included variables describing the following materials

parameters:
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N — Order of formulation

u; — Part of initial shear modulus

A; — Principal stretches

Jet — Elastic volume ratio

Bi — Degree of compressibility

a; — Material dependency

the comparison for the static stress-strain curve of a

Figure 13 and figure 14 show

standard seat-cushion-foam and standard seat-backrest-foam respectively, under uni-axial

load. The identification is carried out on the average value between loading and unloading.

It is worth to say that initial part of experimental results has not been taken into account to

achieve more good correlation. The comparison of the simulation results for the stress-

strain curve with the executed tests, perform for validation, shows excellent correlation.

The slight difference at larger strain result from defining the Poisson’s ratio equal to zero.
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Figure 13. Comparison of Experimental and Numerical results for seat-cushion-foam
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Figure 14. Comparison of Experimental and Numerical results for seat-backrest-foam

Since the free material parameters are determined by using a mathematical

optimization procedure, different values of order of formulation, N, have been investigated.

Selection of order of formulation is based on the balance between accuracy, stability, and

cost of simulation. Figure 15 and figure 16 display the numerical results for different values

of order of strain energy potential formulation. Although The uniaxial compression results

3 match the test data extremely well, the order of series

for both values of N=2 and N

2 since this fits the test data with sufficient accuracy. It also

expansion is chosen to be N

provides less simulation cost and a more stable model than the N=3 case.
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Figure 16. Effect of order of formulation on numerical simulation for seat-backrest-foam
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Human FE model CASIMIR

Today, in many fields various human models are used in distinct applications
(Digital Human Modeling Conference, 2002; Wolfel et al., 2004). Most common is the use
of CAD based human models such as RAMSIS (Human Solutions) or UGS Classical Jack,
which are applied for the design of the interior package. Within the application of these
models, the mechanical properties of the package and the human, beside the kinematics,
are not considered. Accordingly, distinctions from the real conditions canoccur. Especially
the influence of compliant materials as foam of the seat and soft tissue of the human body,
which cause great deformations under static loads, is not considered. The procedure to
support these geometric methods with measure quantities, such as the H-Point, is not
possible within a complete virtual development process.

Consequently, for this procedure the application of human models, considering the
mechanical behavior, represents an improvement. This effect comes along with the
advantage of carrying out simulations to evaluate static and dynamic seating comforts.

Within the group of models including the mechanical properties, one must
differentiate between phenomenological and anatomical set-ups. Phenomenological
models serve to reproduce one single characteristic of man precisely described (a
“‘phenomenon’’). The advantage of a simple model configuration is limited to the fact that
these models are not applicable for the simulation of properties beyond this phenomenon.
Most of these phenomenological models represent the whole body in the standing or in a
sitting posture. Figure 17 shows models from Fairley and Griffin (2003), Knoblauch (1992)

and DIN 45676 (2003).
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Figure 17. Phenomenological models of a man in the sitting posture

On the contrary, anatomical models represent man on the basis of his physiological
characteristics. Depending on the desired results, these models candescribe the whole body
or a part of it. Figure 18 displays models of Moes and Horvath (2002), Verver (2004) and
Mergl (2006), which represent a compliant thigh including pelvis and femur and have been
applied for seat comfort simulations.

If appropriately modelled and validated, anatomical models have the capability of
predicting the mechanical behavior of physical quantities that are not part of the input data

for set-up generation.

55



Moes & Horvath, 2002

Verver, 2004

Mergl, 2006

Figure 18. Anatomical models of the compliant thigh with pelvis and femur

Thus, these models provide the possibility of evaluating especially the dynamic
seating comfort via vibration parameters sensed by man. Furthermore, the results can be
taken into account with subjective assessment (e.g. forces in the lumbar spine, accelerations
of different abdominal parts).

The following preconditions must be fulfiled by an anatomical model to allow a
numerical evaluation of static and dynamic seating comforts according to whole-body
behavior:

e Model geometry derived from human anatomy
e Masses, stiffness and damping properties defined via physiological data

e Detailed model of the lumbar spine
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e Consideration of static muscle activation for the static equilibrium of the upper
part of the body under gravity load
e Consideration of dynamic muscle effect representing frequency-dependent
stiffness and damping properties
The requirement for a detailed model of the lumbar spine is based on the fact that
this part of the body is the most important for the whole-body vibrations of man. After the
model generation, the set-up and its properties must be validated with test person
measurements. The most important parameters for static and dynamic seating comforts are
as follows:
e Static seating pressure distribution
e Dynamic mass with excitation of the seating man at the buttocks
e Transfer functions of the excitation from the buttocks to the head
e Transfer functions of the excitation from the buttocks to further parts, particularly
to measuring points at shoulder and lumbar spine
CASIMIR represents a dynamic, anatomical predictive FE model of a manin a
sitting posture (Siefert etal., 2006). Currently, it is available for the FE code ABAQUS.
In the course of its application for seating comfort, the following components have been
developed recently:
e Detailed model of the lumbar spine including frequency-dependent damping
properties of the intervertebral discs
e Detailed model of the relevant abdominal and dorsal musculature
e Dynamic model of the abdominal cavity

e Detailed skeletal model of pelvis, femur, tibia, cervical spine, head and arms
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e Model of the body soft tissue in the relevant contact regions to the seat, including
static and dynamic tissue properties
Whereas Fig. 20 shows the detailed parts of the abdominal musculature and the
lumbar spine with intervertebral discs, Fig. 19 displays a view of the complete model. The
presented 50th percentile reflects a man with averaged anthropometric values which is the

percentile used in current study.

Figure 19. CASIMIR model for man of the 50th percentile

Within the detailed model of the abdominal musculature, all relevant muscles are
considered with nonlinear and frequency-dependent spring and dashpot elements. The
muscle activation for the posture under gravity is computed by an optimization routine
following the principle of minimizing the required energy. The determmned values

correspond to electromyographic measurements.
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The material behavior of the different components of the lumbar spine as annulus
and nucleus are defined over literature values. All bone components are modelled as rigid
bodies, as their stiffness, compared to the compliant parts as muscles and tissue, is very
high. The set-up of the whole model and its components are described in detail by Buck

(1997) and Pankoke (2003).
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Figure 20. Detailed model of abdominal muscles (left) and lumbar spine (right)

For the widespread application of a human model in the evaluation of the static and
dynamic seating comforts, a modulation of the set-up must be possible. Thereby,
percentile, body height and mass on the one hand, which have been described statistically,

and the posture on the other hand must be considered. Both parameters have significant
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influence on the interaction with the seat and the static pressure distribution hereupon as
well as on the dynamic whole-body-vibration behavior.

The range of required percentiles depends on the desired customer clientele. While
for the seating comfort of luxury cars the overall spectrum—starting with the 5%-female
(percentile f05) via the 50%-male (m50) until the 95%-male (m95)—is significant, the
range decreases for small cars to the lower percentiles.

According to such specifications and by means of an individualization algorithm,
covering a choice of seven anthropometric values, as described in Pankoke et al. (1998),
CASIMIR can be adapted to the value combination of percentiles or even individuals.
Figure 21 shows the CASIMIR family with the average definition m50 and the limits f05
and m95.

While the decision for the percentile is related to the customer, the global adaptation
of the posture is primarily defined by the seat and its possible adjustment ranges, which are
given by the package design. The adjustment of the CASIMIR posture is effected via the
definition of relative joint angles and a related adaptation of the model parameters
(Pankoke, 2003).

Additionally, it is possible to define posture variations that depend on the driver
himself or that can vary during long driving distances. CASIMIR has the potential to
consider a lordotic or kyphotic bearing of the lumbar spine. Thereby, it is possible to model
a concentrated or a more relaxed posture of the driver on the one hand and investigate the

influence of common lumbar support systems of seats on the other.
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Figure 21. CASIMIR family—f05—m50—m95 (left to right)
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Chapter 4.

Numerical vs. Experimental Study

Seating comfort is becoming increasingly important. Higher demands on the
performance of vehicles and the comfort-related physical complaints by professional
drivers have led to an increasing demand for more comfortable cars. Car manufacturers use
comfort as an item to distinguish themselves from their competitors. However, the
development and introduction of a new, more comfortable car seat or interior is time
consuming and costly. The use of computer models of human and seat could facilitate this
process.

In the early stages of the design process a new design can be tested for its degree
of comfort by computer simulations with models of the human and the seat. This allows
manufacturers to speed up the design process of a new (car) seat or interior and reduce
costs. To bridge the gap between the subjective feeling of comfort and the prediction of the
comfort level of new designs by virtual testing, a relation has to be defined between that
subjective feeling and objective parameters. Pressure distribution was proposed as an
objective measure for (dis)comfort prediction.

Pressure distribution represents a measure of the load pattern in the contact
mteraction between human and seat. Several studies showed the relation between a
subject’s personal sensation of comfort and seat pressure distributions. Mean pressure,
maximum pressure, the size and symmetry of the contact area are parameters most widely

reported in the investigation of seating (dis)comfort.
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A combination of measurements of seat pressure distributions with virtual testing
tools can be very useful and any established relation between (dis)comfort and pressure
distribution canbe used as a basis for prediction of (dis)comfort by virtual testing. A finite
element model of the human body ie. CASIMIR can be used to predict the interface
pressure. Measurements of seat pressure distributions can be used for verification of the
model for interface pressures. In combination with a finite element model of a seat, both
models could provide msight nto changes in contact interaction between human and seat
due to variations seat properties.

The objective of the present chapter is the simulation of driver sitting to evaluate
the seat pressure distribution. Furthermore, a validation study is performed based on seat

pressure distributions measured in volunteer experiments.

Numerical Study

For a realistic reproduction of static seating under gravity loading, an appropriate
contact definition between the seat and the driver is essential, whereby the effects of
friction must be considered.

The interaction between the CASIMIR and the foam surface is defined by two
independent contact pairs, backrest and back on the one hand and cushion and buttocks on
the other hand. The chosen algorithm is a so called ‘‘master—slave contact’’, where internal
variables are created for each node of the slave surface. The applied Lagrange multipliers
are discontinuous, as a ‘‘hard’’ contact formulation is chosen. The computation of the
contact problem is carried out by considering the friction by a coefficient of 0.2.

The pre-analysis positioning of CASIMIR, i.e. in the pre-processor, is carried out

in two steps: First, the posture of CASIMIR is synchronized with the posture of the seat.
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This is defined by the opening angle between the backrest and seat cushions (correlation
angle of cushion/angle of backrest inclination). In order to define the posture of CASIMIR,
two kinds of information are required. The first set of positioning data is come from
experimental mstruction which are called posture definition (Figure 22), and the last one

is called seat characteristics coming from seat cushion and backrest inclinations.

o ive - Review C (E=S Bom =5

Setup File:
wistion_with_Virtual_Dummies/Test_Manichino/Occupants/casiSOthCRF-b25_c15_sti2_LO_hand_thighs/casiShCRF-b25_ct

Oceupant |dervifier
Name of the Occupant Model withn project |casSOCRF 625_c15_ati2_L0_hand_thighs

Select Model and Percentie

€ Classic @ Detai
Import
Seal Angls ']
Cushion |15 info_ | Backsest [25 Info
Fetne Fostue
Angles, Lowe: Extvenly ['] Argles, Upper Body ']
e Torso. relative ] Into
Thigh, relaiive [0 ; Iefo Torso, absoluts 167 Info
Thigh absokte 77 [77 Info o ek
Speead ol thighs [0 [0 Info Shouider,fiorkal 1. Info
Ratston ol thighs [20 120 Info Shouder, saital 37 (437 Ifo
Knee [£30 [630 Info Elbow (401 400 Info
Anke [0 [30 Info Spread of foream |21 (21 Info
Anghe of Vision. horizortal [}
Info
M Muscle Activation [£]
2
0 5 Info
[ L]
Lovdotic Arge ['
0
10 0 Info
[ [}

Oftset Node- / Element:Numbers
Mode-Off:st 10000000 Elament Offset 1000000C

Viehicle Cocrdinate Syitem
G

wans aganst diving diection € seanis in diving deechion

Figure 22. CASIMIR posture definition

Second, considering the fact that seat is usually generated in the vehicle coordinate
system, the occupant position must be adjusted. The CASIMIR model is positioned

levitating above the seat with disappearing interspaces to the cushion or backrest (Figure

23).



Figure 23. Positioning of CASIMIR with respect to seat

The computation of the seating process is carried out under gravity loading in the
negative z-direction. Due to the fact that static sitting procedure could be considered as the
quasi-static problem, Implicit solution is used. STEP definition for static simulation
combines the load out of gravity with the horizontal positioning load on the backrest. The
horizontal load is used only to make convergence more probable in the first 0.1 second of
virtual time. Therefore, as the positioning is carried out at the beginning, the positioning
load Fj,,, is increased up to 100% at the virtual step time of 0,1 and decreased to 0 at 0,4.

It is observed in figure 24 that gravity load is increasing linearly over the step.
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Figure 24. STEP definition

As a result of the large displacements caused by the compliance of the foam

cushions, the simulation is geometrically nonlinear. The seat structure is fixed at the

restraint points of the seat rail. The boundary conditions of the occupant model reproduce

real possible movements. Accordingly, feet and hand movements are defined by the

operation environment, that is, e.g. a translation of the feet in the x-direction (movements

footwell) as well as a rotation of the hands around the y-axis (hold steering wheel) is

possible. Furthermore, position of heels with respect to the footboard (a plate which

simulates the position of pedals) is adjusted by CONNECTOR MOTION keyword in

ABAQUS.

The main results of the static simulation are:

e Displacement in the z-direction on the seat cushion
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e Displacement in the x-direction on the backrest
e Location of the hip joint
e Contact pressure on the seat cushion
e Contact pressure on the backrest
The pressure distributions of the cushion and the backrest are the most important
evaluation values in static seating comfort. Recently, they have increasingly become part
of more development specifications for seats the Tier-1 suppliers have to meet. Early-phase
prediction is possible with static seating simulations.
Figure 25 shows contact pressure results with CASIMIR, m50 percentile of a car

driver seat.

Figure 25. Pressure distributions of backrest (left) and cushion (right)

Numerical results displayed that maximum contact pressure is placed under the

seating bones.
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Experimental s tudy

The pressure distribution is achieved by means of short term experiments. These
experiments focus on the seat cushion and backrest. The test collective consists of six
subjects. The average height of the subjects is 175 cm (standard deviation 2.3 cm). The
weight is in average 76.5 kg with a standard deviation of 6 kg. The body heights and

weights of the test subjects are visible i table 2.

Table 2. Experimental test subjects

50%ile Weight [Kg] | Height [cm]
1 71 176
2 74 178
3 84 173
4 74 177
5 74 171
6 88 177

It is worth to say that subjects have conventional anthropometric data close to
m50 percentiles as well as numerical dummy.

During subjects sitting on the seat the pressure distribution is taken by a pressure
mat. The sensor which was used in order to measure experimental interface pressure is
PX100 series of Xsensor products. The X3 PXI100 series of sensors are designed as a
conformable and durable sensor for measuring interface pressures. These capacitive
sensors were initially designed for medical applications in rehabilitation seating and have

since been more widely used in automotive seating, aerospace, research, and product
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design. The PX100 series of sensors are known for accuracy, durability, and repeatability.
Table 3 displays the physical and sensing characteristics of PX100:36.36.02 sensor which

is used to measure experimental pressure distributions.

Table 3. PX100:36.36.02 characteristics

Sensing & Physical Characteristics
Sensor Technology Capacitive Pressure
Imaging
Pressure Range 0.14-2.7N/cm?
Spatial Resolution 12.7mm
Accuracy +10% full scale
Sampling Frame 45frames/s
Rate
Total Area 62.2cmx62.2cm
Sensing Area 45.7cmx45.7cm
Thickness 0.08cm

The most key features of PX100:36.36.02 pressure mat are as follows:

e High-resolution sensors with a 12.7 mm pitch (resolution) and 1,296 sensing
points (ie. 36*36 cells)

e Very good repeatability

e Low hysteresis and consistent data

e Designed for comfort and healthcare pressure seating applications

e Durable sensor that conforms well to surfaces with a proven track record

Figure 26 shows the pressure mat which is used for experimental measurements.

69



180¢ 2547

18.07

254

Figure 26. PX100:36.36.02 pressure mat

The subjects were asked to adjusted the seat so that it would be possible for them
to drive a car in this setting. After this the subjects stood up and the pressure mat for the
seat pan was placed on the seat. The subjects sat down on the mat again and resumed the
standard posture based on experimental procedure. Then, the pressure was recorded with
the PX100 sensor. Figure 27 shows Body Pressure Distribution (BPD) comes from
experimental measures for six different subjects. Pressure values are presented in a graphic

form using Excel program; the “warmer” the color is, the bigger the pressure.
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Figure 27. Experimental body pressure distribution (BPD)
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The body parts are arranged symmetrically to the spine. Therefore, it can be
assumed that the pressures are also symmetrically and the same for corresponding body
parts (for example left and right buttock). In reality the pressures vary in some case
considerable for instance pressure distribution in the cushion corresponding to subject
number four. This can be caused by:

e Test subjects are leaning on one side
e The left and the right leg is bent differently caused by accelerator or clutch pedal

Furthermore, as it is observed in figure 27, the lateral part of backrest for most
subjects shows the contact pressure which suddenly reduced to zero which is not
reasonable. To cancel out the effect of mentioned unacceptable contact pressure a small
correction has been carried out for body pressure maps.

However, based on table 2 subjects number two and four have the conventional
anthropometric data so close to each other, mean pressure values for cells greater than zero
in cushion are equal to 52.92 [gr/cm?] and 57.09 [gr/cm?] respectively. Corresponding
differences could result from subjects’ posture.

While degree of freedom in posture of subjects are constrained based on experiment
procedure, still there are significant differences in leaning of subjects. Hence, in order to
relieve those effects, body pressure distributions have been symmetrized as displayed in
figure 28. It is worth to say that symmetrizing of the body pressure distribution (BPD) has

been done by other literature (Mergl et al. 2006, Siefert etal. 2008) as well.
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Figure 28. Symmetric body pressure distribution (BPD)
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Correlation

In this section, the correlation study for numerical and experimental body pressure
distributions is carried out. The pressure data is analyzed in relation to the body map used
by Mergl 2006 (figure 29). The seat pan is divided into eight body parts: buttocks left and
right, middle of thighs left and right, front of thighs left and right and side support left and
right. The zoning plan is shown in Table 4. Here “BP” represents body part, “V” vertical
direction and “H” horizontal direction. An example on how to read the table is given by
body part ten (buttock left side): The size of this body part is 34% of the length of the thigh

and 40% of the width of the hip.

Table 4. Zoning of the body map

BP | 10 | 1T [ 12 [ 13 | 14 | IS | 16 | 17
V | 34|34 (100| 33 | 33 (100 | 33 | 33
H | 40 | 40 [ 10 | 40 | 40 | 10 | 40 | 40

In order to analyze the experimental pressure data according to body parts, a grid
is placed over the matrix of the pressure with the classification of the body map. Then the
body map is adapted in length and width to the size of the test subject. Afterwards the grid
is aligned to the pressure distribution: the maximum pressure under the ischial tuberosties
has to be in the body parts ten and eleven and the grid has to be centered laterally over the
pressure distribution. This analysis is implemented within an Excel program.

After the correctsuperposition of the grid over the pressure distribution the program
computes automatically several parameters out of the pressure distribution. In each body

part the following parameters based on the work done by Mergl (2006) were computed:
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Percentage of load: the total load in the body part divided through the total load

on the whole seat pan.
Maximum pressure: this is the peak pressure in the concerning body part.

Mean pressure: this is the mean value of all sensors in the concerning body part.

Figure 29. Body map (Hartung 2006)
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In order to correlate numerical results with experimental ones, the same language
must be used. It means that same objective parameters corresponding to each body parts
must be extracted from the numerical results. Hence, The Virtual X-sensor which is a
virtual grid with 36 by 36 cells is used. Virtual Xsensor is a mathematical matrix whose
arrays are implemented by the values of numerical contact pressure at different nodes
(figure 30). The position of the reference point for cushion and backrest is determined
according to experimental procedure. The pathway of translating data from ABAQUS
output file to consistent way like real pressure mat is shown by figure 31. The right image

shown i figure 31 is the translated numerical BPD (Body Pressure Distribution).

Reference Point [
for BACKREST [

———————————————————————————————- < >

|36 X 36 cells (1/2 inch) | |36 X 36 cells (1/2 inch) |

Figure 30. Virtual Xsensor
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Figure 31. Flow-chart of virtual Xsensor creation (left) and numerical BPD (right)

Thereafter, the definition of the rule for correlation is required. As it is observed in
figure 32, the experimental mean BPD has a significant difference specially in backrest
with respect to each subject itself. In another word, using of the experimental mean BPD
as a tool for correlation is not a wise strategy. The defined rule in this study expresses that
if the value of objective parameters is between the corresponding maximum and minimum
values, it would be correlated. Hence, the spider graph is used in which value of the
objective parameter for each subject is displayed on the principle lines. Then the lines
passed through the experimental maximum, experimental minimum and numerical one are
drawn. If the numerical closed loop is inside the range between experimental maximum

and minimum, the objective parameter is correlated (Figure 33-38).
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Figure 33-35 show the spider graphs for Maximum Pressure, Mean Pressure and
Load Percentage in the cushion respectively, as the objective parameters used in different
body part. It is observed that the maximum pressure and mean pressure for different body
zones in the cushion are completely inside the range which means that numerical results
are correlated with experimental ones in different body zones for those objective
parameters (Figures 33-34). The load percentage variable is correlated for six different
body parts in the cushion and only thigh zone (i.e. zones 13 and 14) is slightly larger than
the corresponding experimental maximum value. Asthe summation, 22 parameters out of
24 are correlated which means the level of correlation is around 91%.

Same objective parameters are considered for the backrest. Figures 36-38 display
that the percentage of correlation is around 88. The out of range parameters in the backrest
are so close to the experimental maximum values. Asit is displayed by figure 36, maximum
pressure in the shoulder zone (ie. zones 1 and 2) is larger than the corresponding
experimental maximum value. It must be highlighted the degree of freedom of subjects for
backrest posture is higher than the cushion due to the fact that the buttock pressure mostly
is derived by gravity and it is less effective regarding to the posture. In contrary, the contact
pressure in the backrest is more affected by posture. Therefore, the small difference in
numerical contact pressure of shoulder zone with respect to experimental BPD could come

from the posture influence.
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Figure 33. Maximum pressure spider graph for the cushion
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Figure 34. Mean pressure spider graph for the cushion
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Figure 35. Load percentage spider graph for the cushion
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Figure 36. Maximum pressure spider graph for the backrest
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Figure 37. Mean pressure spider graph for the backrest
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Figure 38. Load percentage spider graph for the backrest
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Chapter 5.

Virtual Optimization

The term comfort has been used several times in current thesis. The meaning of
comfort as described in literature is very broad with very diverse definitions. It is often not
difficult for a person to describe whether a seatsits fine or not. However, it is hard to define
how or why something is comfortable. Hertzberg (1972) and Shen & Vértiz (1997) defined
comfort by the absence of discomfort. Slater (1985) defined comfort by the state of pleasure
influenced by psychological, physiological and physical factors. Some researchers go
further: they state that comfort can be divided into levels and introduced comfort scales.
Others state that comfort and discomfort may concern two sides of one scale, having
various levels, not only for discomfort, but also for comfort.

On the other hand, Zhang et al. (1996) and de Looze et al. (2003) state that comfort
and discomfort may be associated with different factors and should be expressed on
different scales. According to this definition, discomfort is underlined by physical factors.
Exposure, dose and response are main factors. On the other hand, comfort concerns
feelings of relaxation, pleasure and well-being. From this pont of view, it can be expected
that the relationships between objective parameters with discomfort would be stronger than
for comfort (first step Figure 4), as the link between discomfort and objective measures is

more direct.
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Therefore, there seems to be a diversity of views on comfort expressed in literature.
One common view, however, is that comfort is a subjective parameter influenced by
psychological, physiological and physical impressions of the environment on a person. In
the present thesis, this has been the basic assumption when the term comfort is used. This
definition of comfort suggests a number of contributory physical aspects like vision, noise,
thermal factors, vibration, seating, and posture. In the current thesis, the focus is on
mechanical parameters. Since these mechanical parameters are more related to discomfort
than to comfort (Zhang et al., 1996; de Looze et al., 2003), it basically means that in this
thesis the application of virtual simulation for nvestigation of discomfortis described.

The previous chapter described the validation of numerical results and showed that
the virtual simulation via objective parameters can predict the discomfort perception. In
this chapter, firstly the effect of the seat characteristics on the objective parameters
presented by Mergl 2006 is studied. Thereafter, the Response Surface Model based on input
variables is extracted. Finally, Virtual Optimization of output variables is carried out in
order to optimize the pressure distribution based on multi-objective optimization approach.

The discomfort criteria presented by Mergl 2006 are summarized in table 5. As it
is expressed by table 5, he found the strong relation between the discomfort feeling and
objective parameters in the middle of thigh (ie. zone 13/14) and the acceptable relation for
the maximum pressure and mean pressure in the buttocks (i.e. zone 10/11). Basedon Mergl
discomfort criteria, all parameters show relevance for the prediction of discomfort. Not a
single parameter can predict the discomfort but the combination of all is needed to interpret

pressure distributions. This fact can be illustrated by the example of sitting on a needle. If
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one has a seat on which the distribution of load is according to above mentioned results but

he is sitting on a needle the subject will of course feel discomfort.

Table 5. Discomfort guidelines (“green” strong relation, “blue” acceptable relation,
“orange” weak relation, “-* no relation); (10/11 buttocks, 13/14 middle of thigh, 16/17
front of thigh, 12/15 sideways, 1/2 shoulder, 4 upper back, 6 lower back, 8 coccyx, 7/9
lateral iliac crest)

Body parts % of Load [%] Max.[ kf;)r:]ssure Meat[lkfl’)ge]ssure
10/11 24.5-28.5 <20 55_65
g 13/14 <14 - -4
2
S 16/17 <3 ] s
12/15 _ ) ]
12 _ 57 ]
4 20-50 2-7 )
S 6 20-30 2.7 )
<
aa)
8 - >0 i
7/9 >0 2-7 ;

As discussed in Chapter 2, various seat characteristics can affect pressure
distribution whilst sitting. Different shapes of cushions lead to different pressure
distributions. Not much studies investigated the effect of cushion material on comfort and
discomfort of seats.

Kyung and Nussbaum (2008) found significant effects of different seats on pressure

variables, such as average pressure on buttock and thigh, peak pressure on buttock and
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thigh, and contact area on buttock and thigh. This may be due to the different dimensions
of the tested seats, but may also be caused by different shapes and cushion materials.
According to Reed et al. (2000), cushion length is an important determinant of thigh
support. A cushion that is too long can put pressure on the posterior portion of the
occupant’s legs near the knee. Pressure in this area will lead to local discomfort and restrict
blood flow to the legs. This is supported by Mergl (2006), who defined the ideal pressure
distribution for car driver’s seats. He showed that comfort is rated high when there is an
ideal pressure distribution under the legs and buttocks. Additionally, Hostens et al. (2001)
found that a smaller backrest inclination angle leads to higher sub-maximum pressures on
the seat pan and smaller sub-maximum pressures on the backrest. However, Park et al.
(2013) did not find significant effects of car driver’s seat height (determined by occupant
package layout) on pressure distribution of lower-body parts (i.e. buttock and thighs).
However, some studies have been carried out regarding the influence of seat
characteristics on the interface pressure, still there exist no clear correlation between them.
In order to clarify the correlation between interface pressure and seat characteristics, input
variables and output variables should be defined. The output variables are the objective
parameters defined by Mergl 2006 for different body zones as expressed in table 5.
Regarding the input variables in the current thesis, cushions’ material, convexity and
concavity of cushions’ surface, length of the cushion and angle of seats’ bolster are taken

into account.
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Design of Experiment — DOE

The aim of the DOE is to establish an experiment to study a process. The process
could be interpreted as a physical test or numerical modeling. As a general approach, the
mentioned processes are designed and conducted so that the planned and targeted variation
applied to the nput parameter(s) lead to extract desired information for analysis of output
parameter(s).

The main principles of DOE are randomization, replication and blocking. These
three principles act in a supportive manner. They complete each other to increase the
precision of the experiment. Precision of experiment is threatened by either extraneous
errors or systematic error due to nature of the experiment.

By randomization, in fact one tries to be sure that the entire input parameter domain
is surveyed. The goal of randomization is to guarantee that the entire domain has the same
chance of being examined.

By replication, one tries to be sure that the entire possible scenario between all input
parameters is covered. In other words, repeating the experiment with planed decision and
controlled condition. Replication with randomization allows the experimenter to predict
the error variance. Without randomization, a large number of replication to predict the error
variance would be useless. More replication leads to more precise results from the
experiment. Blocking means treatment of all desired input parameters by excluding
undesired parameters (noises).

It’s worth mentioning that since this thesis deals with a computer experiment, there

would be no random error, which is very common in physical experiments.
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Since one expect to draw a meaningful conclusion from the results, having a proper
statistical approach is necessary. Answers to questions such as what is to be studied, how
the data are to be collected, how these data are to be analyzed, are essential.

By considering what came before, to establish a DOE with the proper statistical
approach, the following guideline is required.

Recognition of the problem. The Experimenter needs to consider all aspect of the
experiment as well as goals and possible ideas, which could arise during the experiment.
Another aspect is interaction of experiment with other departments, which is considerable,
simultaneously.

All possible problems or studies that can be addressed by the experiment should be
reflected. Possible problems or studies are about stability and robustness, finding unknown
arecas of problem, verifying if the system has a similar performance under varied
circumstances, optimization and factor screening.

Selection of input parameters (Factors) ranges and levels. Experimenter needs to
identify the important input parameters, which has an influence on response parameters.
The mput identification leads to selection of factors that planned to be varied during the
experiment. Design factors are selected, to be studied during the experiment and Constant
factors are example of typical classification of parameters.

Hereafter, factor(s) identifies the input parameters, over which the experimenter
can exercise control and intends to change. It’s notable that since one deals with simulation
experiments, all the factors are controllable and so noise factors are negligible.

The next step would be selecting the range of the factors. This range should be

selected according to specification of the variable. Also the number of levels that each
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factor cantake to vary needs to be determined. The range and the levels comes from process
knowledge. Process knowledge is a combination of awareness regarding theory and the
previous practical experience.

Selection of proper design (sampling method). In this step, experimenter decides
on sample size (number of experiments) and also selection of proper run order. Also in this
step randomization and blocking will be applied on the run methods, if be required.
Generally, the sampling method determines how the design points spread out through the
domain. Since the sampling method defines the possible combination of input parameters
which can occur, it would affect both quality of results and the required time for DOE.

Statistical analysis. Statistical analysis methods are crucial to interpret the data.
Furthermore, statistical analysis is used to ascertain the reliability and validity of results.

Generally speaking, in order to perform a DOE, it is necessaryto define the problem
and choose the variables, which are called factors or parameters by the experimental
designer. A design space, or region of interest, must be defined, that is, a range of
variability must be set for each variable. The number of values the variables can assume in
DOE is restricted and generally small. Therefore, we can deal either with qualitative
discrete variables, or quantitative discrete variables. Quantitative continuous variables are
discretized within their range. At first there is no knowledge on the solution space, and it
may happen that the region of interest excludes the optimum design. If this is compatible
with design requirements, the region of interest can be adjusted later on, as soon as the
wrongness of the choice is perceived. The DOE technique and the number of levels are to
be selected according to the number of experiments which can be afforded. By the term

levels we mean the number of different values a variable can assume according to its
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discretization. The number of levels usually is the same for all variables, however some

DOE techniques allow the differentiation of the number of levels for each variable. In

experimental design, the objective function and the set of the experiments to be performed

are called response variable and sample space respectively.

In this study, modeFRONTIER is used as a tool to implement sensitivity analysis

by design of experiment (DOE). The sensitivity analysis is done by workflow showed in

figure 39.
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Figure 39. workflow at modeFRONTIER for sensitivity analysis
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As it is observed in figure 39, the seat characteristics (i.e. cushions’ material, seat
shape and seat dimension) are considered as the input variables, and the objective
parameters presented in table 5 as the output variables. The characteristics of DOE used

for sensitivity analysis are summarized by Table 6.

Table 6. DOE characteristics

DOE Algorithm Reduced Factorial
Number of levels 2
Number of experiments 64

Cushion insert foam
Backrest insert foam
Cushion lateral foam
Backrest lateral foam
Cushion length
Input variables Cushion surface
profile
Cushion bolster angle

Backrest surface
profile
Backrest bolster
angle

The main advantage of factorial DOE algorithm is the giving quantitative
estimation of the influence the factors, or the interaction of the factors, upon the response
variable. As the number of parameters increases, a full factorial design may become very
onerous to be completed. The idea of the Reduced Factorial design is to run only a subset
of the full factorial experiments. Doing so, it is still possible to provide quite good
information on the main effects and some information about interaction effects.

It is worth to say that the range of variation in the bolster angle is £10° in the

cushion length is 20 mm. For the surface profile of backrest and cushion, the maximum
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value of convex profile in the backrest and cushion are 10 mm and the minimum value of
concaved surface profile in backrest is 10 mm as well. The concaved surface profile for
cushion is not considered because of design limitations which causes some problem in the
durability of seat cover.

The material database which could be used was consisted of 17 different Ploy-
Urethane foams. In order to reduce the computational efforts, the foam which had more or
less same stress-strain curve, one of them have been considered. By this means, the range
of variation in the materials is from 1 to 12 in which the ascending order means increase
of foam stiffness (Figure 40). Hence, foam IDO01 is the softest foam and foam ID12 the

hardest one.
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Figure 40. Different cushions’ material used for DOE analysis and virtual optimization
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Results

Correlation matrix is the advantageous classical statistical tool, which evaluates the
correlation coefficient between a pair of variables. The range of correlation is from +1 to -
I, which reveals the strength of correlation. Zero value means lack of correlation. In
another word, a correlation coefficient close to -1 means that the variables in a pair are
mversely correlated; a correlation coefficient close to 1 means that the variables in a pair
are directly correlated, while a correlation coefficient close to 0 means the two variables
are not correlated. Figure 41 shows the correlation matrix obtained by DOE analysis. The
absolute correlation coefficient higher than 0.3 are filtered to make more visible the strong
correlation between mput and output variables. The red color in correlation matrix is
showing the direct relation and the blue one is inverse relation between a pair of variable.

It is observed that increase in cushion foam stiffness will result in increasing of
maximum pressure in buttocks. Moreover, increasing of backrest convexity will reduce the
contact of lateral iliac crest and consequently a reduction in maximum pressure and load
percentage.

Increase in backrest foam stiffness will cause a rotation of dummy somehow, so
that a reduction of mean pressure in buttocks and an increase in the load percentage in
thighs observed.

Based on correlation matrix showed in figure 41, elongation of the cushion doesn’t
show any significant effect on the output, since our dummy is the M50 percentile. But it is
most likely to observe its influence on other percentiles i.e. f05 and m95 percentiles.

Values of cushion convexity coefficient is showing that this parameter is not

correlated with output, it might be due to the number of level that we considered for
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Reduced Factorial method. It may have a parabolic effect on outputs, since we got two
levels for input variables, we are restricting the correlation to a linear correlation. For this
reason, a study on the number of levels has been conducted but same result was obtained.
Hence, the convexity of cushion surface profile has no significant effect on the

corresponding objective parameters.
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Response Surface Model - RSM

Response surface modelling, or response surface methodology, is strictly related to
DOE. The main idea is to use the results of a DOE run in order to create an approximation
of the response variable over the design space. The approximation is called response
surface or meta-model and can be built for any output parameter. The reason for building
a response surface is that, although it is just an approximation, it can be used to estimate
the set of input parameters yielding an optimal response. The response surface is an
analytical function, thus an optimization based on such a model is very fast and does not
require additional experiments or simulations to be performed. Therefore, the use of meta-
models can be very advantageous, and can be applied even when little is known about the
problem, although it must be kept in mind that if the design space exploration (made with
the DOE or the RSM model adopted) is poor, and the response variable is particularly
irregular, the result of the meta-model-assisted optimization can be far from the truth
because of the bad estimation of the model coefficients or the choice of an unsuitable
model.

The DOE is generally followed by the Response Surface Modelling (RSM). We
call RSM all those techniques employed in order to mterpolate or approximate the
infomation coming from a DOE. Different interpolation or approximation methods (linear,
nonlinear, polynomial, stochastic, ...) give different RSM techniques. The idea is to create
an interpolating or approximating n-dimensional hypersurface in the (n + 1)-dimensional
space given by the n variables plus the objective function.

In current thesis, the objective parameters with the strong and acceptable

correlations come from Mergl criteria (i.e. table 5) are considered as the objective function
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for creation of Response Surface Model (RSM). Therefore, Load Percentage, Max.
Pressure, Mean Pressure in Thigh zone and Max. Pressure of Buttocks are defined as the
objective functions. All the other values of objective parameters in table 5 are considered
as the Constraints m the modeFRONTIER workflow. Figure 42 shows the
modeFRONTIER workflow which was used to create Response Surface Model or meta-
model.

To increase the accuracy of the RSM, the number of samples must be sufficient. In

order to mterpolate the information coming from the DOE by a polynomial of degree two,

(9+2)!

the minimum required samples is
912!

= 55. The number of samples coming from

reduced factorial algorithm used for sensitivity analysis was equal to 64. Therefore, in order
to increase the dimension of design space, the Uniform Latin Hypercube (ULH) DoE
algorithm is used.

ULH is a particular case of Latin Hypercube Sampling. ULH is an advanced
Random (Monte Carlo) Sampling: more precisely it is a constrained Monte Carlo (i.e.
random) sampling scheme. The constraint refers to the way each variable is sampled: the
uniform statistical distribution is split in n intervals with the same probability, and then a
random value is selected within each interval. In this way the points are relatively
uniformly distributed over the variable range. On the contrary, with the Monte Carlo
scheme, n values are chosen independently, according to the global uniform density
function.

Compared to Random DoE (Monte Carlo), ULH maps better the margmnal

probability distributions (i.e. the statistical distribution of each single variable), especially
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in case of small number of generated designs. ULH algorithm is useful for generating a
uniform distribution of points in the input space.

Finally, 100 designs produced by ULH algorithm are added to 64 designs come
from reduced factorial algorithm to build the total design space. Training of Response
Surface is implemented by 154 samples and the rest is used to validate the accuracy of the
meta-model.

Three different RSM techniques; Polynomial SVD, Kriging and Neural Network;
are used to interpolate the response variable over the design space. Table 7 summarizes the

DOE characteristics to produce design space and the RSM techniques as well.

Table 7. RSM and DOE characteristics

Algorithm ggz;s of
Reduced Factorial 64
DOE Uniform Latin Hypercube 100
(ULH)
Polynomial SVD (degree 2)
RSM Training Kriging 154
Neural Network
Polynomial SVD (degree 2)
RSM Validation Kriging 10
Neural Network

In order to evaluate the accuracy of the RSM produced by different techniques, two
most common parameters ie. Mean Absolute Error and R-Squared (coefficient of
determination) are used. Hence, the RSM produced by a technique which has the lowest
value of Mean Absolute Error, and value of R-Squared close to one is considered as the

default RSM for virtual optimization.
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It is observed in table 8 that all the Response Surface Model created by Polynomial
SVD technique with quadratic polynomial has more accuracy except Maximum Pressure
in thigh zone whose approximation by Kriging technique is more precise with respect to
other techniques. Then, based on the precise technique for each objective function (showed

by green color in table 8), the default RSM for each objective function is defined.

Table 8. Mean absolute error and R-squared comparison for different RSM techniques

Objective Function RSM Technique | Mean Absolute Error R-Squared
Polynomial SVD 0.145 0.868
Load Percentage - zone 13 Kriging 0.177 0.803
Neural Network 0.209 0.685
Polynomial SVD 0.142 0.898
Load Percentage - zone 14 Kriging 0.226 0.734
Neural Network 0.246 0.607
Polynomial SVD 1.1 0.96
Max. Pressure - thigh Kriging 0.994 0.949
Neural Network 1.6 0.899
Polynomial SVD 0.294 0.846
Mean Pressure - thigh Kriging 0.404 0.698
Neural Network 0.49 0.589
Polynomial SVD 1.89 0.964
Max. Pressure - buttock Kriging 2.05 0.937
Neural Network 2.85 0.908
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Virtual Optimization
The Multi-Objective Genetic Algorithm (MOGA-II) with characteristics
summarized in table 9 is used as the optimization algorithm. Using ULH algorithm a
design space contains of 100 experiments is created. Then, 100 generations defined by
Genetic Algorithm results in 10000 samples which are evaluated to find the optimum

solution.

Table 9. Characteristics of Multi-Objective Genetic Algorithm

Optimization Algorithm Multi—Objecg\//[% gznizlt)ic Algorithm
Number of Generations 100
Probability of Directional Cross-Over 0.5
Probability of Selection 0.05
Probability of Mutation 0.1
DNA String Mutation Ratio 0.05

Due to the nature of multi-objective problems, ranking and selecting between
alternatives is a relatively common, yet often difficult task. In order to make ranking and
selecting between optimum solutions, Linear Multi Criteria Decision Making (MCDM) is
used. The Linear MCDM algorithm calculates the utility function, which is used as the
basis for the ranking of available alternatives. The utility function takes into account the
weight and the alpha value of the attributes. These parameters can be set by the user, giving
them complete control over the definition of the decision-making process.

The weight of each attribute, ie. its relative importance with respect to other

attributes, and the alpha value (in a 0.1-10 range), which reflects the linearity or non-
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linearity of the corresponding function are adjusted to 0.2 and 1 (indicates a linear function)

respectively (Figure 43).
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Figure 43. Weight of each objective function

By performing the virtual optimization and Linear MCDM, 10 first optimum results
were extracted and the Finite Element Model with corresponding input variables simulated
in order to evaluate the level of accuracy. Figure 44 compare the objective parameters
resulted from virtual optimization and the FEM which is real one. As it is displayed, the
maximum difference between virtual optimum cases and the real one is 1.73% for the Max.

Pressure parameter in thigh zone which shows by design ID 5432.
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Figure 44. Comparison between virtual optimal cases and corresponding FEM

Itis worth to highlight that the objective function as it is observed in figure 44 were
minimized since all the optimal cases have lower value in terms of objective function with
respect to the nominal case. Moreover, figure 45 shows the Body Pressure Distribution
(BPD) of the optimal case (15t rank) compared to the nominal one. Investigation of BPD

shows a significant of reduction in term of contact pressure for the backrest and cushion.
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Figure 45. Optimal seat (b) compared to the nominal seat (a)

Taking into account the characteristics of the optimal seat, figure 46 displays the

cushion and backrest cross-section for the optimal seat and nominal one in order to

visualize the differences in terms of the seat shape. It must be noticed that the foam ID’s

for the backrest bolster and msert are Foam-ID05 and Foam-IDO1 respectively. The

cushion bolster and insert foams are Foam-ID12 and Foam-ID01 showed in figure 40.
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Figure 46. Cushion (a) and backrest (b) cross-sections of optimal seat
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Conclusion and Recommendations

The aim of this thesis was to present a virtual optimization and design guide on how
to design comfortable passenger seat. Not only the numbers of passenger transport are
increasing, the (cultural) diversity of passengers is increasing as well. Furthermore, a
revolution in ICT devices, applications and networks, development of autonomous driving
cars also introduce a larger variation in activities that passengers are able to perform while
traveling. Although the first studies on passenger seat comfort appeared already 50 years
ago, the knowledge regarding the influence of the seat properties, on the comfort and
discomfort perception of passengers is not well considered.

Simulation of the occupied seathas strategic relevance for all vehicle manufacturers
and Tier-1 suppliers. In particular, a consequent integration of the simulation of the static
seat comfort in the digital development process shows the advantages such as Avoidance
of expensive late modifications at the seator construction vehicle and Noticeable reduction
of the test expenditure.

Therefore, the influence of seat characteristics on the discomfort perception of
passengers was studied through the virtual simulation. The human body model CASIMIR
was used as the sophisticated human model in seating posture to evaluate the contact
pressure on the cushions as the objective parameters. Before implementing of virtual
optimization, the correlation of experimental study and numerical one was performed in

which objective parameters showed a good level of correlation.
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Thereafter, a design space contains 64 samples; extracted by Reduced Factorial
DOE technique; was created to study the sensitivity of objective parameters into the seat
characteristics.

Fmally, the most correlated objective parameters come from Mergl study were
considered as the objective functions to implement the virtual optimization. The result of
virtual optimization showed that changing in the concavity of the backrest and using the

soften foam result n getting far from discomfort criteria in a positive direction.

For the correlation between pressure and discomfort, the following
recommendations have resulted from this thesis.

First, the postures obtained by the participant have a large influence on the obtained
results. For example, when measuring pressure distribution, this is strongly dependent on
the performed task and the corresponding sitting position.

Furthermore, perceived discomfort increases in time, and the more comfortable the
seat, the longer it takes before discomfort occurs. Consequently, it is important to
implement a model which could be used to predict the issues come from prolonged contact
pressure resulted from this study.

A deviation from the ideal pressure distribution in the seat pan can lead to back
complaints. At the same time, the postures obtained by passengers affect the pressure
distribution significantly. The active seating system can lead to idealized pressure
distribution .

Kinetosis, i.e. travel sickness in cars is another important issue, whose occurrence

may hamper the successful introduction of vehicle automation, stopping people from doing
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other things like working, reading and writing as they are transferred to their destination.
Vibrating and moving seats are seen as promising anti-motion sickness solutions, as they
could stimulate the vehicle occupants while the self-driving car makes turn, brakes or
accelerates thus avoiding the uncorrelated vestibular/balance vs. visual perception that is
at the basis of motion sickness.

Finally, considering the fact that the body pressure distribution is more sensitive to
the foam characteristics, a consideration should be which age of the seat should be used in
evaluating comfort. The hardness of the cushions reduces in time, influencing the comfort
experience of passengers. Hence, in order to evaluate showroom cushions, new cushions
should be used, but in order to evaluate the actual lifetime comfort, a representative
deterioration should be applied to the cushions, to simulate the state in which they will be

in use the longest.
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Appendix 1.

STEP definition in foam characterization

3k 3k sk 3k 3k sk sk sk sk sk sk ok 3k 3k 3k 3k 3k ok 3k 3k 3k 3k 3k Kok 3k 3k 3k 3k k3K 3k 3k 3k 3k 3k koK 3k 3k 3k 3k ksk %k %k %k ok %k kk

*STEP, NLGEOM, INC=200, AMPLITUDE=RAMP, UNSYMM=YES
Displace punch 35 mm downwards.

*STATIC

.0015, 1.00,, .05

*BOUNDARY

PUNCH, 3, 3, -35.

*PRINT, CONTACT=YES, solve=yes

*CONTACT PRINT, SLAVE=FOAM

**CONTACT FILE, SLAVE=FOAM, FREQUENCY=10
*ENERGY PRINT, FREQUENCY=5

*ENERGY PRINT, ELSET=FOAM, FREQ=5
*ENERGY PRINT, ELSET=ETOP, FREQ=5
*ELPRINT, FREQUENCY=50, ELSET=ETOP

S,

E,

*NODE PRINT, FREQUENCY=25

u,

RF,

*OUTPUT, FIELD, FREQUENCY=4

*NODE OUTPUT

u,V, A RF
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*ELEMENT OUTPUT

S, LE, NE

*CONTACT OUTPUT, VARIABLE=PRESELECT, NSET=TOP
*OUTPUT, HISTORY, FREQUENCY=1

*NODE OUTPUT, NSET=PUNCH

U,V, A RF

*ELEMENT OUTPUT, ELSET=ETOP

S, LE, NE

*ENERGY OUTPUT, VARIABLE=PRESELECT

*END STEP

sk o o ok ok o o o ko ok ok ok ok o ok ok ok ok ok ok ok ok ok ok ok
*STEP, NLGEOM, INC=200, AMPLITUDE=RAMP, UNSYMM=YES
Return punch to original position.

*STATIC

.0015, 1.00, , .05

*BOUNDARY, OP=MOD

PUNCH,3,3,0.0

*OUTPUT, FIELD, FREQUENCY=4

*NODE OUTPUT

U,V, A RF

*ELEMENT OUTPUT

S, LE, NE

*CONTACT OUTPUT, VARIABLE=PRESELECT, NSET=TOP
*OUTPUT, HISTORY, FREQUENCY=1

*NODE OUTPUT, NSET=PUNCH

U,V, A RF

*ELEMENT OUTPUT, ELSET=ETOP

S, LE, NE
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*ENERGY OUTPUT, VARIABLE=PRESELECT
*print, solve=yes

*END STEP
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