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ABSTRACT 

This research work is geared toward proving that automobile seat comfort, which is a subjective 

construct, can be predicted frorn objective rneasures. This type of forecasting ability would effectively 

improve the escient y with which seats are designed. Presently, seats are developed in an iterative manner 

because subjective feedback drives the design. Iteration requires time and costly prototypes. This could be 

justified if the process guiuanteed a cornfortable seat- Unfortunately, this is not the case, 

Even with numerous technologies available, the automotive seating industry has had limited 

success quantifying cornfort. The problem stems from the lack of a scientific method. This deficiency was 

addressed through the creation of a repeatable data collection protoçol for seat interface pressure 

measurement. 

Seat comfon cannot be quantified without an understanding of the consumers' likes and dislikes. 

The best way to obtain this information is to gauge perceptions of comfort through a survey. This research 

is significant in that it (1) provides a survey with acceptable levels of reliability and validity and (2) defines 

an overall comfort index, 

The overail comfort index was used as the dependent variable in a prediction model. This would 

not be a viable undertaking without a reliable and valid survey. Using a stepwise regression procedure, the 

link between objective measures and subjective perceptions was established and validated. Frorn the 

model, human criteria for seat interface pressure parameters were established. The model also 

demonstrated that appearance was relateci :O comfort. 

Due to the lack of emphasis on the educationai side of automobile seat usage, drivers are not hlly 

realizing the comfon-enhancing benefits of seat adjusters. This snidy, in addition to providing direction on 
. . . 
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how to adjust the seat for maximum comfort, presents and validates a mode1 to predict driver selected track 

position as a function o f  occupant demographics and anthropornetry. 

If this research is to a f k t  design practices, direction on how to impact the objective masures of 

comfort is required. To this end, seat geometry and contour design guidelines were derïved. These 

guidelines represent an important advancement in the body of knowledge dealing with automobile seat 

comfort, 
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1. INTRODUCTION 

Many major automobile manufacturers still fail to be pro-active in their considerations for the people 

who purchase their products (Porter, 1994)- In the early 1980 '~~  the familiar slogan 'safety does not sel1 cars' 

was beIieved to be m e  by many manufaciurers, and maybe it was, The last decade has seen a large incresise 

in public awareness concerning developments in primary and secondary safety and a quick browse through any 

car magazine shows that safety features take pride of place- Similady, society's attitudes toward comfort are 

beginning to change - not only in the home and office, but in the automobile as wel1. In other words, 

cornfortable seating is no longer considered a luxury; it is a requirement. 

Rising customer expectations are, therefore, forcing the automotive seating industry to focus design 

efforts on occupant comfort, Unfonunately, comfort, as it is currently understood, is a subjective concept that 

is diffîcult to measure. The automotive seating industry has thereby been challenged to define comfort in an 

objective manner. In fact, the quantification and subsequent design of automotive seating for improved 

occupant cornfon is, presently, one of the prirnary goals for seat system design teams. This task is complicated 

by such factors as user subjectivity, occupant anthropomeuy, seat geometry, and amount of time spent sitting 

(Thakurta et al., 1995). Also complicating rnatters is the growth of the international automotive market that has 

served CO increase diversity in seat design. In other words, unique, but functionally equivalerrt, seats are 

required to satisfy different comfort criteria. 

Due to the iack of proven analyticai masurables, the seating industry relies on jury evaluations as the 

main measure of seat comfort. The jury evduation methodology usually involves highly smctured surveys that 

direct occupants to assign feelings of discomfort to specific regions of the seat. The nature of the jury 

evduation methodology makes it is necessary to investigate the opinions of relatively large groups of passengers 



in order to determine the impact of various design f- on perceived seating comfort (Manenica and Corlett, 

1973). This trial and error approach is very tirne consuming, expensive, and prone to measurement error- 

1.1 Thesis 

The thesis is that automobile seat comfort, which is undeniably a subjective constnict, can be 

quantified. If me,  the design process should yield more cornfortable seats in a more efficient manner. 

E ficiency k ing  measured in terms of cost and development time (Le., time-to-market). 

1.2 Deliverables 

This manuscript's contribution can be divided into five areas (ail of which are related to the previously 

outlined thesis). They are: 

1. A retiable and valid survey for the assessment of subjective perceptions of automobile seat comfort This 
includes the definition of an overall comfort index derived from survey responses. 

3. A scientific method for the evaiuation of automobile seat codon. 

3. A greater understanding of driver selected seat position as demonstrated through a prediction model and 
a discussion regarding how to adjust an automobile seat for maximum comfon- 

4. A model to predict the overall comfort index as a function of automobile seat interface pressure. occupant 
anthropornetry, occupant demographics, and perceptions of automobile seat appearance. 

5. Automobile seat geornetry and contour design pidelines that consider (a) available anthropometric data, 
(b) automobile seat interface pressure charactenstics, and (c) subjective perceptions of automobile seat 
comfort. 



2. LITERATURE REVIEW 

2.1 Definition of Automobile Seat Codort 

Although there exists substantiai research in the field of comfort, these investigations have generally 

occurred in a rnicrocosm- Since published definitions reflect the disciplines of the tesearchers who fomulated 

hem there is no universally accepted operational definition of comfort (Lueder, 1983). To M e r  this 

discussion, there is linle agreement as to whether comfort and discomfort should be regarded as king  a bipolar 

continuum or as composing two experientiai dimensions. Hertzberg (1972) first operationally defined comfort 

as "the absence of discomfort". Everyone has experienced the positive state of comfort. However, whether 

automobile seats c m  induce this state is still open to debate. To a certain extent, the debate becomes entrenched 

in semantics since a relief fiom discomfort may be experienced as a positive state of comfort. Discornfort has, 

however, been addressed more frequently because its objective correlates are considered to be more tangible. 

Richards (1980) has suggested that cornfort is a bipolar dimension that cm be attributed to 

characteristics of design. Evidence to support this clairn cornes fiom the fact that people, when given the 

opponunity, rate their subjective responses across an entire continuum, ranging from positive comfort to 

discomfort. For this research work, comfort, unless specified, will be considered a representation of both 

positive comfort and discornfort. The term discomfort will be used only when the discussion is confined to the 

assessrnent of that constmct. 

In terms of dictionary definitions, Funk & Wagnalls (1979) defines comfort as a state of mental or 

physical ease. According to Lueder (1983), some dictionaries define comfort as "the provision of support and 

assistance". Cornfort relative to automobile seating might, therefore, be viewed as a function of the patterns 



of physicaI supports and constraints on  the occupant engaged in the task of driving. As such. comfon may be 

represented physiologically, psychologically, behaviorally, and in performance. 

The pursuit o f  an all-encompassing definition of  comfort will, in al1 Iikelihood, never end. This 

dissertation acknowledges this fact and will, simply stated, consider occupant comfort a consensually held 

constmct (Le., a large group of representative subjects perceive the seat in a similar manner) chat can be 

rnanifested objectiveIy (i.e., consistently quantifiable)* At the fundamental level, regardless of how comfort 

is represented, automobile seat design teams must atternpt to minirnize the level of discornfort o r  marùmize the 

level of positive comfort. This is undisputable. For this reason, the definition outlined in this paragraph can. 

and will be, considered sufficient 

2.2 Current Automobile Seat Codor t  Devdopam~t Process 

The typical approach to automobile seat comfort development is to first select a target fiom the 

appropriate vehicle segment, The target is usually selected through the joint efforts of marketing and 

engineering. The decision is, many times, based on consumer experiences with recently launched products. 

In this regard, J.D. Power & Associates' Annual Seat Quaiity Report is extremely popular. I.D. Power & 

Associates provide a supplier-focused analysis describing consumer experiences with the quaiity, design, 

comfort, and features of their automotive seats. By tying model-level information to specific seat suppliers, LD. 

Power & Associates is able to provide comprehensive quality data about the seating industry, while offering 

suppliers a means of tracking end-user opinions of their products- This data is used to help assess a company's 

cornpetitive standing within the seating industry. Target selection is not focused as much on  the seat supplier 

or the seating indusuy as it is on the individual seats standing relative to other seas in the same market segment. 



The target vehicle is purchased and retaïned throughout the development proces- This helps to insure 

that the target is consistent (by eiiminating production and build combination variations). nie target seat is h n  

benchmarked. As part of this exercise, a subjective evaluation is performed. This feedback, in terms of things 

gone right and things gone wrong, is used to drive cornfort development for the remainder of the program. That 

is, prototypes are built and evaluated using the same subjective evaiuation approach- More specifically, the 

target seat is evaluated against the next generation seat until the new program seat meets or exceeds the comfort 

leveI offered by the target seat, The purported strength of this process lies in the A to B cornparison of seats, 

Since a typicat seat program takes 3-4 years to execute, by the time the product is launched it is just as 

cornfortable as  the best seat in the market 3-4 years ago. The excessively long development time hinders 

advances in comfort. 

It is standard practice, in the automotive seating industry, to perform subjective evduations as part of 

an extended duration ride & drive- The recommended duration is two hours. This typicdly allows for four 

rotations per day (excluding breaks and lunch between rotations). Anything over two hours makes for a long 

day of travel. In addition, anything over two hours becomes uncornforrable for many ride participants for 

reasons otlier than the seat. The break is thought to be a critical part of the ride & drive process and is designed 

for a minimum of 15 minutes. By walking around during the break. the body is refieshed in preparation for the 

next seat, minirnizing the carry over effects of the previous rotation. This is, however, debatable. 

The length of the ride & drive is dependent on how many ratings per seat the design team feeIs are 

necessary to yield meaningful results. With a maximum of four rotations per &y, it is only possible to ger four 

people to evaluate one seat in a day. This is too srnaIl a number to yield worthwhile results. It is recommended 

that the ride & drive be at least two days in length and even with that, there should be two sarnples of each new 

seat whenever possible within the rotation. This gives 16 ratings per seat and can help to reduce the effects of 

differences between vehicies that may not be possible to avoid- 



A two-hour rotation also allows three meaningfiil ratings to be obtained. There are three general 

ratings that are recommended for use in seat cornfort evaluations: 10 minute, one hour, and two hour. The IO- 

minute evaluation is meant to represent the showroom appeal of the seat h i l e  the one and two-hour ratings are 

meant to assess long-term cornfort- Although difficult to conuol, ride & drive coordinators commonly ask that 

the ratings be based on perceptions and expectations of the market segment- The ratings typically range from 

one (uncornfortable) to five (comfortable) in half step increments- Design teams may wish to compute an 

'overall' or 'average' seat rating by combining the responses fiom the above categories. This number could, 

however, be confusing since seat comfort parameters are thought to change dramatically over time. In other 

words, a seat that is initially comfortable may not necessarily be cornfortable after an extended period of time. 

At the conclusion of each k g  of the ride & drive, in addition to providing a generai numeric rating 

participants are required to evaluate specific areas of the seat through a stmctured survey, At this point, 

participants also have the opportunity to make written comrnents. These specific comments should reflect the 

participant's final impression of the seat- Within the specific ratings, it is possible to combine those that pertain 

to the cushion to yieid an overall result for ttie cushion. The same can be done for the seatback This can allow 

cornparisons from cushion to cushion and seatback to seatback independent of the rest of the seat- The risk is 

that the cushion design can affect perceptions of seatback comfort or vice versa. 

In addition to the stmctured survey, verbal comments are collected through the use of a trip radio. The 

ride coordinator collects verbal comrnents from each participant at the 10-minute, one hour, and two hour mark. 

The cornments are captureci by a designateci note-taker (equipped with a laptop) and a tape recorder. The tape 

recorder and note-taker are usually in different vehicles to minimize the loss of cornments. 

It is not uncommon for a program to require 15 ride & dnve itemtions to meet or exceed the comfort 

level offered by the target seat, Early development requires mule vehicles (modified, if possible, fiom current 

production) that simulate the intended direction of the chassis dynamics. As an aside, of al1 vehicle 



components, the chassis has one of the longest lead times- The mule vehicles are essential because they allow 

for early seat contour, seat suspension, and trim cover development, As the development proceeds, the latest 

levei seats should be provided for the chassis development vehicles and, finally, production IeveI vehicles- 

The seat comfort development process requires a core team of participants ranging h m  5h percentile 

femaies to 95" percentile males (stature). Ideally, the team would be skewed to represent the target buyer 

demograp hics and an thropome try. Unfortunatel y, for fear of limiting their d e s  potential. vehicle 

rnanufacturers rarely identib a target popuiation. Hence the recommended 5m to 95h percenule range. The core 

tearn should also consist of key stakehotders of the seat system. To minimixe variations of input data, eaçh team 

member must be comrnitted to the process for the duration of the program. This is, very often, dificuit to 

achieve. 

Program complexity is another factor that complicates this process. In other words, the seat comfort 

devdopment process requires the evaluauon of al1 seat types (Le., full bench, split bench, and bucket), content 

(manual or power adjuster, manual or power recliner, adjustable or fixed head restrainc, etc.), features (manual 

or power lumbar, tiont and/or rear cushion tilt, seat heaters, etc.), trim styles (i.e., base level, mid level, and up 

IeveI), and fabrics (Le., cloth, vinyl, leather) available for a particular platform that may include several 

marketing divisions. Manual transmissions are dso a significant subset of certain vehicle lines. The operation 

of a manual transmission may create unique comfort requirements for the driver. Therefore, where appropriate, 

each major seat design configuration should be evaluated in a manual and automatic transmission environment. 

The number of vehicles required for a given ride & drive is based on dl of these considerations. 

For exuemely large programs, it is not uncornmon to have 150 différent seat configurations. With rhis 

type of complexity, it is impossible to evaluate (through a single ride) every possible combination. For this 

reason, initiai seat comfort is very often perfonned on high vehicle volume seats (to the detriment of lower 

vehicle volume seats). This is a huge disadvantage. Once an acceptable level of comfort is achieved for the 



high volume seats, other combinations are evaluated to ensure that cornfort is not compmmised- This usually 

involves an evaluation of different trim styles, Trîm styles typically differ in terms of seam locations. If, for 

example, a seam in a particular m m  style is focated in a region that could deteriorate seat comfort, efforts 

should be taken to relocate the seam. Unfortunately, by the time the trim style in question is included in a ride 

& drive, it may be tm iate to change the design without incwn'ng significant costs. 

Another problem with ttüs process is that design direction, early in the program, is based on feedback 

obtained From seats comprised of skived foam and u~epresentative hardware- Skiving is the process of 

mechanically shaping a foam pad by cutting it out of block or sheet stock Skived foam does no& in any way, 

feel like moldeci foam due primarîly to differences in occupant penetration. It should, therefore, not be used 

to direct decisions regarding cushion length, cushion width, lumbar location, etc.. Hardware refers to the 

handles, switches, and controls used to operate the seat- Unless the production level hardware is used, it is 

unfair to evaluate functionality (locations, efforts, etc.) with respect to the seat system, Once again, design 

decisions, based on ride &drive feedback, should be withheld. Molded foam and representative hardware are, 

unfortunately, not available early in the process. 

The process is also rendered ineffective by the façt that the seat interacts with the vehicle system, 

particularly the interior environment. Vehicles, just like seats, undergo product development cycles. As a 

result, the power-train, vehicle suspension, and package characteristics (pedal locations, steerhg wheel position, 

etc.) are, very often, not finalized until production. This, obviously, aff7ects seat comfort development- 

The entire process is outlined in Figure 1. 
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Figure 1: Flow Chart for Typical Seat Comfort Developmcnt Process 

Each step in this process corresponds to a ride & drive and is typically considered a program 

milestone. In reality, several working level rides may be needed before the seat system is ready to exit a 

particuiar developmental phase. 

In summary, the current process is an inefficient and outdated way to develop a cornfortable 

automobile seat. It is extrernely time consuming (if the key stakeholders in the seat system are spending al1 this 

time riding, they are, obviously, not devdoping the product) and expensive (excessive changes lead to tooling 

itentions). It shouId also be noted that recent advances in seat comfort evaluation technologies are not reflected 

in this process- These limitations could, in some ways, be justified if the process could guarantee a cornfortable 

seat. This is, unfortunately, not the case. Since good seau are the exception and not the nile. the seat comfort 

development process needs to be overhauled. 



23 Automobile Seat Codort Survey 

Customers evaiuate automobile seat comfon in very subjective ways- This, obviously, complicates 

seat design. To circumvent this complexity, the common belief is that seat system design teams desperately 

need objective, rneasurable laboratory standards that can be Iinked to subjective perceptions of comfort- Only 

in this way, can a decision be made regarding whether or not a -cular design will be viewed by the custorner 

as comfortable. For this reason, tbe automotive seating industry has been working towards quantifying comfort 

through various methods. 

Quantification methods are, however, meaningless without an understanding of what occupants 

perceive as comfortable. Admittedly, the best way CO obtain this understanding is through the administration 

of surveys. A properly designed survey is paramount because it affords the seat system design team an 

instrument frorn which to develop prediction models and formuIate guidelines- A review of the published 

Iiterature in the area of seat comfort reveals that this instrument does not, presently, exist. This is surpnsing 

given the extent to which seat comfort development relies on survey data. 

Tt should, also, be noted that the importance of survey data are not expected to be diminished by the 

ability to predict comfort. The reason is that perceptions of comfort will, almost definitely, change with time- 

As perceptions change and new measuring techniques are developed, surveys will be required to update 

prediction models and guidelines. 

Currently, seat comfort surveys are, typically, subjected to some form of quantitative anaiysis, whether 

it is a simple frequency count or a more complex statistical treaaent. The results are then used as the basis for 

design decisions. The method of quantification, therefore, requires careful consideration. According to 

Bngham (19751, this must occur in two stages. First, the survey must be designed so that the data are in a 



suitable form for the analysis and are fiee Erom the effects of bias. Secondly, when the andysis itself is 

conducted, the exact nature of the data and the conditions un&r which it was collected must be considered, to 

ensure that the anaiysis is statisticdly appropriate- 

Despite the fact that many of the problerns relateû to the collection of subjective data have been well 

known for some time, the quantitative aspects of survey design and anaiysis are frequentiy given too little 

attention (particularly in the automotive seating indusiry), As a consequence, the survey may provide results 

that are, at best, biased and, at worst, totaily invalid. This is, unfonunately, the case in the automotive seating 

industry. Hence, comfon development takes on a trial and error appmach. Needless to Say, this is an expensive 

and inefficient way to impact design. 

Most seat comfort surveys require the respondent to give either a factual answer or to make a 

judgement. In either case the wording of the survey items has a considerabie effect on the results obtained and 

it shouId, therefore, be considered very carehily (Oppenheim, 1966). One of the more important pnnciples 

is to avoid ambiguity. This may require more care than at fÛst might be thought, 

The interest and motivation of the respondent is another critical factor that should be reflected in both 

the design of the overall survey and the wording of the individual items. The practical implication is that both 

the Iength and content of the survey must be appropriate to maintain the interest of the respondent, otherwise 

valuable information may be lost and spurious responses introduced. 

It is also irnperative to devote speciai attention to the design of the rating scale. As seat comfort is 

multidirnensionai, inappropriate scales may elicit ratings on some subjective trait other than comfort. Among 

the factors that must be considered are the type of scale (numeric or graphic) and the number of categories 

(coarseness or fineness of the scale) (Guilford, 1954). The number of categories in the scale must match the 

respondents' ability to discriminate in hidher response to the item. If an insufficient number of categories are 



usrd, valuable information will be lost- On the other hand, if too many categories are used, no arnount of 

statistical manipulation will get information out of the &ta that has not been put into it by the respondent Some 

psychological research suggests that, for most people, the upper limit for ranking is approximately seven 

categories (Gngg, 1978). GRgg (1978) claims that scales with more than nine categories do not Iead to a 

signi fican t increase in information regarding the items rad .  He does, however, ac knowledge that respondents 

farniliar with the scaling method and the stimulus material (i.e., experts) may be able to use a larger number of 

categories. 

Verbai tags attached to the categories are sometimes the source of ambiguity. When verbal tags are 

used it is important to take care in selecting the words and phrases used to represent positions on the scale. 

Osgood et al- ( 1957) were arnong the first to test the rneanings of qualifiers used in verbal scales. Wiùi respect 

to the meaning and strength of such qualifiers, Banram and Yelding (1973) performed arguably the most 

comprehensive study. They sought to discover the positive or negative strength that respondents b b e d  to 

different words generally in use to find out which of them have the most clearly defined meaning across the 

population as a whoie. The study found that respondents appeared to be mos~ decisive and in agreement with 

one another when scoring positive extreme values. It was aiso found that respondents were most confused in 

the middle points of the scaie, 'Almost' and 'stightly' were found to be confusing and imprecise in meaning. 

Seat comfon surveys should, therefore, avoid these qualifiers. Verbal tags are an exvemety important 

consideration in survey consuuction- 

When rating scales are used so that respondents can indicate, for example, their degree of preference 

for a patticular seat design and numerical scores are assigned to the scaled positions, the question, inevitably. 

tums to the meaning that can justifiably be attached to the score. In a more general sense, Stevens (1946) and 

lacer Cozby (1989) approached the question by defining four levels of measurernent which, in increasing order 

of measurement sophistication, were nominal, ordinal. interval, and ratio. 



Nominal scaies have no numerical or quantitative propertïes. An obvious example is the variable of 

gender- Even if numbers were assigned to the groups, the numbers would be meaningless, except for 

identification- Ordinal scales are slightly more sophisticated than nominal scales because they involve 

quantitative distinctions. An ordinal scale produces only a ranking of the characteristic k i n g  rneasured and 

carries no implication of distance between scale positions, Any set of numbers maintaining the order codd be 

assigned to the scde positions, In an interval scale, the differences beniveen the categories on the scale are 

rneanin,aful. Specifically, the intervals between the categories are equai in size- The difference between 1 and 

2 on the scale, for example, is the same as the difference between 2 and 3, The zero point on such a s a l e  is 

a matter of convenience but, with a f ïed origin or zero point, a ratio level of measurement is obtained- 

Exarnples include many physical measures, such as length, weight, or tirne. Ratio scales are used when 

variables that involve physical measures are being studied. However, most variables are less precise and so use 

nominal, ordinal, or interval scale masures. 

Most automobile seat comfort surveys use ordinal scales. Knowingly or not, seat system design teams, 

due to the sophisticated manner in which they statistically mat  survey data, are, basically, assuming that the 

survey items are k i n g  measured on an interval scale- This is controversial because the arithmetic operations 

that can be legitimately performed depend upon the type of wting scale, and this in turn decides what statisticd 

techniques can be employed, For ordinal %ale data, Stevens (1946) strongly suggests the application of non- 

parameuic statistical techniques (ranking tests or order tests), which require fewer assumptions regarding the 

data- Seat comfort survey data is rarely analyzed in this manner. Pararnemc statistics, on the orher hand, which 

involve addition, multiplication, and division of scale scores, are allowed when the item has ken rneasured on 

at least an interval scale. According to Siegal(1956), if the assumptions underlying the use of paramemc tests, 

for example the t-test (mean comparison) or F test (variance comparison), are not met then it is possible to 

question the power of the test. The power of the test is &fined as the probability of rejecting the nuil hypothesis 

when it is, in fact, false. It is also difficult to estimate the extent to which a probability statement about the 



hypothesis in question is meaningirl when that probability statement results corn the unacceptable application 

of the test. 

Prytulak (1975) has produced a critique of Stevens' theory of measurement classification. The 

critique, citing a number of examples that are incongruous with Stevens' classification, concludes that the theory 

shoutd be rejected outright, Labovia (1970, 1972). sirnilarly, argues against smct and blind adherence to niles 

linking specific statistics to particular levels of m u r e m e n t  and particularly the four scale types of nominal, 

ordinal, interval, and ratio. Labovitz (1970, 1972) believes that, except for extreme situations, inwvai statistics 

can be applied to any ordinal level variabte- Aithough enor is introduced this can be offset by the use of more 

powerful and betterdeveloped statistics. Lord (1953) and Taylor (1968) also dispute whether the strict ngor 

suggested by Stevens is necessary. In fact, they hold chat parametric tests require no assumption at al1 about 

the underlying metricl This, in effect, supports the contention that ordinal scaie data can be anaiyzed using 

parametric statistics. 

In this context, Boneau (1960) examined the effects of violations of the assumptions underlying the 

t-test and F test. These parametric tests, which are comrnonly applied to seat comfort survey data, assume that 

the observations are independent, that they are drawn from populations with a normal distribution, and that the 

sarnple variances are equal, Boneau (1960) stated that the use of the t-test will result in probability statements 

that are accurate to a high degree even though the assumptions of homogeneity of variance and normality of 

the underlying dismbutions are untenable. Conditions which should be met are (a) the two sample sizes are 

equal or nearly so and (b) the assumed underlying population distributions are of the sarne shape or nearly so 

(if the distri butions are skewed they should have the same variance), If these conditions are met, with a sampk 

size as small as 15, the percentage of times the nul1 hypothesis will be rejected when it is actually crue will tend 

to be between 4 - 6% when the nominal value is 5%. If the sample sizes are unequal, then the variance should 

be equaI. Inaccurate probability statements will, however, be produced if there is a combination of unequa1 

sample sizes and unequal variances. These rules also apply to the F test. Boneau (1960) cancluded that the 



t-test and F test are remarkably robust, Robustness is defined as the property of a measure to remain relatively 

unaffected by changes fiom standard conditions, Thus, tests that remain practically valid over a wide range of 

conditions are said to be robust, His argument also supports the use of paramehic statistics with ordinal scale 

data. 

Following the same line of reasoning. Anderson (1% 1) thinks that ordinal s d e s  are as able as interval 

scales to meet the necessary assumptions, The implication is that cesearchers should have no hesitancy in 

cornputing t, F, or r for most data, especially when equal samples with more than 25 or 30 people are used. 

2.4 Driver Selected Seat Position 

Humans search instinctively for the body posture allowing the lowest expenditure of energy within the 

limits of that which is physiologically and biomechanically possible. as well as that which allows an ease and 

efficiency in task execution (Judic et al., 1993). Driving is, in fact, a task. The vehicle intenor should, 

therefore, be considered a workstation -the driver's seat as one constituent element. The posture ultimately 

adopted is a compromise between what is good and what is practical. 

This fact leads automobile seat system design teams to speak of the posture of Ieast discornfort. It is 

impossible to quantiQ automobile seat comfon without b t  defining a space in which a postural compromise 

is possible. The seat adjusters, in combination with the anthropometric characteristics of the occupant, help 

to define this space. 

Seat adjustrnents are supplied to provide some customization of the intenor environment to the 

preferences OF the occupant. The minimum set of adjustments for passenger cars is the track, which adjusts the 

fore-aft position, and recliner, which adjusts the seatback angle. This type of adjustment is necessary to 



improve not only comfort, but also safety - sining properly supported and in a relaxed fashion makes the driver 

more capable of a quicker response- 

With respect to the previously described seat adjustments, some basic research has already k e n  

conducted. Unfonunately, the resuits are inconclusive- For example, there is debate as to a required range for 

track adjustment. Grandjean (1980) recommends a track travel of about 150 mm, This can be contrasted with 

data coIlected at the University of Michigan's Transportation Research Institute that suggests 200 mm or more 

may be necessary to accommodate short and taIl drives (Schneider and Manary, 199 1). According to Reed et 

al. (1994). the seatback recline mechanism should ailow torso angles up to 30" (measured fiom vertical) with 

a larger range preferred. 

Automobile seat adjustment, for the purpose of enhanced occupant comfort. has experienced a rapid 

introduction of new technologies. For example, Texuon's adaptive seat (which is offered as an option on the 

1998 Cadillac Sevilte) offers 8-10 pneumatic and electromechanical adjustments located between the seat 

structure and soft trim, These adjustments are placed around the bottom of the cushion, lumbar support, and 

side bolsters, After the ignition is turned on, the seat activates to inflate around the driver gently holding 

hirnjher in place. For this feature to be tmly beneficial, individual preferences in adjusunent need to be 

understood and accomodated. 

BMW has incorporated a different technology, equally impressive in terms of technical content, for 

some 7-Senes rnodels- Called the Active Seat, che technology consists of two iiquid-filied containers positioned 

in the seat base. The containers are aiternatively filled and emptied hydraulically to cause a raising and 

lowering of the right and left sides. This imparts a gentle rocking movement of the pelvis that is said to reduce 

body tension. Just as with the previously described pneumatic and electromechanical adjusunents, for 

maximum benefit occupant preferences in the rate of rocking need to be considered. 



These examples are fiom a complete seat perspective, Driver selected seat position is dso an issue 

at the cornponent level. More specifically, it is known that, in order CO accommodate differences in 

anthropometry and personal preferences, lumbar support adjustment (in terms of height and prominence) is 

desirable (Andersson et al., 1974)- Complicating matters is the fact that lwnbar mechanisms are now k i n g  

designed to provide massage. Research in this area is focused on control system settings chat dernonstrate the 

comfort enhancing ability of the technology (Mohamed, 1996). Based, at least partly, on the strength of these 

results, the technology should becorne more and more comrnon. At some point, occupants will demand the 

ability to adjust the control system settings to achieve their d l e d  "cornfort position". Due to the complicated 

p hysioIogy and biomechanics king addcessed by this technology, occupants will, probably, not be capable of 

maximizing comfort on theù own, It is the automotive seating industry's obligation to provide this information. 

If properly adjusted, these seat features provide a great deai of k d o m  to suit individual preferences. 

Theoretically, this should serve to improve automobile seat satisfaction and, consequen tly, the driving 

experience. Unfortunately, occupants may, in some ways, be overwhelrned by the many options. One of the 

potential consequences is discomfort- In this context, Hnatiw (1999) attempted to address the following 

question in one of his newspaper articles: 

"Our new car has a two position driver's seat memory. This is the first tirne 1 can have my 
'own' driving position as opposed to a compromise between my husband and 1- In the past 
I've never had tirne to fiddle with al1 of the controls and get it just right. With our new car. 
al1 I have to do is press a single button and my preferred position rnagically appears- How 
can 1 best set the rnemory for my own needs?" 

This is a rather comrnon question, even in vehicles not luxuriously equipped. The question will, as 

seats become more cornplex, continue to be asked by uoubled consumers- Furthemore, the situation is 

expected to get worse before it gets better. Therefore, adjustability. in terms of many and varied Features, may 

not be improving C O ~ ~ O R  (which is, a fkr  all, the intended purpose). 



To improve automobile seat usage, the automotive seating industry needs to educate the occupant, 

In a 1986 study, Hosea et al. showed that many people have musculoskeletal problems attributable to the act 

of driving. Today, there are, undoubtedly, many more people who sufCer fiom the same types of problems- By 

educating the occupant on how to use the seat to achieve a relaxed and effective driving position, one of the 

most significant issues related to back pain and general tiredness can be removed. 

In the area of seat adjustability, it is immediately apparent that a disconnect exists between driver 

preferences and the available technology, The automotive seating industry should be better able to tell the 

driver how and in what order to adjust seat feacures to achieve a configuration that will maximize cornfort- A 

review of the published literature on automotive seat comfort revealed a lack of information dealing with the 

tecnnology-occupant interface. 

Track position rnodels are a notabie exception. They have evolved over a p e n d  of more than 15 

years. The current recommended practice for predicting population percentiles of driver selected track position 

is given by the Society of Automotive Engineers (1998). 

Philippart et al- (1984) have also contributed to this field of research. They used regression equations 

to predict each of seven percentiles of the track position distribution using a second order function of seat 

height, obtained from empirical percentile values calculated for each of the vehicles in their database. 

Unfortunately. their work is restricted to the seven percentiles for which equations were developed. 

Flannagan et ai. (1996) created a more flexible mode1 by aâding the assumption that track position is 

normally distributed. They generated equations to predict the two parameters of the normal distribution (i.e., 

the rnean and standard deviation). Means and standard deviations of track position were calcufated for each 

of a nurnber of vehicles. The means were regressed on driver population stature, seat height, steering wheel 

to bal1 of foot distance, cushion angle, and transmission type. The standard deviations were regressed on the 

18 



percentage of males in the driver population (fit with a quadraac function). The adopted approach represented 

an important advancernent because it allowed track position to be predicted for any target driver population, 

More recent modeling efforts have started to question tfre assumption that track position can be 

described as a single normal disiribution. The effort to improve prediction accuracy, particularly in the tails 

of the dismbution, led to a new, fundamentally different approach to track position prediction, This new 

approach is the topic of Flannagan et ais's (1998) fatest paper. 

The precision afforded by the latest models, while impressive, is for most applications unnecessary. 

The ultimate goal should be to provide the driver with a reasonable starting position for each adjustable feature 

(track position included). Researchers should, alrnost definitely, expect the driver to deviate from the 

recornmended starting position either initiaily or over the course of an extended drive. The premise is that 

consumers would be more likely to be satisfied with their automobile seau if they were provided with more 

direction on how to take advantage of the features designed to enhance cornfort- 

2.5 Seat Interface Pressure as an Objective Indicator of Comfort 

With the advancement of technology, severai objective mesures of seat comfort have evolved 

(Nagashima, 1991; Park and Kim, 1997; Sheridan et al., 1!391). More specifically, the technology for assessing 

seat interface pressure exisîs, and has existed for some time. What is lacking is a scientific rnethod. Once 

established seat interface pressure will almost certainly evolve into a standard objective measure of seat 

comfort. This research hopes to be ground-breaking in this regard- 



25.1 System Compoacnts 

The development of advanceci sensing and evaiuation techniques has made it possible to begin to 

understand the relationship between seating comfort and objective measurements of the occupant-seat interface 

(Reed et al., 1991)- It is, however, interesting to note that this technology was originaily intended for bio- 

medical applications such as dental occlusion andysis and the study of human gait (Czernik and Miszczak, 

199 1; Maness et al-, 1987; Podoloff and Benjamin, 1991; Podoloff and Benjamin, 1989; Soderholm, 1989). 

Until very recently, this technology, as applied to ttie strcdy of seat comfort. relied on discrete pressure sensors 

positioned at a Iimited number of locations between the occupant and the seat, dong with other custom 

modifications to the seat itself. Today, the aforementioned sensing and evaluation techniques have evolved into 

thin, flexible tactile sensor arrays used to study the pressure distribution between larger portions of the seat- 

occupant interface. 

The application of these techniques to the snidy of the seat-uccupant interface has allowed information 

to be gathered ttiat was previously unavailable. This can be attributed to the high density of sensing ceIls 

provided by a grid-based structure- The use of this technology allows a wide variety of experiments to be 

conducted, in real-time, without requinng modification to the seats under investigation. The remainder of this 

section discusses the manufacturer-specified use of these sensors in the context of automobile seat evaluation 

(Te kscan, Inc., 1998). 

Thin, flexible sensor arrays are at the heart of the seating analysis system, The sensor, show in Figure 

2, features a grid-work of 48 columns and 44 rows based on 10 mm centers. At each of the 2 1 12 intersection 

points on the grid, a sensing ce11 is created. An electrïcal resistance inversely proportional to the pressure 

applied relative to the cell's surface characterizes each sensing cell. By scanning the grid and measuring the 

electrical resistance at each g id  point, the pressure distribution on the sensor's surface can be determined. 



Sensing Array 
Columns x 44 ROIRS Interface to Handle 

Figure 2: Seasor Array for k t i n g  Anal y& - A sensing d is created at each intersection point in the 
grid [adopted from Pdoloff (1993)J. 

The scanning electronics are packaged in a handle assembly (see Figure 3) that clips onto the sensor 

array's interface tab and provides the eIectrical conneetion to each sensing ceIl. The data acquired by the handle 

is then arranged into a serial data stream and "broadcast" via a thin cable to the "receiver" board (which is a 

!h lenoath PC bus expansion card). The receiver board then manages the flow of information between the handle 

and the cornputer's memory- 



tirndle I i tcb flips open 
for scnsor insertion. 

Scasor Insertion Siot Handk Assembiy 

Figure 3: Acquisition Hardware for Reading Seasor A m y  Data [adopted fmm Podoloff (1993)l 

The handle electronics feature a ratiometrïc, 8-bit ND converter that compares the measured sensor 

resistance at each ceIi to a reference resistance. This ratio is then convened into a digital output value for the 

ce11 according to Equation 1. 

D.O. = (Rf / l&) * 255 Equation 1 



Where: 
D.O. = digital output volume 
Rs - the resistance of the sensing ce11 
R f - - the reference resistance in the system handle (typicaily 20 K-Ohms) 

The preceding equation results in an aimost Iinear relationship between applied pressure and d i @ I  

output. Therefore, by applying a known load to the sensor's surface while simultaneously monitoring the digitai 

output, the calibration constants for the sensor can be determined, Calibration is the method by which the 

resistance for a given pressure applied to a specific ce11 is converted to a digital output [i.e., an actual unit of 

measwe ( ir . .  g/crn2)]. This conversion, for a typical sensing cell. is show in Figure 4. 

Figure 4: Seatiag Seasor Performance Specification [adopted fmm Poàoloff (1993)l 



The system software utilizes a mouse-conrrolled graphical user interface to manipulate windows of 

sensor data. The system is able to simultaneously display inf-on fitom two sensor arrays in either a color- 

coded 2-D format or a wire-fiame 3-D format. In addition to a real-tirne display capability, the system can 

record "force movies" of sensor information that can than be played back and analyzed. The user can select 

the data acquisition rate (up to a maximum of 100 Hz), The system advantages include data resolution, high- 

speed data collection, real time displays, and portability. 

2.5.2 Guideliaes for Interpretation of System Output 

B y attaching these thin, flexible mats to the seat cushion and seatback. information regarding pressure 

magnitudes and locations can be obtained both graphically and numericaily. In recording and interpreting 

pressure distribution profiles. the following information should always be considered: 

The applicability of body pressure distribution critena is subject to vehicle packaging requirements or 
restrictions. That is, if H-Point is not met, the usefulness of seat interface pressure data are limited- Al1 
interior components are located fiom the H-Point. The H-Point (a) estabiishes the intended drivindriding 
position of each seat, (b) has X, Y, and Z coordinates relative to the designed vehicle structure, and (c) 
sirnulrites the position of the pivot center of the human torso and thigh, 

Good body pressure distribution should indicate sufficient and balanced support to body areas in contact 
with the seat. 

Body pressure distribution should also rneet the following specific requirements: 

A good seat cushion will produce pressure distributions for occupants with a wide range of 
anthropometry that show peaks in the area of the ischial tuberosities with gradua1 decreases in 
pressure toward the front and sides of the cushion. In fact, Drummond et al- (1982) found that 
18% of the occupant's body weight is taken up by each ischial tuberosity. 

The pressure under the distal half of the thigti should be minimal. Akerblom (1 948) was among 
the first to point out that the underside of the thigh has minimal resistance to deformation until 
the tissue neas its compression limit against the fernur, leading CO considerable restriction of 
circulation and consequent discornfort. Particular attention should be paid to the pressure 
distributions of small fernales, who are more likely to encounter interference from the fiont edge 
of the cushion. Figure 5 includes a typical seat cushion pressure distribution profile. 



Figure 5: Typicai Seat Cushioa Presswle Distribution ProCile 

With respect to the seatback, Kamijo et al., ( 1982) found higher lumbar pressure peaks in seats 
judged to be cornfortable compared with lower values in uncornfortable seats, While a seatback 
with adequate lumbar support will produce pressure peaks in the lumbar area. excessiveiy high 
pressure due to a very firrn lumbar support can lead to discornfort in long-term sitting (Reed et 
al., 199 1). Figure 6 presents a typical seatback pressure distribution profiIe. 

Figure 6: Typical Secitback Ressure Distribution ProCile 



= There should be no isolated high pressure points in contact regions other than the lumbar and 
ischial tuberosity regions The physiofogical consequence of high pressure is an interruption in 
blood flow to the surrounding soft tissues (Bader et al., 1986 and Chow and Odell, 1978). This 
may cause discomfort, 

The use of excessive seat padding to reduce peak pressures by more evenly dismbuting pressure 
on the seat is Iikely to contribute to discomfort by rescricting pressure relieving movement 
(Akerblom, 1948)- The seat design should allow easy transitions to multiple postures. In this 
way, occupants can adjust their pressure distribution paüems with a simple shift in body position, 
If the seat is too soR changing posture (within the constraints imposed by the driving task) will 
not substantially alter the pressure distribution profile. 

= In addition to the parameters described above, Park and Kim (1997), note that the pressure in a 
cornfortable seat cushion is dismbuted evenly and synunemcally around the ischial tuberosities- 
An asymmetrical seat cushion may compromise cornfort, The same logic can be extended to 

apply to the seatback 

4. Pressure mapping test conditions should meet the following requirernents: 

The subject group should be representative of al1 anthropometnc segments of the population. 
Seats are, theoreticalty designed to fit a t  least 90% of the population frorn small to large body 
sizes. A small female has som dimensions less than or equd to the 5" percentile. A large male. 
on the other hand. has some dimensions larger than or equal to the 95" percentile. The range 
between the small female and the large male approximates the adjustments needed in seating to 
accommodate anthropomemc differences in body size. Body size is defined pnmarily by the 
distri butions of standing height and body mas .  Thus, dism butions of standing height and body 
mass are considered to appropnately represent the a n t h r ~ p o m e ~ c  variation within the typical 
North Amencan population (Reynolds, 1993)- 

The subject should be instnicted to assume a driving posture. 

Given the amount of information that is already known, it is safe to state that many researchers have, 

for some time, considered seat interface pressure as one of the most influentid factors in seat comfort 

(Diebschlag et al,, 1988; Hertzberg, 1972; Karnijo e t  ai., 1982; Kohara and Sugi, 1972)- 

2.6 Seat Contour and Geometry 

The seat contour and geornetry, acting with the deflection characteristics of the cushion and seatback, 

control the position of the occupant- Well designed contourhg supports the intended driving or riding posture 



and pIaces ail elements o f  the body at ease. Requùements for the overail geometry of the seat cushion and 

seatback are affected by the anthropomemc charmeristics of the seated occupant- Akerblom (1948) is widely 

credited with devising the principle that the seat should fit the siaer. This principle has since becorne the most 

universally employed concept in seating ergonornics. If a chair is to be used by only one sitter, careful 

rneasurements of that person's body will yield appropriate dimensional specifications for the seat- However, 

in the automotive seating industry, where a single seat must accommodate a variety of consumers, knowledge 

of population anthropometry is required, 

A widely used design criterion is that the seat should accommodate the members of the population who 

lie between the 5' percentile female and 95" percentile male values on some anthropomemc measure of 

interest. Note that it is not meaningfbl to refer to accommodating, for exarnple. a 5" percentile female without 

specifjring the anthropometnc dimension that is k i n g  accommodated. Consider the fact that a woman who is 

5" percentile fernale in standing height might have a thigh length that is shorter than 5* percentile. As a result 

she may expenence uncomfortable pressure on the back of her knees from a seat cushion that is too long. In 

general. seat geometry and contour levels are specified by noting the constraining values among the set of 5" 

percentile fernale and 95" percentile male values for particular anthropomemc dimensions. 

2.6.1 Seat Cushion 

In the case of cushion width, the 95" percentile female sitting hip breadth is used as a specification 

limit, since this rneasure exceeds the 95" percentile male sitting hip breadth. The case of cushion width is a 

good example of how seat geometry Ievels might appropriately be selected in practice. Using the principle of 

accommodation, the minimum cushion widrh would be chosen to be greater than the 9~~ percentile female 

sitting hip breadth of 432 mm (Anthropology Research Project, 1989). However, a larger minimum cushion 

width would be desirable, mainly because the cited anthropometric measurement does not include clothing. 

Since an automobile seat must generally be suitable for use in cold climates where heavy clothing is wom, a 



margin must be included for clothing îîückness. Grandjean (1980) recommended a minimum cushion width 

of 480 mm, including clothing and an allowance for leg splay, Chaffin and Andersson (1991) cite 

recomrnendations fiom a variety of sources for office chair widths between 400 - 480 mm. Reed et ai. (1 994) 

believe that automobi1e seats should provide a clearance of 500 mm at  the hips. 

In t e m  of contour, it is logical to assume that the insert area of the cushion should remain relauvely 

flac- If the contour is too barrel-shaped (iike a canvas director's chair) there can be excessive pressure at the 

outer edges of the cushion leading to discomfon (known as hammocking). This claim needs to be substantiated 

with data 

Cushion Iength is an important determinant of comfort for several reasons- F i t ,  a cushion that is too 

Iong can put pressure on the back of the occupant's legs near the knee, an area that has many superficiai nerves 

and blood vessels (Netter, 1989)- Pressure in this area will lead to local discomfon and rescricted blood flow 

to the legs (Reed et al., 1994). Second, a cushion that is too long will pull occupants forward, away fiom the 

seatback, eliminating the possibility of providing appropriate lumbar support. Third, a long cushion c m  resmct 

leg spIay by interfering with knee movement, and may impede posture changes that alter pressure distribution 

under the buttocks and upper thigh. 

Cushion length is constrained by the buttock-to-popliteal length of the 5& percentile female segment 

of the population. This dimension is rneasured on the seated occupant fiom the rearrnost projection of the 

buttocks to the popliteal fold at the back of the h e e .  The Anthropolgy Research Roject (1989) reported a 5h 

percentile female buttock-to-popliteal length of 440 mm. For general chair design, Chaffin and Andersson 

(1991) cite recommendations for cushion length, measured fiom the furthest forward contact point on the 

seatback to the front edge of the chair, of 330 - 470 mm. In the context of automotive seating and using the 

same definition of cushion length, Grandjean (1980) recomrnends 440 - 550 mm, while Keegan (1964) 

recommends 432 mm. 



High cushion angles provide a cockpit feel whereas low cushion angles provide a more spacious feel. 

Recornrnendations should, üierefore, be bas& on the requirements (i.e., customer expectations) of the vehicle 

segment for which the seat is k i n g  developed. Where possible, adjustable cushion angles are, obviously, 

pre ferred. 

Cushion bolstets are ridge-like f o d o n s  at the outboard edges o f  the cushion that are formed when 

the outboard surfaces are raised higher than the center surface. Once again, the cushion boister height should 

be based on the customer expectations o f  the vehicle segment. Dnvers of sport cars, for example, requüe more 

Iateral support (as indicated by higher bolsters) than dnvers of full size vans. 

2.6.2 Seatback 

Minimum seatback width at waist level is c o n s b n e d  by the large male segment of the population. 

Data fiom the An thropology Research Projec t (1 989) reveals that the 95" percentile male seated waste height 

is 3 15 mm. The width of the seatback at waist height should, in practice, be larger to allow for posture changes 

and clothing. Schneider et al. (1985), based on 95" percentile male upper back anthropornetry, suggest a 

minimum upper seatback width of 456. As with most of the other recommendations cited in ihis section, a value 

Iarger than the minimum is desirable to allow for a range of postures and clothing. 

Grandjean (1980) recommended 480 mm of seatback width. In the context of office chairs, Chaffin 

and Andersson ( 1 99 1 ) recommend a seatback width between 360 and 400 mm. Office chairs are typically 

designed with narrower seatbacks to allow for greater upper torso mobility in a larger work enveIope. In an 

automobite seat, a wider seatback provides more lateral stability during cornering. 

Seatback width is integrally tied to the lateral contour of the seatback (i.e., seatbadc wings). Seatback 

wings are formed at the outboard edges o f  the seatback when the outboard surfaces are raised higher than the 



center surface- Reed et al. (1994) and Schneider et al. (1985) believe that the seatback wings behind the 

occupant's shoulders should be nearly flat to avoid inferference with arm rnovement. The occupant should be 

able to extend hisher inboard a m  sfraight to the side w i h t  interference h m  the WU. This recommendatïon 

was developed to accommodate small fendes. 

Seatback height requirements are affécted by geometric conscraints imposed by Federal Motor Vehicle 

Safety Standards ( U S  Office of the Federal Register, 1992) dealing with head restraints for protection in rear 

impacts. Within these constraints there is only a srna11 range of seatback heights that can be speciiïed, From 

strictly anthropornetrïc considerations, the seatback should be as high as possible without restricting rearward 

vision for small dr ives Grandjean (1 980) recomrnends a 500 mm seatback height. 

The seat contour in the lumbar area (middle of the lower back) wiil influence the shape of the spine- 

The most important characteristic of the seat contour in the lumbar region is that it should force the seated 

occupant's lumbar spine to assume the naturai curvature (Le- Iordosis). As a generalization, lumbar comfort 

cm be improved by providing adjustability (Le., four-way adjustable mechanisms), When this is impractical, 

the contour of the seatback should be designed to provide some lumbar support, Reed et al, (1 994) believe that 

the apex of the lumbar contour should be positioned between 105 - 155 mm a b v e  H-Point. The lack of 

standardization in measurement has, traditionaily, made lumbar support prominence more difficult to specify 

(Reed et al., 1994). 



Each of the deliverables associated with the thesis had a specific set of objectives and a unique methocl. 

This section describes the systemahc approach adopted to achieve the deliverables. 

3.1 Automobile Seat Comfort Survey 

Two specific aims guided the survey development portion of this research. The first was to 

demonstrate the reliability and validity of an automobile seat comfort survey developed using principles known 

to be associated with good survey design. The second objective was to present a method of data analysis that 

could be used to improve automobile seat design. 

To begin, the controversy surrounding the appropriate statistical ueatment of survey data was 

investigated in the context of two different fiont driver bucket seats evatuated as part of an extended duration 

ride & drive. 

Then, using knowledge gained through the literature review, a unique seat comfon survey was 

developed to address (a) the wording of survey items, (b) the type and number of rating scale categones, (c) 

the verbal tags associated with the categories, and (d) the interest and motivation of the respondent. As part 

of this survey, occupants' perceptions regarding the aesthetic quality of the seat were gauged. This item was 

inctuded to substantiate the daim that the appearance of a seat affects overall comfort ratings (Branton, 1%9)- 

Based on the survey, cornfort indices were defined to eliminate the bias thought to plague overall seat comfort 

ratings. These indices are discussed, in more detail, later in this section. 



Next, the survey was improved, in aa iterative manner, through an examination of responses provided 

by 32 subjects evaiuating tiuee h n t  driver bucket seats (each from a different vehicle manufiumrer). Twelve 

subjects evaluated Seat #l- Seven subjects evaluated Seat #2. Thirteen subjects evduated Seat #3. The seats, 

which were al1 cloth, had dHerent seat f e a m s  (eg., lumbar, cushion tilt) that allowed for varying amounts of 

adjustment. Prior to completing the survey, subjects were permitted to adjust ail of the available seat features 

to attain a cornfortabte position. The same subjects evaiuated the seats on two different occasions (Trial A and 

Trial B) approximately five months apart. The seat and the laboratory "set-up" were held constant. In order 

to hoid the seats constant, they were purchased. This allowed for the seat to be evaiuated, stored for five 

months in a controlled environment, and then reevaluated. Subjects were not aware of the fact that their 

responses were k ing  used to assess the reliability and vaiidity of the survey. in fact, most subjects did not 

remember Sitting in the seat the fmt time- Even if they did, it would be unredistic to expect them to recail their 

responses. The survey, while rnaintaining a high level of fisce validity, was improved using measures of test- 

retest reliability, interna1 consistency, criterion-related vaiidity, and consuuct-related validity. 

Finally, twelve subjects (six males and six femaies) evaluated five different front driver bucket seats 

using the reliable and valid swvey. These five seats, *ch were different than those outlined abve, were used 

as the basis for the remainder of this research- This case study was conducted in a repeated measures fashion. 

That is, the same 12 subjects evaiuated al1 five seats, The seats were evaiuated in the actual vehicles. The 

vehides, each designed by a different manufacturer, were white with gray interior (1997 modei year), The seats 

were selected to represent a range of good and bad seats (as defined by J,D- Power & Associates). Only seats 

from the compact car segment were selected- This decision was based on the assumption that seats from the 

same segment have comparable H-Point to Heel Point relationships (i.e., similar packages). The seats, which 

were evaluated approximately one month apart, were base level (Le., cloth with manual track and recliner). The 

total track travel for each of the seats was 220 mm (Seat A), 225 mm (Seat B), 220 mm (Seat C), 230 mm (Seat 

D), and 240 mm (Seat E). Just as before, subjects adjusted the seat to a cornfortable position prior to 



completing the survey. The resuits were used to demonstrate how the survey could be used to (a) compare 

different seats and (b) improve the design of the seat found to be least cornfortable. The findings were also 

compared to the 1997 JD. Power & Associates TGR (ïhings Gone Right) data from the compact ciil. segment- 

The survey was designeci so that respondents who were satisfied with the cornfort or support k ing  

assessed by a particular item would mark the "just right" box, which, in the ensuing anaiysis, corresponded to 

a score of zero. Most of the items could be rated fiom -3 to +3. To obtain a single score h m  the swey ,  the 

absolute deviation of each item fiom just right was summed- This score was considered an overall comfort 

index. A seatback comfort index could be obtained by computing the sum of the absolute deviation fiom just 

nght for only those survey items related to the seatback. Sünilarly, the sum of the absolute deviation fiorn just 

right for the survey items related to the cushion provided an index of cushion cornfort. The seatback and 

cushion cornfort indices are presented as an alternative means for seat systern design teams to compare seat 

components. Of the three indices just described, the overall comfort index was most important to the defense 

of this thesis. 

3.2 Scientific Method for Quantifying Automobile Seat Cornfort 

With the advancement of technology, several objective measures of seat comfon have evolved. 

Consumers, with their increased emphasis on cornfort, are driving this technological advancement. Recognizing 

this, the automotive seating industry would like to quanti@ comfort in a rnanner that will allow for different 

seats to be distinguished. While the technology exists, a scientific approach to seat comfort data colIection is 

lacking. The lack of an acceptable seat comfort evaluation method has hindered advances in the realrn of seat 

comfort. One of the purposes of this research, while considering one available objective measure - seat 

interface pressure, was to pioneer the effort toward an acceptable seat comfort evaluation method. 



Severai pressure mat characteristics can influence the accuracy of the obtained rneasurernents. These 

characteristics are controlled through calibration. When cdibrating a sensor array, two points to consider are 

(a) how the forces or pressures are applied to the sensor and (b) whether or not the toad is king applied 

uniformly over the contact area of the sensor array. These considerations are very important because the 

calibration of the sensor is only as good as the known conditions that were used to calibrate i t  This research 

followed the calibration guidelines provideci by Tekscan, Inc. (1998). These guidelines address conditioning, 

saturation, and load application. 

While calibration addresses the unifonnity and average nonlinearity of a pressure mat, rnany other 

sensor characteristics can influence the accuracy of the sensor measurements. This remainder of this section 

discusses some of these characteristics. 

Repeatability is the ability of a device to respond in the same way to repeatedly applied stimulus. If, 

for example, pressure mats were to yield vastiy different outputs under consistent test conditions, the confidence 

associated with the corresponding conclusions would suffer, Furthemore, it would be unredistic to expect seat 

cornfort researchers to use inconsistent meastues for the purpose of prediction. In the context of this research, 

seat interface pressure method repeatabiity was assessed in a test-retest scenario. As part of the protocol, 17 

subjects [mean standing height = 175.6 cm (STD = 8.7) and mean body m a s  = 74.6 kg (STD = l2.6)] were 

pressure mapped on two separate occasions. Four of the subjects were female. ALI 17 subjects participated in 

a test condition on day #1 and a retest condition on day #î. The pressure mapping procedure is described in 

more detail later in this section. The sarne seat and pressure mats were used on both days, although the pressure 

mats were re-calibrated at the start of the second day. The seat was equipped with a six-way power track 

(forelaft, up/down for cushion front, and upldown for cushion rear), a power recliner, and a manual lumbar- 

It was valuable to use actual subjects as opposed to objects of fixed mass because, in the automotive seaung 



industry, pressure distribution sttdies are typically conducted using real people- Subjects were, in both 

conditions, allowed to adjust any and al1 seat features. The pressure masures (described later in this chapter) 

were analyzed using a paired samples t-test, 

Drift is the change in sensor (and system) output when a constant force is applied over a period of tirne- 

h o n g  other things, the drift may be influenced by the sensor design, the sensor sensitivity, the interface 

matenal. the applied load, and environmental conditions. It is important to take dnft into account when 

calibrating the pressure mat, so that it's effects can be minimized- The simplest way to accomplish this is to 

perform the pressure mat calibration in a tirne frame similar to that which will be used in the application. Due 

to the tirne Frame used for this application (subjects sit for only a few minutes), driti was not expected to be a 

major issue. 

3.23 Temperature Sensitivity 

Sensor output will Vary with temperature. To account for this, the sensors are calibrated at the 

temperature at which they will be used. This study was conducted in a temperature and humidity controlled 

environment. For this reason, temperature sensitivity is not expected to significantly affect the results. 

3.2.4 Sensor Life / Durabity 

The actuaI life of a particular pressure mat depends on the application in which it is used- Under 

severe conditions, such as against hard surfaces, sharp edges, non-flat surfaces, sliding surfaçes, or shear forces, 



a sensor may have a very limited Iife. in this study, due to the controlled environment and soft seat surface, 

durability was not compromised. 

The seat interface pressure merhod, used for the repeatability anaiysis and the five-seat case study, was 

as follows: 

Anthropometric rneasurernents (Le., standing height and body mas)  were obtained for 12 subjects in a self- 
report fashion. 

The pressure mats were, prior to each seat evaluation, calibrated according to the instructions outlined by 
Tekscan, Inc. ( 1998)- 

The seat cushion and seatback were fitted with the calibrated mats. These mats were securely attached to 
the seat using strips of masking tape- Care was exercised to ensure that the mats were p l d  in a consistent 
Iocation (i-e., centered and tucked into the biteline) fkom subject-to-subject and seat-to-seat- 

Subjects were not permitted to sit in the seat (on top of the mats) until they removed their wallets and belts. 
This was done to avoid false seat interf'e pressure readings. 

Each subject was allowed to adjust the h-ack position and the seatback angle- in the selected vehicle 
segment, as defined for this research, ihere were no other seat features to adjust The preferred setting was 
catled ''driver selected seat position" or ''cornfort position". 

Once set, the subject was pressure mapped. 

The subject was asked to exit the seat so that the comfon position could be recorded. Track position was 
measured aft of heel point in estimated design position (the notion of estimated design position is dixussed 
later in this chapter). Seatback angle was measured fkom vertical. The seatback angle was measured from 
the head restraint rod because the seatback frame could not be reliably accessed due to the trim cover and 
foarn. 

The mats were removed. 

The subject was asked to re-enter the seat in order to complete the survey without interference from the 
mats. It should, at this point, be stated that some subjects completed the appearance rating item prior to 
sitting in the seat whik others completed the item afier exiting the seat- There was no standard procedure 
outlined for when subjects were to complete the appearance rating item. The reason should be obvious - 
it is difficult for subjects to rate the appearance of the seat if they are sitting in it. 

In preparation for the next subject, the seat was retumed to the estimated design position. 

The entire procedure took approxirnately 30 minutes to complete (per subject). Each seat evaluation 

was completed within one day. There was a one-month delay between seat evaluations. Although the process 

36 



was not truiy randomized, subjects were not testai in any particular order (i-e-, the order was definitely not 

consistent fiom seat-to-seat). 

In the context of the case study, demographics and anuiropometry were held constant by using the 

same 12 subjects for al1 five seats. The demographic and anthropometric data are included in Table 1 - For 

clarification purposes, femaies were assigned a zero and maies were assigned a one. 

Table 1: Demographic anà An-- Cbrvactcrrsacs . . of Subjects Evduating Five M e r o n t  F m t  - 
Driver Bucket S a t s  using both subjective and Objective ~ e t b o d r  

n 

Subject Gender Standing Height (cm) Body Mass (kg) 
1 O 1 76 55 

STD 15 21 
Min 1 52 55 
Max 1 98 1 32 

The sarnple was considered representative of a typical North American population. Admittediy, the 

absence of good anthropomemc data pertaining to civilian populations makes this c l ah  questionable. This 

limitation is discussed in the conclusion chapter. 



3.3 Driver S e i d  !Scat Position 

Many of today's seats corne equipped with a tremendous amount of adjustability. Unfortunately, it 

is becorning apparent, bas& on various consumer reports, clinics, and tmde magazines that intimidated or 

overwhelmed consumers do not know how to adjust the seat for maximum benefit and effect- One of the 

purposes of this research was to present preliminary iRformation on recommended smting positions, in terms 

of sezt adjustability, for occupants of different sizes. To this end, driver selected seat position information was 

recorded as part of the method describeci in section 32, Unfortunately, this information was collected for only 

three of the five seats !Le., Seat A. Seat C, and Seat D), 

In order io advance the notion that automobile seat comfort can be quantifid, it was essential for this 

research to yield a predictive mode1 Iinking the measured data (obtained through the scientific method pcesented 

in section 3.2) to the overall comfort index (dependent variable based on the reliable and vdid survey). To 

accomplish this, the measwed data was divided into a series of predictor variables. Eight of the predictor 

variables were related to seat interfice pressure. They were: 

Cushion Contact Area (cm') - CCA 
Cushion Total Force (N) - CTF 
Cushion Load at the Center of Force (g/cm') - CCF 
Cushion Peak Pressure @/cm2) - CPP 
Seatback Contact Area (cm') - BCA 
Seatback Total Force (N) - BTF 
Seatback Load at the Center of Force @/cm2) - BCF 
Seatback Peak Pressure (@rn2) - BPP 



Two additional predictor variables were an-metriç in nature- They were: 

Standing Height (cm) - HT 
Body Mass (kg) - WT 

One variable was a demographic characteristic. It was: 

Gender (for modeling purposes, males were assigned a 1, while females were assigned a O) 

The final predictor variable was based on occupant's perception of seat appearance. It was: 

Appearance Rating [l to 5 scale (5 is best)] - AR 

3.5 Seat Contour and Geometry 

To fairly compare the contour and geornetry characteristics, the five seats needed to lx similarly set- 

up. In the automotive seating industry, because seat designs vary, manufacturer specified design position is the 

standard way to compare seats. This information could not be obtained for the purposes of this research. As 

a consequence, a protocol was established to estimate each seat's design position. It was as follows: 

1. The seatback angle was set to 25". It was necessary to measure the scatback angle €rom the head restraïnt 
rod because the seatback frame could not be reliably accessed due to the foam and tnm. 

2.  The track position was set to full-rear. 

3. The H-Point machine, developed by the Society of Automotive Engineers (SAE) in 1962 (Society of 
Automotive Engineers, 1995) was placed in the seat (without weights). The H-Point machine is illustrated 
in Figure 7, 



Figure 7: SAE H-Point Machine [rdopted from the -ty of Automotive Engineem (199511 

4. The seat was adjusted until the H-Point machine's legs were adequately positioned in front of the pedals. 

5. The H-Point machine was Ioaded (Le., weights were added) according to the standard developed by the 
Society of Automotive Engineers (1995). 

6. In this position, the H-Point to Heel Point reiationships and the H-Point machine's critical angles (i-e., 
torso, hip, knee, and foot) were determined for each seat. Table 2 outlines this information and defines 
Iimits that can be considered representative of the compact car segment- 



Table 2: Compact Car Lidts  for H-Pouit Machine .id H-Point to Heei Point Rehtioizsbips 

Tmo Angle (") 

Today, coordùiate measurïng machines ( ~ ~ s )  are capable of measuring seat geometry and contour. 

Hip Angle (") 
Knee Angle (") 
Foot Angle (") 
H-Point to Heel Point - x (mm) 
H-Point to W Point - z  (mm) 

J 

In this context, the Faro- (which is a multi-axis, portable CMM) is becoming more and more popdar. This 

Seat A Scat 6 Seat C Seat D Seat E 
24 24 24 23.5 24 

piece of equipment is show in Figure 8. 

Mean STD Min Max 
23-9 0.2 23.5 24 

96-1 98 96 95 97.3 
129.8 131 ln.5 127 12û 
87.9 85 87 89.5 87.5 
887 833 86% 837 857 
2P 246 222 16@ 243 

Figure 8: FaioAnn used to Serin Automobiïe k t s  

96.5 1.2 95 97.3 
1S8.7 1.7 127 1S8 
87.4 1.6 85 87.5 
856.4 223 833 857 
220.6 30.9 169 243 , 



For this study, the FaroArrn was used to digitize the spatial relationship between different seat 

cornponents into an AutoCAD file (Autodesk, Inc., 19!36)- In addition to the contour, the H-Point (in estimted 

design position) was digitized To perform this task, the SAE H-Point machine was placed in the seat The H- 

Point was, as part of the analysis, related to the contour, 

This investigation employed a Silver FaroArm with a 3.7 m spherical diameter- The arm weighed 7 

kg and. according to the manufacturer, was accurate to within 0.180 mm. Reliability and accuracy are the 

primary advantages of the FaroArm. 

Software known as ~ n t h r o C f l  (ïaro Technologies, hc., 1998) interfaced with AutoCAD 

(Autodesk, Inc., 1996) and rn the FaroArm. 

Pnor to data acquisition, each vehicle was supported with the aid of four scissor jacks in order to 

isolate the suspension. Each jack was placd under the vehicb's frame (near each of the tires). The jacks were 

slowly cranked until resistance was encountered. At this point, each jack was cranked a linle at a time until the 

vehicle did not deflect when loaded. The vehicle was then checked with a level against the side door kames 

and additional adjustrnents were made as needed- Next, the FaroAnn was calibrated (per the manufacturer's 

instructions) by digiüzing a 25 mm sphere. The calibration error, according to the manufacturer, must be less 

than .O76 mm. If the calibration error was greater than this value, the procedure was repeated uiitil an 

acceptable calibration value was obtained. 

After setting the seat to the estimated design position (shown in Table 2), an alignment was created 

to establish a coordinate system (x, y, and z plane). An XZ plane was used to define the centerline of the seat 

and additional detail concerning trim construction (Le., design sews). An XZ plane was created in the 

AutoCAD file (Autodesk. Inc., 1996) between the inboard and outboard edges of the seat. Two separate 



planes, one for the seatbafk and one for the cushion, defined the cross car sections. For -h sear, the seatback 

plane was rotateci to the estimateci design position torso angle (refer to Table 2)- The cushion plane was not 

rotated. The distance between cross sections was set to 50 mm, beginning fiom the H-Point (both for the 

cushion and seatback). The minimum distance between points was set to O. 1 mm. This, basically, served to 

filter through points and delete redundant data. As part of the a c d  scanning pmcess, the probe was passed 

back and forth over the selected plane. Each time the probe passed over the plane a point was digitkd- Once 

enough, data points were collected, A n t h r o ~ e  (Faro Technologies, Inc.. 1998) was used to "connect the 

dots" in each of the specified planes, 

Points were taken to the center of the probe. For this reason, the scan lines needed to be offset by the 

radius of the probe (Le., 3 mm). Each scan Iine was offset individually. This was an AutoCAD function 

(Autodesk, Inc., 1996). 

The finished scan, an example is shown in Figure 9, was then dimensioned. For this study, cushion 

width, cushion insen width, seatback width, and seatback insert width were measured tangent and parallel to 

the horizontal line passing through the point representing the seat centerline on the undeflected contour. 

Cushion bolster height and seatback wing height were rneasured from the highest point on the bolstdwing to 

the paralle1 line passing through the point representing the seat centerline on the undeflected contour. Since 

there are two bolsters/wings at each cross car section, the reported dimension was the average of the two 

measurements. With respect to the cushion, a total of six cross-car sections were digitized fi-e., in 50 mm 

increments from H-Point to +250 mm fiom H-Point), The seatback scan data consisted of eight cross car 

sections (Le., in 50 mm increments ffom H-Point to +350 mm from H-Point). In automobile seat design, it is 

most useful to provide cushion Iength guidelines expressed fkom H-Point. For this reason, cushion len* was 

operationally defined as the horizontal distance fiom H-Point to the nose of the cushion. Cushion angle was 

measured fiom horizontal. Seatback height, b a d  on FederaI Motor Vehicle Safety Standards (US- Office of 

the Federal Register, 1992), was measured as the vertical distance fiom the biteline to the top of the seatback 



(not considering the Iiead restraint). The bireline is defined as the region where rhe cushion and seatback 

converge. The apex of the lumbar contour is defined as the most prominent point on the seatback contour 

tangent m d  parailel to the design position torso line. Once i&ntified, a Line is d m  through the apex that is 

perpendicuiar to the tom fine- The height of the apex is measured h m  H-Point dong the torso line to this Line- 

Lumbar prominence, for the purposes of this thesis, is measured as the perpendicular distance fiom the 

identified apex to the torso line. The operational definitions of the seat dimensions are more cleariy presented 

in Figure 1 O. 

Figure 9: Sample Data Representing the Scamwd Surface of an Automobile !!kat 



Figure 10: Operational Definitions of Dimensions Ob- From Scan Data 



To heip determine wkre  the seats are different, centetJine sans and crosscar sections were overlaid 

over H-Point. This information was used to denve contour and geometry recomrnendations. These 

recommendations should produce seat interface pressure characteristics that are perceived, by a wide range of 

the population, as cornfortable. 



4. RESULTS AND DISCUSSION 

4.1 Automobile Seat Condort Sorvey 

Seat comfort, at the vehicle manufacturer level, is typicaüy assessed over the course of a two -&y ride 

& drive. Each ride & drive leg is two hours long, Participants are usually asked to provide feedback on a 

predetermïned survey at various points during the ride & drive (e-g., 10-minute mark, one-hou. mark, and two- 

hour mark). Due to the nature of the pmcess, it is unredistic to expect more than eight occupants to evaluate 

a single seating position over the course of two days. The data captureci in Tabie 3 oudines respondent ratings 

of showroom comfort (1 O-minute mark), comfort at the one-hour mark, and long-term comfort (two-hour mark) 

for two different front driver seats (located in different vehicles). The rating scale ranged from 1 (poor) to 5 

(world class). The same eight occupants evaluated both seats. 

Tabie 3: Sample Suwey Data fmm a Vehide Maauf'ricturer Spoiisod Ride & Drive. Tbe comfort score 
can range from one (poor) to 5 (worid clriss). 

Subject 
1 
2 
3 
4 
5 
6 
7 
8 

Awaae 

Showroom Comforl 
Seat A Seat B 

4.0 3.5 
4.0 3.a 
2.5 3.5 
4.5 4.0 
4.0 3.0 
4.5 3.5 
3.5 4.a 

Cornfort After 1 Hour 
SeatA SeatB 

4.0 3.0 
4.5 3.5 
2.5 4.0 
4.5 3.5 
4. O 2.5 
4.5 3.0 
3.0 3.0 

Long-Terrn Cornfort 
SeatA Seat8 

4.0 2.5 
4.5 3.5 
2.5 4.0 
4.5 3.5 
4.0 2.5 
4.5 3.0 
3.0 3.0 



Even with differences that are not as drastic as those outlined in Table 3, most seat system design 

teams would, early in the comfort development process, conclride that Seat A should be the target- Later in the 

cornfon development process, the team may want to know why Seat B is not as cornfortable as Seat A or how 

to make Seat B more like Seat A- Design changes are, ultimately, made based on this data This is a flawed 

approach for two reasoiis- Firstly, as per the literature review section, there is debate as to whether paramemc 

statistics can justifiably be applied to ordinal data. Cornputing means and then comparing hem, as in this 

exampIe, amounts to a parametric analysis- Secondly, without understanding whether the difference is 

statistically significant, it is impossible to state, based on the preceding data, that Seat A is more or less 

comfortabIe than Seat B. 

It was felt that, in the context of automobile seat comfort, resolution to the controversy surrounding 

the statistical treatment of survey data was required. For this reason, the data in Table 3 (even though it is 

Iimited in tenns of sample size) was analyzed using both non-parametric and pararnetrïc statistics. 

Wilcoxon's Signed-Ranks Test is a nonparameuic procedure used with two related data sets to test 

the hypothesis that the two data sets have the same distribution. It makes no assumption about the shapes of 

the distributions of the two data setsr This test takes into account information about the magnitude of 

differences within pairs and gives more weight to pairs that show large differences than to pairs that show small 

differences. The test statistic is based on the ranks of the absolute values of the differences between the two 

variables. A definition of Wilcoxon's Signed-Ranks Test was felt to be necessary because nonparamemc 

statistics are, in general, not very popular in the automotive seahng industry. The ranks are included in Table 

4 and the test statistics are shown in Table 5. 



Table 4: Rank for Vchick MaooIkturtr Spoiisorcd Riâe & Diive Data 

Positive Ran ks 

l Tes 
Total 

Comfort After 1 Hour Negative Ranks 
Positive Ranks 
ries 
Total 

Long Term Cornfort Negative Ranks 
Positive Ranks 
Ties 

Sum of Ranks 
27-00 

a- Seat B < Seat A 

b- Seat B > Seat A 

c- Seat A = Seat B 

d. Seat B < Seat A 

e- Seat B > Seat A 

f. Seat A = Seat 6 

9- Seat B < Seat A 

h- Seat B > Seat A 

i- Seat A = Seat 6 

Table 5: Wilcoxon's Signed-Ranks Test for Merences in Vebicle Manufacturer Sponsored Ride & 
Drive Data. The computation of this statistic amounts to a non-par~metric analysis. 

1 Asymp. Sig. (2-tailed) 1 .196 1 .165 1 -140 1 
IZ 

a. Based on positive ranks. 

Showroom Comfort 
-1 .292a 

Comfort at 1 Hour 
-1 .387a 

Long Tem Comfort 
-1 .474a 



Using a decision criterion of -05, the results imply that there is no difference between the two seats. 

The data presented in Table 3, due to the manner in which it was collected, lends itself to a paired 

sarnples t-test. This is a commonty used parametric statistic- The results are shown in Table 6. 

Table 6: Paired Sarnples t-Test for DiBerences in Vebicle Man\ifricninr Sponsored Ride & Drive Data 
The eomputation of (bis staüstic imwnb to a pa-trie d y s i s .  

Ride 8 Drie Data 
S howrwrn Cornfort 

Once again, using a decision cntenon of -05, there is no difference between the seats. In other words, 

both the non-pararnetric and parametric approach yielded the same result. This finding in combination with the 

previously cited research (particularly the studies refuting Stevens' measurement classification theory) supports 

the contention that parameiric statistics can be applied to ordinal data. 

Seat A - Seat B 
Cornfort at 1 Hour 
Seat A - Seat B 

Long Term Cornfort 
Seat A - Seat B 

Table 7 presents a prelirninary automobiie seat cornfort survey developed through careful consideration 

and special attention to the pnnciples associated with good survey design and analysis (cited in Chapter 2). 

Paired Differences 

0.- 

0.750 

Mean 
0.375 

95% Confidence Inteniel 
of the Difference 

0.- 

1 .O35 

Sm 
0.744 

iowmr 
4.247 

Sig. (2-tai!ed) 
O. 197 

Std. Emn Mean 
0.263 

t 
1-426 

UPW 
0.997 

0.353 

0.366 

df 
7 

4.147 

4.115 

1.522 

1.615 

1,949 

2-049 

7 

7 

0.092 

0.080 
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Recall that fhe comfort indices (seatback, cushion, and overall), obtained from this survey, were 

defined so  that zero is just right- Therefore, the higher the score, the less cornfortable the respondent, It is 

important to understand that while these measures (particularly the overall comfort index) are exaemeiy 

important to the defense of this thesis they are, in some ways, Iimited- That is, the manner in which the comfon 

indices were defined does not, obviously, provide insight into the nature of the seat problem- They do, 

however, provide the seat system design team with g r o s  measures of comfon that can be used to compare seats 

on a macro level- These indices are, probably, best suited to the benchmaking phase of developrnent- An item- 

by-item analysis, because of its emphasis on particular regions of the seat, would, on the other hand, be more 

appropriate during program specific comfort deveiopment. 

At this point, it is possible to use a parametric approach to assess the reliability and validity of the 

survey shown in Table 7. Recall that the data set was obtained by having 32 subjects complete the survey (on 

two separate occasions approximately five months apart) while sitting in one of three different seats. The raw 

survey data, as weli as the anthropometrk and demographic characteristics of the 32 subjects, ate included in 

Appendix A. 

To  begin, it was essential to mireduce the survey measures into two components: a tme score component 

and a measurement error component. A reliable survey item contains Iittle measurement error. It is, however, 

impossible to directly observe the true score and error components of an actual score on a survey item. Instead, 

correlation ~echniques are used to give an estimate of the extent to which the survey item reflects m e  score 

rather than measurement error. Simply put, the concept of reliability refers to the extent that a survey is 

relatively free of randorn error and is consistent in the numbers assigned to the various survey items. There are 

several ways of estimating reliability; each involves cornputation of a correlation coefficient. 

Test-retest reliability measures the sarne individuals a t  two points in cime. A correlation coefficient 

is calculated to determine the relationship between the test score and the retest score. High reliability is 
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indicated by a high correlation coefficient. For the purposes of this investigation, survey items will be accepted 

as diable if the correlation coefficient is statistically significant. Due to its focus on variations over time, the 

test-re test estimate is O ften c d e d  the coefficient of stability. The test-retest reliability resul ts (per survey item) 

are included in Table 8 (Triai A vs- Trial B)- 

Table 8: Test-Retest Reliability of Ratings obtriiwd h m  the Preliniiii4ry Automobile Seat C o d o r t  
Survey presented in Table 7 

r 

Appearance Rating 0.785* 0.000 29 
Seatback-S~eçific Items: 

1 . Bac k Tdburn Pressure 
2. Location of Lumbar Support 
3. Amount of Lurnbar Support 
4. Lumbar Cornfort 
5. Amount of Mid-Back Support 
6. Mid-Back Comfort 
7. Amount of Shoulder Support 
8. Seat Back Length 
9. Shoulder Comfort 
10. Arnount of Back Lateral Support 
1 1 - Back Lateral Comfort 
12. Seat Back Feel 1 F i i e s s  
Seatback Comfort Index 
13. Overall Back Comfort 0.58 1 * 0.00 1 3 1 

Cushion-S~ecific Items: 
14. Cushion Tailbone Ressure 
15. Arnount of Ischia1 1 Buttocks Support 
16. Ischia11 Buttocks Comfort 
17. Amount of Thigh Support 
18. Cushion Length 
19. Thigh Comfort 
20. Amount of Cushion Laterai Support 
2 1. Cushion Lateral Comfort 
22. Cushion Feel 1 F i i e s s  
Cushion ComlOd index 
23. Overall Cushion Comfort 0.50 1 * 0.003 32 

3verall Items: 
24. OveraU Seat Support 
O v e d  Comfort Index 
25. Overaii Seat Cornfort 

on is significant at the 0.05 level. 



Notice that there are three Iine items, s h o w  in Table 8, which are not part of the preliminary s w e y ,  

shown in Table 7. These are the aforementioned comfort indices- It should also be noted that there was some 

missing data. That is, N does not equal 32 for ail pairs of data This is due to the fact that subjects either 

omitted an item o r  inappropriately responded to the item (e,g,, checked two boxes). These errors may have 

been related to the Iength of the survey. In other words, suwey length rnay have compromised subject interest. 

Sixteen of the original survey items (shown in Table 8) had statistically significant test-retest 

reliabiiity. The overall indices were also shown to be statisticaiiy diable.  In fact, they were more d i a b l e  than 

the survey items to which they were meant to  correspond [i.e., hem #13 (overall seatback comfort). Item #23 

(overall cushion comfort), and Item #25 (overall comfort), respectively]. The implication is that there is Iess 

bias associated with the defined indices than with the individual items designeci to assess overall comfort, More 

specifically, summing the items related to the seat component (i-e., seatback, cushion, or  complete seat), 

assuming that the items are valid, eliminates, o r  at least reduces, the possibility of peripheral factors (e-g., 

vehicle nameplate, vehicle sticker price, etc.) biasing the rating. Table 9 reveals that the indices and the 

corresponding survey items are statisticaily related (in both Trial A and Triai B). 

Table 9: Correlation between Overail Codor t  Iirdices ami Responses on Correspomling Items from the 
Preliminary Automobile k t  Comfort Survey presented in Table 7 

Owrall Back Comfort (Item #13) s Seatback Cornfort lndex -0.544' 0.002 1 Owraii Cushion Cornfort (item x23) us Cushiai Cornfort lMsx -0.734' O.WO 
Ouxall Seat Cornfort (item #25) w O\ierall Cornfort Index -0.512' 0.003 32 

Trial B: 
Oera l l  Back Cdmfort (Item #13) = Seatback CornloR Index -0.616' 0.000 1 Ouml I  Cushion Comfort (item #23) us Cushion ComM Index -0.576 O.W1 

1 Oera l l  Seat CornM (item #25) w OIsrall Comfort Index 4.423' 0.016 3q 
*Correlation is significant at the 0.05 IeveI. 



For this reason. Item W13, Item #23, and Item #25 can be replaced with the cornfort indices (which 

yield the same information). 

Based on the preceding analysis, the survey can be improved by eliminating the umeiiabie items and 

the items that presented redundant information. The net effect is a reduction in survey length. This should 

improve respondent interest and motivation. As a resuli, the quality of responses should increase. Revision 

# l  of the improved survey is show in Table 10- Notice that the survey items are lenered in Table 10. Contrast 

this with the s w e y  items in Table 7, which are numbered. The purpose was to distinguish between the surveys. 





.4nother approach to assessing reliability is to examine the internai consistency of the survey. Seat 

comfort surveys typically consist of several items that are combined on the assumption that the vaiws yielded 

across items are consistent. The survey included in Table 10 is no différent. One source of error is that 

associated with the particular items that make up a survey. Because of the way it is worded, or how hard it is, 

or what exact knowledge it requires, an item may or may not represent the same domain as others designed to 

measure the same thing. The internal consistency index esthates the extent to which the various items al1 

rneasure the sarne thing (in this case, seat comfort). It is essentiaily the cornbined (average) correlation of 

scores on every item with every other item in the measure. The formula for estirnating internal consistency is: 

R,=k*cj /  1 +(k- 1) *rij Equation 2 

where k is the number of items and rij is the average intercorrelation among items. The notion of internai 

consistency, as outlined in this section, is begiming to sound a linle like validity (to be discussed later in this 

section). 

The intercorrelations among al1 13 items (A through M) are s h o w  in Table 1 1 (only Trial A). The 

average correlation coefficient was 0.0452. The total number of items is 78. Using Equation 2, the intemd 

consistency index is 0.787. For this reason, the survey can be considered intemally reliable- 



Table I l :  Intercorrelations betwcen Item froni the First Revision of the Automobile Seat Comfort Survey presciitcd iii Table 10 

'. Correlatlon is slgnlllcanl 81 Ihe 0.05 level(2.tolled). 

". Cortelallon Is sl~nilicent al Ihe 0,01 level(24alled). 



The validity of a survey refers to w h e k  the number/score o b t a i d  from the survey/item uuly reflects 

what the researcher intended to measure. In other words, if the goal is to measune automobile seat comfort with 

a series of questions, do these questions redly tap automobile seat comfort? Reliability and validity are 

different yet related concepts. A reliable masure provides consistent readings but is not necessarily valid- On 

the other hand, a rneasurement is unlikely to be valid unless it is aiso reliable. In general, reliability is a 

necessary but not sufficient condition for validity, with reliabiiity setting the upper bound to the level of vaüdity 

that one cm expect to find in a measure. 

Estirnating the validity of a survey can be done in various ways. Criterion-related validity is, in many 

respects, the most practically significant estima of validity. It invokes the bottom line question of how much 

proven capability the instrument has in forecasting some criterion measure, such as automobile seat cornfort. 

This type of validity is based on the premise that constniçts are measured for a purpose: to improve forecasting 

ability. ïhus, the most comrnon index of criterion-related validity is the validity coefficient, the corretation of 

predictor x with criterion y (or r,,). To assess this type of vdidity, a correlation coefficient was calculated 

between each item in revision level #l of the survey and the overall comfon index (for Trial A). 

The differences in rating scales made it imperative to consider scatter plots (shown in Figure 11 to 

Figure 24) pnor to making a decision regarding cnterion-related validity. Item k C, E, G, 1, J, and M (Figure 

12, 14, 16, 18,20,2 1, and 24, respectively) could be rated from -3 to +3. Since zero represents just tight, the 

relationship with the overall cornfort index is expected to be parabolic. For these items, it was, therefore, 

appropriate to attempt to fit a quadratic model. It would be incorrect to conclude that one of these items is 

unrelated to the overall comfort index using a linear d l .  Linear models were, however, appropriate for Item 

B, D, F, H. K, and L (Figure 13, 15, 17, 19,22, and 23, respectively). These are the items that were rated fiom 

zero to -3. The cnterion-related vaiidity results are show in Table 12, 



Appearance Rating 

Figure Il:  Scatter Plot for Criterion Reiated Vaiidity ( O v e 4  Codort Imlex vs. Apperi- 
Rating) 

Item A 

Figure 12: Scatter Plot for Criîerion Reiated VPüdity (Overall Codort  Index vs. Item A) 
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-1 .O 

Item B 

Figure 13: Scatter Plot for Criterion Reiated Vaiidity (Overd Comfort Index vs. Item B) 

Figure 14: Scatter Plot for Criterion ReJateà Vlilidity ( O v e d  Comfort Index v s  Item C) 
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Figure 15: Scatter Plot for Criterion Relateà Validity (Over911 Comfort index vs. Item D) 

Figure 16: Scatter Plot for Criterion Reiateà Vaüàity ( O v e d  Comfort Index vs. Item E) 
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-2.5 -2.0 -1 -5 -1 .O -.5 0.0 -5 

ltem F 

Figure 17: Scatter Plot for Criterion Reiated V U t y  (Overaiï Comfort Index vs. Item F) 

ltem G 

Figure 18: Scatter Plot for Criterion Reiateà Vaiidity ( O v e d  Codoct Index vs. Item G) 
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-1 .O 

ltem H 

Figure 19: Scatter Plot for Criterion Rehted Vaîidity (Overail Condort Index vs. Item H) 

ltem I 

Figure 20: Scatter Plot for Criterion Reïated Vaüdity (OvcraU Codort h i e x  vs. item I) 

64 



-1 

ltem J 

Figure 21: Scatter Plot for Criterion Relateci Vaüdity ( O v e d  Codort index vs. Item J) 

-1 .O 

ltem K 

Figure 22: Scatter Piot for Criterion Reiated Vlilidity (Overail Codort  Index VS. Item K) 

65 



ltem L 

Figure 23: Scatter Plot for Criterion Related Validity (Overoll Comfort inâex vs, Item L) 

ltem M 

Figure 24: Scatter Plot for Criterion Related Vaiidity ( O v e d  Comfort Iadex vs, Item M) 
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Table 12: Criterion-ReiaM Validity for O v e d  Coutort Iadcx as a Fundon of Iteais fnim the 
Revision of the Automobüt S u t  Condort Survey prrsc~lted in Tabk 10 

,Item Mode1 r"2 d f F Sig. 
Appearance Rating Luiear 02X* 28 1154 0.002 
A. Amount of LridarSupport 
B. Lumbar Confort 
C. Amunt  of Mid-Back Support 
D- Mid-Back Confort 
E Amunt  of Backlateral Support 
F. Back Lateral Confort 
G Seat Back Feel / Finmess 
E-i, Ischial/ Buttocks Confort 
1. Amunt  ofThigh Support 
J. Cus hion Lmgth 
K- Thigh Cornfort 
L Cushion Laterat Confort 

Quadratic 
Linear 

Quadratic 
Linear 

Quadratic 
Linear 

Quadratic 
Lmear 

Quadratic 
Quadratic 

Linear 
Iinear 

1 M. Cus hion Feel / F i e s s  Quadratic 0.1 12 29 1 -84 
)del is significant at 0.05 level 

From this analysis it is possible to eliminate Items 1, I, and M. These items were diable  but they were 

not valid. This finding implies that, in terms of these three items, occupants responded identically in a test- 

retest scenario but their responses did not impact overall perceptions of seat comfon (as determined by the 

overall comfon index). The improved survey (final revision) is s h o w  in Table 13. 



Table 13: Final Revision of the Automobile Seat Comfort Survcy 

Poor, Major Fair, Minor @od, Slighi 
Siop! Siart Ovcr Iniprovcrncnl s Nccded Irnprovcnicnis Nccdcd 1 inprovciiicnts Nccded World Class Scat 

Owrall Seat Appearance 1 2 3 4 5 

C. Amouni of Mid-Back Support 
D. Mid-Back Contort 
E. Amount of Back Lateral Support 
F. Back Lateral Confort 

J. Cushion Lateral Cornfort 

-3 -2 -1 Just Right 1 2 3 I 
tooliiile 0 O O P O O 0 ioo much 

uncomforiablc 0 O O 0 
toolitilc 0 0 O O 0 O O too rnuch 

uncomforiabie Q O 0 P 
too littlc 0 O O O O O O ioo much 

uncomforiahle 0 O O O 
too sort 0 O O O O O O too firm 

wcomforicblc 0 0 O O too rnuch 
uncomfortablc 0 O O 0 
uncomfortahlc O O O O 

A 



Construct validity is tbe most generaï of the various app~aches to validity and refers to whether scores 

on a rneasure refiect the constnict that it is purported to measure, Whereas the prirnary question in criterion- 

related validity is "Does the measure predict?", the primary question in construct validity is ' m a t  does the 

measure really measure?". 

The data presented in Table 14 was used to assess construct validity. It represents the survey results 

of four subjects who evaluated Seat #l (Trial A). These subjects were selected based on their overall c o d o n  

index scores. More specificaily, in this seat, subject #2 and subject #3 were amonp the most cornfortable 

(lowest scores) while subject #l and subject #4 were among the least comfortable (highest scores). To assess 

whether or not the survey truly represents automobile seat cornfort, the number of identical responses between 

the two comfortable subjects (#2 and #3), the comfortable subjects (#2 and #3) and the uncornfortable subjects 

(#1 and #4), and the uncornfortable subjects (#l and #4) were counted. One would expect the number of 

identical responses between the like subjects to be fairly high and the number of identical responses between 

the unlike subjects to be tow. This analysis, basically, amounts to an assessrnent of consaict validity. 

Table 14: Ratings from Comforîable and Uneomforîable Subjects used to Assess Coustnict Validity 

Item Subject #1 Subject #2 Subject #3 Subject #4 
A. Amunt  of Ludxtr Support 1 O 1 1 
B. Lumbar Confort - 1 -1 - 1 - 1 
c Amunt of Mid-Back Support - 1 O 
1 D. Mid-Back Cornfort -1 O 
E Amouni of Back Lateral Support -1 O O 
I F. Bac k Lateral Cordort -1 O O 
G Seat Back Feel / F i i e s s  1 O O 
H. Ischia1 / Buttocks ConiTort - 1 O O 
1. Thigh Comfort - 1 O O 
1. Cus hion Lateral Confort O O O 

1 Overall Confort Index 9 1 2 14 



The two comfortable subjects (subjeçt #2 and #3) responded identically on seven of the 10 items- 

Similarly. the two uncornfortable subjects (subject #1 and M) responded identically on seven of the 10 items. 

When comparing ail possible combinations of comfortable subjects and uncomfortable subjects (i-e., subject 

#I  vs. subject #2, subject #l vs. subject #3, subject #2 vs. subject W, and subject #3 vs, subject M), the highest 

identical response rate was only three of 10 items (subject #f vs subject #3 and subject #3 vs. subject a), Even 

the appearance rating data shows similar trends- Therefoce, this instrument has decent construct validity. 

Another perspective to be considered is tace validity, or the extent to which a predictor looks valid. 

While not a substitute for other kinds of validity, face validity can have a bearing on how subjects react to the 

survey, and therefore, how rneaningful their responses are. There is no disputing the fact that items included 

in Table 13 have high face validity. The survey in Table 13 will, therefore, be used for the remainder of this 

research. 

To dernonsuate its applicability, 12 subjects evaluated the front driver seat of five vehicles using the 

survey. The survey results are included in Appendix B- The stcuctured analysis approach, outlined in this 

section, is recommended for al1 seat comfort developrnent initiatives that are based, wholly or in part, on survey 

data. The first step in the anaiysis is to compute descriptive statistics for al1 survey variables. This was done 

in Table 15. 



Table 15: Descriptive Stcrtistics for Individual Survey Items 

SEAT 
1 Mean 

N 
S m  
Min 
Max 

3 Mean 
N 
S m  
Min 
Max 

2 Mean 
N 
STD 
Min 
Max 

D Mean 
N 
STD 
Min 
Max 

E Mean 
N 
STD 
Min 
Max 

Total Mean 
N 
570 
Mln 
Mau 

E. 
A. C. Amount of G, Seat H. lschial J, 

ûmrall Amount of B. Amount of D, Mid- Back F. Back Back Feel / Cushlon 
Cornfort Lumbar Lumbar Mid-Back Back Lateral Lateral / Buttocks 1, Thlgh Lateral 

Index Support Cornfort Support Comlort Support Combrî Firmness Cornfort Cornfort Comfort 
6.0 -0, 0 -0.6 -0.6 -0.4 -03 4 .7  4 4  4 2  4.8 4.: 
12 12 12 12 12 12 12 12 12 12 1: 
2.2 O, 6 O. 7 O, 5 O, 5 O, 7 0.5 O, 7 O, 4 O, 7 O,! 
3 -2 -2 -1 -1 -1 -1 -1 *1 -2 

11  O O O O 1 O 1 O O 
10.3 -1 ,O -1.3 Q,8 -0,7 -1 .O -1.1 -1,2 -O# -1,4 -0.1 
12 12 12 12 12 12 12 12 12 12 1: 
1 3  O. 9 O. 5 0,6 O. 7 0.6 O, 7 O, 7 O, Q 0,8 O.! 
7 -2 -2 -2 -2 -2 -2 -2 -2 -3 

12 12 12 12 12 12 12 12 12 12 1: 
1,1 O, 4 O. 4 05 O. 5 03 O, 5 O, 5 0,4 0.4 O,! 

1 -1 - 1 O -1 -1 - 1 O -1 -1 
4 O O 1 O O O 1 O O 

8.6 -0.3 -0.7 -0.3 -0.8 -0.8 -0.8 -0.1 4 7  -13 -0,: 
12 12 12 12 12 12 12 12 12 12 ir 
1 3  O. 9 O. 5 1.1 O. 7 0,8 0,6 1.2 0.5 0.9 O.! 
6 -1 -1 -2 -2 -2 -2 -2 -1 -3 
10 1 O 2 O 1 O 2 O O I 

12.8 -1 .O -1.4 O, 1 -1,l - 1 3  -1.4 O. 3 -13 -1.4 -1 a; 

12 12 12 12 12 12 12 12 12 12 1: 
1.4 1 .O 0,7 1 ,O 0.3 0.9 0.5 1,1 0,5 0 5  O,' 
1 O -2 -3 -1 -2 -2 -2 -1 -2 -2 4 1 



Next, it is essential to determine if the differences outlined in Table 15 are statistically significant. 

This is important because it prevents unnecessary design changes. That is, it is senseless to make a change 

based on an effecr that does not, in reality, exist. The type of statistical analysis employed is dependent on the 

manner in which data was collecteci. Purïsts may even apply non-parametric statistics. They should, however, 

be prepared to sddress questions posed by those unfamiiiar with the chosen test sratistic- The approach taken 

in this manuscript is to test the hypothesis that the means outiined in Table 15 are equal. A one-way ANOVA 

is, therefore, appropriate. The results are skown in Table 16- 



Table 16: OmWay ANOVA for Suivey Iîem I>idlemeces between Scrits 

IComfort Index Within Seats 1 143.667 55 2.612 
Owal I Between Seats 

Sum of Squares df Mean Square F Sig. 
780.267 4 195.067 74.677 0.000 

1 Total 
A.  Amountof BetweenSeats 
Lumbar Within Seats 
support Total 
B. Lumbar Between Seats 
Cornfort Within Seats 

1  id-6ack Within Seats 1 34.583 55 0.629 

923.933 59 
8.067 4 2.01 7 3.303 0.017 
33.583 55 0.61 1 
41 -650 59 
13.500 4 3.375 11.027 0.000 
1 6.833 55 O. 306 

Total 
C. Amount of Between Seats 

30.333 59 
8.ôô7 4 2.167 3.446 0.014 

Comfort Within Seats 1 16.417 55 0.298 

su~pofi Total 
D. Mid-Back Between Seats 

43.250 59 
5.233 4 1.308 4.383 0.004 

Back Lateral WithinSeats 1 27.167 55 0.494 

Total 
E. Amount of Between Seats 

21.650 59 
7.567 4 1.892 3.830 0.008 

Lateral Within Seats 1 16.417 55 0.298 

Support Total 
F. Back Between Seats 

Comfort Total 
G. Seat Bac k Between Seats 
Feel 1 Within Seats 
Firmness Total 
H. Ischial / Between Seats 
Buttocks Within Seats 
Comfort Total 
1. lhigh Between Seats 
Com fort Within Seats 

Totai 
J. Cushion Between Seats 
Lateral Within Seats 
Comfort Totai 

34.733 59 
9.233 4 2.308 7.734 0.000 



The results reveal that there is a difference between the seats (decision criterion of -05). This is the 

case for the overall codon  index, as welI as the individual survey item. The one-way ANOVA does not, 

however, reveai exactly which seais differ- To this end, it is necessary to apply a post-hoc test, For the 

purposes of this study, Dunnett's C Test was used to demonstrate exactly which pairs of  seats were statistically 

different (in t e m  of the overall comfort index). Dunnett's C Test can justifiably be applied because the group 

variances are unequal (refer to Table 15)- The post-hoc test results, for the overall comfort index, are shown 

in Table 17. 

Table 17: Dunnett's C Test for DiPlerraces in O v e d  Codort  Index 

(1) SEAT (J) SEA' 
A B 

- O-- A 
B 
C 
E 

E A 
B 
C 
D 

'The mean differen 
4.17 *1 0.66 ( 0.00 1 2.41 1 5.93 

r is significant at the .OS led. 

Mean 
ûifference (I-J) 

4-25 * 

Std. Emr 
0.66 

Sig. 
0.00 

95% Confidence Intenai 
Lower Bound 

-6.95 
Upper Boum 

-1.55 



All of the seats were düTerent (at the -05 level) except for Seat B and Seat D. Refemng to the 

descriptive statistics in Table 15, it is possible to conclu& that Seat C (mean overaii comfon index = 225) is 

the most cornfortable, followed by Seat A (mean overall cornfort index = 6.00). Seat E is, definitely, the least 

corrifortable (rnean overall comfon index of 12.75)- 

A more in-depth investigation into the reason for the difference in overall comfort index can be 

performed by analyzing each survey item individually, The resulting information, because it is focused on 

specific regions of the seat, can be used to improve Seat E (ieast cornfortable) relative to Seat C (most 

cornfortable). Dunnett's C Test was used to determine if there were survey item differences between the two 

seats (Table 18 to Table 22). 



Table 18: huinttt 's C Tesî for Diniremces in h e y  Item A ~DCI h t y  Item B 

Variable (1) SEAT (J) SEA' 
hem A. A 6 
Amount of C 
Lumbar Support D 

E 
6 A 

C 
D 

Item 6. 
Lumbar Cornfort 

B 
C 
E 

E A 
6 
C 
D 

J 

m e  mean difference is significant at 

nce h t e d  
Upper Bourn 

1-13 



Table 19: Duonet&% C Test for Didtermccs in Soney Item C and Survey Item D 

1 Dependent 
Variable (1) SEAT (J) SEA' 
Item C, A 6 
Amount of Mid- 
Back Support 

D 
Item D. A 6 
Mid-Back C 
Cornfort D 

E 
B A 

C 
D 

D 
'The mean difference is significant at 



Table U): Duonett's C Test for Didterenccs in Sorvcy Item E and Sorvey Item F 

Dependent 
Variable (1) SEAT (J) SEK 
Item E. A B 
h o u n t  of 
Back Lateral 
support 

- 
tem F. A B 
3ack Laterai C 
kmfort O 

E 
6 A 

C 
D 
E 

C A 
6 
D 
E 

D A 
6 
C 
E 

E A 
6 
C 
D - 

Ihe mean difference is significant at ' 

Std. €mu Si & 



Tabk 21: Dunnctt's C Test for Diilenaccs ia Sarney Iîem G ~DCI Survey Item H 

Variable (1) SEAT (J) SEA' 
Item G. A 6 
Seat Back C 
Feel 1 Fimness O 

E 
B A 

C 
D 

i 
D 

The mean difference is significant at 

0.36 
-lm" -1 .O8 '1 O., 

1.50 o., 
0.42 0.36 
0.08 0.36 
0.33 O . S  
1.08 0.36 
(1.42 0.36 
-0.33 0.36 
0-67 0.36 
1 -42 0.36 
-0.08 O.% 

0.22 ::: 1 o., 
1.08 0.22 

- 
Sig. - 
0.00 
0.00 
0.00 
0.00 - 
0.00 
0.00 
0-00 
0.00 - 
0.00 
0.00 
0.00 
0.00 - 
0.00 
0.00 
0.00 
0.00 - 
0.00 
0.00 
0-00 
0.00 - 
0.00 
0.00 
0.00 
0.00 - 
0.00 
0.00 
0.00 
0.00 - 
0.00 
0-00 
0.00 
0.00 - 
0.00 
0.00 
0.00 
0.00 - 
0.00 
0.00 
0.00 
0.00 - 



Table 22: DPnattt's C Test for DWercnccs io SpRey Item 1 d Survey Item J 

1 Dependent 
Variable (1) SEAT (J) SEA' 
Item 1. A 6 

C 
! D 

E 
C A 

B 
D 
E 

D A 
B 
C 
E 

E A 
B 
C 
D 

Item J. A B 
Cushion Lateral C 
Comfort D 

E 

1 i 
C 
D 

7he mean difference is significant at i 

DiCCererice (hl) Std. Em + 



This data reveal that respondents found Seat E lacking in terms of lumbar comfort (as per Item B - 

Table 18), mid back comfm (as per Item D - Table 19)' bxk lateral comfoct (as per Item E and F - Table 20)' 

ischid comfort (as per Item H - Table 2 l), thigh comfort (as per Item 1 - Table 22), and cushion lateral comfort 

(as per item J - Table 22). From a design tecornmendation perspective, the survey can be used to conclude that 

the amount of lumbar support provided by Seat E is not the issue (as per Item A - Table 18). In other words, 

the amount of lumbar prominence is, probably, appropriately set or, at least, comparable to Seat C (the most 

comfortable seat). The problem may be related to a trim construction characterisac located in the lumbar 

region. The survey revealed that Seat E provided insufficient back laterd support (as per Item E -Table 20). 

Possible remedies include increasing the wing height, decreasing the insert width, or provïding a steeper wing 

angle. Lastly, since there was no difîerence in perceptions of seaîback firmness between the best seat (Le., Seat 

C) and Seat E (as per Item G -Table 21), modiwng foam firmness should not be considered an option that 

would improve cornfort, 

interestingty enough, the rank order of the five case study seats (based on the overall comfort index) 

was identical to that found in the I.D. Power & Associates TGR data. The seat TGR score is derived fkorn 16 

questions on the APEAL survey. This survey addresses what new owners liked about the seats in their new 

vehicles. The fact that the swvey results match the data reported by J.D. Power & Associates (for the 

appropriate mode1 year) was an expected result because five of the 16 questions are directly related to front seat 

comfort. They are: (1) driver's seat adjustability, (2) driver's seat - lower back support, (3) driver's seat - 

cornfort on long trips, (4) driver's seat - comfort on short mps, and (5) driver's seat - holds you cornering. 

The same five seats and 12 subjects were used to study the effect of appearance on perceptions of 

overall comfort. The descriptive statistics are shown in Table 23. 



Tabk 23: ïkscriptive Sbtisacs for Appeammce Ra- 

Seat A Mean 
N 
STD 
Min 
Max 

Seat B Mean 
N 
STD 
Min 
Max 

Seat C Mean 
N 
Sm 
Min 
Max 

Seat O Mean 
N 
STD 
Min 
Max 

Seat E Mean 
N 
STD 
Min 
Max 

Total Mean 
N 
STD 
Min 
Max 

To determine if the appearance ratings were statistically different between the seats, a one-way 

ANOVA was performed. The results are s h o w  in Table 24. 



Table 24: h W a y  ANOVA for A p ~ ~ u r n c c  Rathg D~~~+LMCCS S a &  

Table 24 reveals that the difference in appearance ratings between the five seab was statistically 

significant at the -05 tevel. Dunnett's C Test was used to determine exa~tly which means were different- The 

results are show in Table 25- 

A ppearance Between Seats 
Rating Within Seats 

Total 

Table 25: Dunnett's C Test for Dineronces in A p p e a m e  Rating 

Sum ofsquares df Mean Square F Sig. 
18.400 4 4.600 8.680 0.000 
29-14 55 0.530 
47.546 59 

(1) SEAT (J) SEAT Difierence (M) Std. Enor Sig. 
A B 0.96 0.30 0.00 * 

1 D 1 -0.67 1 0.30 10.00 
'The mean differerice is signifcant at the .O5 lewl. 

95% Confidence Intenial 
Lower Bowid Upper Bound 



Considering the p s t  hoc resuits (Table 23) in combination witb the mam outiineù in Table 23, Seat 

B was rated as less aesthetidy pleasing than Seat A and Seat C- In the satœ way, Seat C was raîed as more 

attractive than Seat B and Seat E. In g e d ,  Seat B was the least favorite d e  Seat C was the most favorite. 

As an interes~g aside, Seat C was, according to the overall comfbrt index, rated as most comfottable- Firrther 

examination into the relationship between appearance and comfort is, tberefore, necessary. 

The quantification of linear trend is called correlation, and, for the purposes of this dissertation, it is 

reflected in the value of a statistic d e d  the Pearson proàuct moment correlation coefficient, or, more 

commonly, the Pearson r- The Pearson r is wïtten as rm and is d as the correlation between variables X and 

Y- Zt is common for the correlation statistic to be reporced dong with an aaalysis of regression, because it 

provides an extra dimension of descriptive power regarding the smngth of the functional relationship between 

two or more variables. The conelation analysis was done h t  because it d e s  sense to determine if there is 

any relationship between two variables before one aies to use this relationship for prediction purposes. In this 

context, it was found that the correlation between the overall comfort index and appearance raang was 

staristically significant [r (60) = 4 4 5 ,  p = .000]. 

4.2 Scientific Method for Quantiryuis Automobile Seat Codort  

Descriptive statistics for the repeatability of the sensor array data are shown in Table 26, whereas the 

statistical mean cornparison is shown in Table 27. In t e m  of the seat interface pressure measurements, the 

results suggest that there is no statistically significant difference between the test and retest conditions (at the 

-05 level). That is, static pressure dismbution measures are repeatable. This is an important result because it 

justifies the seiection of seat interface pressure as this study's objective measure of comfort. 



It can be speculated that consistency could be further impmved by controlling seat position. Recall 

that in this study subjects could, if necessary, adjust any and al1 seat fearures in both conditions. The 

assumption was that subjects are consistent in their selection of seat position. 

Table 26: Descriptive Statistics for Test-Retest Reiiabüity of Sensor A m y s  useà for Seat Interface 
Pressure Determiiuition 

Pressure Measure 
CCA (cm2) 

cIF (N) 

CCF (g/cm2) 

B CA (cm') 

Condition 
Test 

Retest 
Test 

Retest 
Test 

BTF (N) 

N 
17 
17 
17 

Mean 
1689 
1696 
647 

Retest 
Test 

BCF (g/crn2) 

Table 27: Paired Samples t-test for Test-Retest Reliabüity of Sensor Amys  used for k t  Interface 
Pressure Determination 

STD 
92 
93 
120 

632 
41 

Retest 
Test 

Retest 1 37 

45 
12 14 

Retest 1 214 
Test 34 

17 1 26 

17 
17 

1266 
224 

Paired Differences 

143 
19 

17 
17 

17 
17 

95% Confidence Intermi 
of the Difference 

Pressure Measure 
CCA (Test - Retest) 
CTF (Test - Retest) 
CCF (Test - Retest) 
BCA (Test - Retest) 
BTF (Test - Retest) 
BCF (Test - Retest) 

4.3 Driver Selected Seat Position 

26 
297 

17 
17 

54 
22 

Mean 
-6.7 
15.0 
-3.5 
-52.3 
9.8 
-2.2 

The driver selected seat position data are included in Appendix C. Table 28 provides the mean, 

standard deviation, minimum, and maximum track position and seatback angle for Seat A, Seat C, and Seat D. 

268 
63 

Slü 
45.0 
75.3 
18.4 

1 29.2 
27.6 
17.2 

Std. Emr Mean 
10.9 
18.3 
4.5 
31.3 
6.7 
4.2 

Lower 
-29.9 
-23.7 
-1 2.9 
-1 18.8 
4.4 
-11.1 

m e r  
16.4 
53.7 
6.0 
14.1 
23.9 
6.6 

I 
t 

4.617 
0.822 
-0.77716 
-1.670 
1.462 
4.538 

df 
16 
16 

16 
16 
16 

Sig.(2-tailed) 
0.546 
0.423 
0.449 
0.114 
0.163 
0.598 



Tabk #I= Descriptive S t a t W k  lo t  Driver Sckctcd Scat Position 

N 
STD 
Min 
Max 

Seat 
A Mean 

N 
STD 
Min 

Track Position (mm) Seatback Angle (O) 

827 16 

N 
STD 
Min 

Max 
D Mean 

898 22 
823 11 

Max 
Tot& Mean 

The minimum and maximum data outlined in Table 28 suggests that, in some vehicle packages, the 

entire track travel is not required. In Seat D, for example, due to a combination of packaging parameters like 

seat height, cushion angle, and pedal location, occupants representing a broad range of body sizes only used 

170 mm of travel. The track was designed with a travel of 230 mm. Although less pronounced, a similar effect 

was found wi th Seat A (Le., only 20 1 mm of the 220 mm track travel was used). The enure track travel was 

used for Seat C. Before conchding that Seat C has the only appropnately designed track, it is important to 

realize that track travel is not solely a cornfort consideration. In some vehicle interior environrnents, track mve! 

is extended to allow for improved cargo management (i.e., storage space). Neverthetess, since it is, relatively 

speaking, Iess expensive to design a track wiih less travel, ihis finding rnay provide justification for designing 

a Iower cost track and, consequently, seat system. 

872 14 
829 14 

N 
STD 
Min 
Max 

36 36 
67 4 
688 8 
91 7 24 



It is, however, interesting to note chat in every seat, at least three occupants sat with the track set to 

full rear. Only in Seat C did anyone sit full forward (Le., one small fernale). Given this finding, seat 

manufacturers may be wise to consîder extending the rearward track travel. This is, ofcourse, dependent on 

interior space or, more specifically, the second row occupant's knee clearance requirernents- 

Driver preferred seatback angle is primarily dependent on vision requirements and steering wheel 

location. Table 28 r evds  chat preferences in seatback angle can be accomodated by providing between 8" 

(minimum for Seat D) and 24" (maximum for Seat A) of adjusunent from verticai, 

A one-way ANOVA was used to determine if the dif5erençes in Table 28 were statisticaliy significant 

The dependent factors were seatback angle and track position while the independent factor was seat type (i-e., 

Seat A, Seat C, and Seat D). The results are included in Table 29, 

Table 29: ANOVA Sumnmry Tabie for Didteimces in Driver Selecteà Serit Position Didlerenees between 
Seaîs 

Using a decision critenon of -05, seatback angle resulted in a statistically significant difference 

between seats. The sarne cannot be said for irack position. Therefore, seat height, cushion angle, and pedal 

location (thought to determine track position) were probably similar between vehicles. Vision requirements 

and steering wheel location (thought to determine seatback angle) were probably different between vehicles. 

Track Position (mm) Between Seats 
Within Seats 
Total 

Seatback Angle (") Between Seats 
Within Seats 
Total 

Sum of Squares df Mean Square F Sig. 
1 1 67.389 2 583.694 0.125 0.883 

154418.250 33 4679.341 
155585.639 35 

150.264 2 75.1 32 8.010 0.001 
309.542 33 9.380 
459.806 35 



Dunnen's C Test was used to determine exactly wtiich seatback angle means were different. The 

results are presented in Table 30. 

Table 30: Dunnett's C Test for DiPteronccs in Driver Sekcted Seatback Aagle 

The results suggest that occupants sat more upright in Seat D (mean seatback angle = 11") than in 

either Seat A (mean seatback angle = 16") or Seat C (mean seatback angle = 16"). The mean values were 

obtained from Table 28. Driver selected seatback angle, therefore, appears to be dependent on the particular 

vehicIe. This finding precludes the formation of compact-car-specific recomrnendations for seatback angle 

starting positions. 

It may, 'iowever, be possible to recommend, on a compact-car-specific level, a cornfortable track 

position as a function of dernographic and anthropometrîc characteristics. This statement is made based on the 

fact that there was no difference found in track position settings for the three seats included in this study (Table 

29). Given this finding, the balance of this section is geared toward (1) developing a mode1 to predict track 

position from subject level characteristics and (2) discussing how occupants should adjust seats for maximum 

cornfort. 

(1) SEAT 
A 

C 

D 

7 h e  mean difference is significant at the .O5 led.  

(J) SEAT 
C 
D 
A 
D 
A 
C 

Mean 
Difference (hl) 
-0.083 
4.292 
0.083 
4.375 * 
4.292 * 
4.375 * 

Std. Emr 
1.250 
1.250 
1.250 
1.250 
1.250 
1.250 

Sig. 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

95% Corrfidence intensl 
Lower Bound 

-3.883 
0 . B  
-3.717 
1.889 
-7.979 
-6.861 

Upper Bound 
3.717 
7.979 
3.883 
6.861 
-0.605 
-1.089 



The data cannot be modeled without an understanding of the relationship between gender, standing 

height, and body mass (the prediction variables) and driver selected track position (the dependent variable), 

Scatter plots were used for this purpose. The resdts are included in Figure 25 (recail that femaies were 

assigned a zero and maies were assigned a one), Figure 26, and Figure 27- 

Gender 

Figure 25: Scaîter Plot for Driver Selected Track Position vs. Ciender 



150 160 1 70 180 190 200 

Standing Height (cm) 

Figure 26: b t î e r  Plot for Driver Sclectsd Track Pdtion vs. Standing Height 

Figure 27: Scatter Plot for Driver Sekâed Track Position vs. Body M a s  



As expected, the relationships represented in Figure 25 - 27 appear to be linear, The correlation 

coefficients, included in Table 3 1, indicate that driver selected track position is statisticaily relateci to gender, 

body mass, and standing height- 

Table 31: Correlation Mat* for Driver Sckctcd Trrick Positiou, Gender, Body Masis, rrad Sîanding 
Height 

Pearson Track Position 
Correlation Gender 

Body Mass 
Standing Height 

Sig. Track Position 
(2-tailed) Gender 

Body Mass 

Standing ~eight 1 36 1 36 1 36 1 3 6 1  
'Correlation is significant at the 0.01 l e d  (2-tailed). 

Tmck Position 
1 .O00 
0.631 * 
0.462 ' 

Standing Mght  
N Track Position 

Gender 
Body Mass 

Table 3 1 aIso reveals that gender, body mass, and standing height are highly inter-correlated. This 

is a key finding because it affects the modeling strategy employed- More specifically, a stepwise. multiple 

linear regression modeling approach was adopted because of the high inter-correlations. In practice, this is the 

most popular regression procedure. The stepwise selection criteria used for this study were (a) probabi1ity-of-F- 

to-enter = -05 and (b) probability-of-F-to-remove = -10. These are standard regression criteria (SPSS, Inc., 

1997). 

0.739 ' 

0.000 
0.005 

Seventy-five percent of the total sample was randomly selected and used to develop the model. The 

remaining 25% of the total sarnple was used for validation. The performance of the model is summarized in 

Table 32. 

Gender 
0.631 ' 
1 .O00 
0 . m  ' 

0.000 
36 
36 
36 

0.556 ' 
0.000 

0.000 

Body Mass 
0.462 * 
0.603 ' 
1 -000 

0.000 
36 
36 
36 

Standing HeigM 
0.739 ' 
0.556 * 
0.656 * 

0.656 * 
0.005 
0.000 

1 .O00 
0.000 
0.000 
0.000 

0.000 
36 
36 
36 

36 
36 
36 



Table 32: Modd Smmmry for Diiver Sekcîeà TrrirLPodom. Predictors: (Coastrnt), S t a d o g  Hcigbt, 
and Gender 

1 r 1  r"Q 1 Adiusted PYZ I Std. Enw of the Estimate 1 

The corresponding ANOVA is found in Table 33. 

Residual 59719.775 33 1811.508 1 Total 1 155585.639 35 

Reg ress ion 

Table 34 outlines the driver selected track position mode1 coefficients. 

Sum of Squares df Mean Square F Sig. 
95805.863 2 47902.932 26.444 0.000 

Table 34: Modd Cdc ients  for Driver Selected Track Position 

(Constant) 
Gender 
Standing Height 

Standardized Coefficients 
Beta 

0.31 8 
0.562 

t 
3.672 
2.452 
4.325 

Unstandardized Coefficients 
Sig. 

1 

0.001 
0.020 
0.000 

B 
362.48 1 
41.858 
2.571 

Std. Enor 
98.71 3 
17.074 
0.594 



To summarize. the mode1 has a 8 of -592 ( a d j d  for sample size) and a standard error of estimate 

equal to 42.562. The ability to explain almost 60% of the variance in driver sdected track position in the 

compact car segment, which is undeniably a subjective constnict, using only gender and standing height is a 

prornising result - one that shouid be relatively easy to communiçate to the end-consumer. The model is shown 

in Equation 3. 

Driver Selected Track Position = 362.48 1 + 41 -858 * Gender + 2.571 * Standing Height 

Equation 3 

It is important to note that the preceding mode1 cannot be advocated untiI it is validateci. To do this, 

the mode1 expressed in Equation 3 was used to obtain predicted values for the validation sample, Validity was 

assessed by computing a cross-validated r-value ktween the predicted and observed values. The result is as 

follows: 1 (9) = .8 19, g = .007- The scatter plot in Figure 28 graphically depicts the strength of the relationship 

between the actual and predicted driver selected crack position values and, thereby, the validity of the model. 



Figure 28: Scatter Plot for Cross Validation of Driver Seiected Trrick Position Mode1 (Actuai v s  
Predicted) 

1000' 

900' 

800 

700 

740 

In order for the consumer to find this information usehi, it must be presented in an easy to understand 

format. Admittedly, recommended track positions, expressed fiom the design position hcel point, do  not faIl 

into this category. The fact that al1 three of the studied seats were equipped with manual tracks makes it 

possible to translate the recommended track positions to "clicks" fiom full rear- Consumers should, without 

too much dificulty, be able to set the track to full rear and then count the clicks required to achieve the 

recommended starting position. Table 35 is offered as a suggested means ofcommunicating the findings to the 

consumer. This type of information could easily be included in the owner's manual. 

O 

O 
O 

- - - - - - - 
760 780 800 820 840 860 880 900 9 

Predicted Track Position (mm) 



Table 35: Look-Up Tabk for R C 0 F - e  Triiclr Rmition as a F'unctioa Dcniogrrphic riad 
Anthropometric chamcteristics 

Gender 

The following commentaq, which is based on (1) watchiiing subjects in this study adjust theu seats and 

Femles 

Males 

l 

(2) certain basic ergonomie principles, is provided to deal with questions concerning how to adjust the 

Standing Wight 
(Cm) 

150 

automobile seat for comfort- 

b e r  Seiected Trak -#ion 
[fram HeeCFbi i t  (mn)] 

748 
1 55 
160 
1 65 
1 70 
1 75 
165 
: 70 
1 75 
180 
1 85 
190 

When the occupant first gels into the automobile seat. the right foot should be placed on the floor 

761 
774 
787 
800 
812 
829 
841 
854 
867 
880 
893 

behind the brake pedai. The seat should be aàjusted fore and aft so that the right knee is siightly bent when the 

foot is pressed finnIy on the floor. Occupants can use the mode1 presented in Equation 3 or the information 

presented in Table 35 to obtain a sense of how to adjust the nack position to achieve this position. The left foot 

should rest comfortably on the "dead pedai" - an area some vehicle manufacturers provide on the left side of 

the foot well. If the car has a manual transmission, the occupant needs to ùe able to completely depress the 

clutch without pointing the toes. In comfort position this action will take place with minimal rotation of the hip 

joints. The small of the back should be pressed firmly against the back of the seat and the upper body should 

be positioned so that the side wings provide as much lateral support as possible. 

As far as the seatback angle is concerned, the occupant should sit as reclined as possible while still 

maintaining proper vision- On a long trip this reduces fatigue. To determine the optimal seatback angle, the 



occupant should first hold the steering wheel at the 12 o'clock position with one hand. With the shoulders 

pushed back into the seat, the seatback angle should be adjusted unhi the elbow is slightly tient Bent arms 

provide a biomechanical advantage (as compared to steering with the arms straight). The hands should rest 

cornfortably at  the "quarter to three" position or very close to that. As a check, the occupant should, in this 

position, try to turn the wheel a full 180"- Ifeither hand f d s  off the wheel during this maneuver, the occupant 

is too far away, If, on the other hand, the occupant is elbowing himselflherself in the torso, then they are too 

close 

mile conifort is important, the unrealized advantage of adjusting the seat in this fashion deals with 

the ability to control the vehicle (Le., safe vehicle operation). 

It should, however, be stated that no seat can cornfortabiy accommodate an occupant for extended 

periods of time. Therefore, on long mps, occupants should resist changing the seat adjustments if they begin 

to experience cramping or discornfort. In other words, once fatigue has set in, no amount of seat adjustment 

wilI provide sufficient relief. This is a g d  signai that the occupant needs to rest. As a rule of thumb, the 

occupant should plan on stopping to stretch the legs, neck, and back once every two hours. In the long mn, this 

is safer for everyone involved. 

The seat interface pressure data, found in Appendix D, is based on the pressure profiles found in 

Appendix E. This data was used to compile the mean, standard deviation, minimum, and maximum for each 

variable with respect to every seat. This data is included in Table 36. 



Table 36: Dcscripüve Statistics for h t  intechce Pmmue Measuns 

1 CCA CF CCF CPP BCA BTF BCF BPP~ 

N 
STD 
Min 
Max 

SEAT 
A Mean 

N 
STD 
Min 
Max 

C Mean 
N 
S m  
Min 
Max 

D Mean 
N 
STD 
Min 
Max 

E Mean 
N 
STD 
Min 
Max 

Total Mean 
N 
STD 
Min 
Max 

(cm"a (N) (CvcfW ( 4 / c m )  (cm*) (NI (wlm (gcm), 
1716.81 597.8 26 111.6 1317.93 273.1 27 71 -5 

A one-way ANOVA was performed to determine if there was a difference between the different seats 

with regards to pressure charactenstics. The results are shown in Table 37. 



Table 37: One-Way ALNOVA for Scit Iateri.cC Resaure Measure Didlerenccs bttw- h t s  

CCA BetweenSeats 
Within Seats 
Total 

CTF Between Seats 
Within Seats 
Total 

CCF Between Seats 
Within Seats 
Total 

CPP Between Seats 
Within Seats 
Total 

BCA Betweenseats 
Within Seats 

1 Within Seats 
Total 1 1  

1 Within Seats 

Within Seats 1 Total 

SumdSquams df MmSquare F Sig. 
94346.798 4 23586.699 1.731 0.156 

Oniy CPP and BCF can be used to quantitatively distinguish between seats. That is, these pressure 

variables resulted in a statistically signifiant difference (at the -05 level) between seats in this study- Dunnen's 

C Test (Table 38) was used CO reveal that, in t e m  of CPP, Seat C (mean CPP = 157.6 @cm2) is different than 

Seat E (mean CPP = 89.1 @cm2). Similady. considenng BCF, Seat B (mean BCF = 19 @cm2) and Seat C 

(mean BCF = 18 @cm2) are different than Seat E (mean BCF = 39 g/cm2). Once again, Dunnett's C Test is 

appropriate because the variances between the seats are unequal (as indicated in TabIe 36). 



TaMe 38: Duawtt's C Test for DW" in Coshioa Pcrk Rrseiirr d Satbmck Ind at tbe Ccbttr 
of Force 

[De pendent 
VariaMe (1) SEAT (J) SEA' 
CPP A B 

D 
BCF A B 

1 D 
'The mean difference is significi 

1 , 

r 

I 

t at the .O5 lewl. 

Std. E m  - 
18.746 
1 8.746 
18.746 
18.746 
18.746 
18.746 
18.746 
18.746 
18.746 
18.746 
18.746 
18.746 
18.746 
18.746 
18.746 
18.746 
18.746 
18.76 
18.746 
1 8.746 - 
5.389 
5.389 
5.389 
5.389 
5.389 
5.389 
5.389 
5.389 
5.389 
5.389 
5.389 
5.389 
5.389 
5.389 
5.389 
5.389 
5.389 
5.389 
5.389 
5.389 - 

- 
Sig. 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0 . m  
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0 . m  
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
~.000 
3.000 
3.000  
3.000 
3.000 
3.000 
3.000 
3.000 
3.000 
rn 
3.000 
3,000 
3.000 

nce kitenai 
Upp8r BOUM 

4O.712 
28.456 
41 .Oô8 
59.407 
65.595 
50.059 
69.007 
87.954 
120.489 
1 17.209 
1 23.526 
142.886 
36.902 
39.957 
27.326 
59.212 
14.424 
18.087 
5.870 
18.396 
25.641 
27.740 
15.283 
8.537 
9.808 
16-41 4 
3.909 
-2.509 
9.574 
14.080 
3.833 
-2.701 
21 -61 6 
26.075 
28.333 
9.333 
31.537 
36.325 
38.466 
25.999 



A matnx of correlation coefficients for the seat interface pressure variables is shown in Table 39. 

Tabie 39: Cocreiation Ma* for Mt Iatcrf'' Pmmre Measures 

'earson CCA 
%relation CTF 

CCF 
CPP 
BCA 
BTF 
BCF 
BPP 

Sig. CC A 
'2-tailed) CTF 

CCF 
CPP 
BCA 
BTF 
BCF 
BPP 

4 CCA 
CTF 
CCF 
CPP 
BCA 
BTF 
BCF 
BPP 

'Correlation is si! 

CPP - 
0.238 
0.579 " 
0.324 ' 
1 .O00 
0.402 " 
0.356 " 
4.304 ' 

60 1 60 1 60 1 60 1 60 
iificant at the 0.01 lewi (2-tailed). 

BCF - 
-0-088 
4.126 
-0.031 
-0.304 ' 
-0.121 
O. 1 92 
1.000 

'Correlation is significant at the 0.05 lewi (2-tailed). 

Many of the relationships outlined in Table 39 proved to be statistically significant at the -05 level. 

This affects the primary deliverable of this research work, which is to establish a relationship, expressed via 

an equation, for predicting perceptions of cornfort h m  objective measures. The number of pressure variables 

and the fact that they are highly correlated calls for the use of a stepwise selection procedure. This procedure 

(previously discussed in the context of driver seleçted tmck position model development) is used to determine 

just which set of predictor variables to include in a multiple regression model. 



In addition to predicting the outcorne variable for a new sample of data, the model will(1) assess how 

welf subjective perceptions of cornfort can be explained by knowing the value of a set of predictor variables 

and (2) identiQ which subset from many rneasures is most effective for estimating subjective perceptions of 

cornfort, This should help seat system design teams develop more cornfortable automobile seats. 

Pnor to model developrnent, the relationship between each of the 12 predictor variables (Le., three 

anthropometnc/demographic variables, one appearance rating variable, and eight seat interface pressure 

variables) and the overall cornfort index (dependent variable representing subjective perceptions of cornfort) 

was examined. Scatter plots (Figure 29 - 40) were used for this purpose- 



Gender 

Figure 29: Scatîer Plot of O v e d  Comlort Index vs. Gender 

Standing Height (cm) 

Figure 30: Scatter Hot  of O v e d  Codor t  Index vs. StPndiag Height 



Figure 31: !katter Plot of Oved  Codort  Mex VS. Body M~SS 

Appearance Rating 

Figure 32: Scatter Plot of O v e d  Codort Indtx vs. Appeamme Rating 



Cushion Contact Area (cmA2) 

Figure 33: Scatter Plot of O v e d  ComlOrt Index vs. Cushion Contact Area 

O - - 
200 400 600 800 IO00 

Cushion Total Force (N) 

Figure 34: Scatter Plot of O v e d  ConMort Index vs. Cushion Total Force 



Cushion Load at the Center of Force (g(cnP2) 

Figure 35: Scatter Ptot of Overall Condort Index vs. Cushion Load at the Center of Force 

I o n œ  a O 

Cushion Peak Pressure (g(cW2) 

Figure 36: Scatter Rot of Ovedl Codort  Indtx vs. Cushion P d  Pressure 



Figure 37: Scatter Plot of Overaii Condort index vs. h t b a c k  Contact Area 
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Seatback Total Force (N) 
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Figure 38: Scatter Plot of O v e d  Comfort Index vs. Seathack Totai Force 

800 1000 1200 1400 1600 1800 21 

Seatback Contact Area (crW2) 



Seatback Load at the Center of Force (g(cW2) 

Figure 39: !katter Plot of O v e d  ComlOrt Index vs. k t b a c k  Loiid at the Ceater of Force 

Seatback Peak Pressure (gkrW2) 

Figure QO= Scatter Plot of Overall Coadort Index vs. Seatbrick P d  Pressure 



One might expect the predictor variables, *cularly those dealing with seat interface pressure (Figure 

33 to Figure 4C), to have a quadratic relationship with the dependent variable. That is, one would think that 

there was an optimal amount of CCA (for example) and that too mwh or too little CCA would be equally 

detrimental- The scatter plots did not reveal this to be the case. The same was true for the fiactors deaiing with 

demographics (Figure 29), anihtopometry (Figure 30 to Figure 3 l), and appearance rating (Figure 32). For this 

reason, a Iinear rnodeling approach was adopted. 

Table 40 shows that AR, BCF, and CPP resulted in the strongest Linear relationships with the overail 

comfort index. In fact, these relationships were statistically significant at the -05 level. Although correlation 

does not imply causality. automobde seat design studios would, almost definitely, be interesteci in knowing that 

appearance is related to cornfort, 



Table 4û: Rdntioasbip Betwem Rcdictor Vari.b&s and O v e d  Condort I#kx 

Pearson O\ierall Comm Index 
Yorrelation Gender 

Standing Height 
Body Mass 
Appearance Rating 
Cushion Contact Area 
Cushion Total Force 
Cushion Load at the Center of Fonce 
Cushion Peak Pressure 
Seatback Contact A m  
Seatback Total Force 
Seatback Load at the Center of Force 
Seatback Peak Pressure 

Sig. Owrall C m h R  Index 
.ail ed) Gender 

Standing Height 
Body Mass 
Appearance Rating 
Cushim Contact Area 
Cushion Total Force 
Cus him Load at the Center of Force 
Cus hion Peak Pressure 
Seatback Contact Area 
Seatback Total Force 
Seatbadc Load at the Center of Force 
Seatback Peak Pressute 

V O\Rrall Comfort Index 
Gender 
Standing Height 
Body Mass 
A ppearance Rating 
Cushion Contact Area 
Cushion Total Force 
Cushion Load at the Center of Force 
Cushion Peak Pressure 
Seat bac k Contact Area 
Seatback Total Force 
Seatback Load at the Center of Force 
Seatback Peak Pressure 

"Correlation is significant at the 0.01 leW (2-taled). 



Just as with the driver selected track position mode& 75% of the total sample was randomly selected 

and used to develop the o v d l  comfon index model, The remaining 25% of the data was used for validation. 

The model sumrnary is shown in Table 4 1. 

Table 41: Modd Summwy for O v e d  Codort Index 
- 
I 

1 

aPredictors: (Constant), AR 
b~redictors: (Constant), AR, BCF 
CPredictors: (Constant), AR, BCF, CPP 
d~redictors: (Constant), AR, BCF, CPP, BTF 
'Predictors: (Constant), AR, BCF, CPP, BTF, CTF 
'~redictors: (Constant), AR, BCF, CPP, BTF, CTF, WT 
gPredictors: (Constant), AR, 8CF, BTF, CF, W T  
'predictors: (Constant), AR, BCF, CTF, WT 

Model r Adjusted ~'2 Std. Emr of the Estimate 
1 0.621" 0.385 0.371 3.175 
2 0.7& 0.531 0.509 2.806 
3 0.762C 0.581 0.551 2-683 
4 0.790~ 0.623 0.586 2.576 
5 0.8178 0.667 0.625 2-453 
6 0.844' 0.713 0.- 2.308 
7 0.8399 0.704 0.666 2.31 3 
8 O.@ 0.686 0.657 2.344 

The ANOVA for the models sumrnarized in Table 41 are outlined in Table 42. 



Tabk 4% Modd ANOVA for O v e d  Codort Index 

1 ~ e g r e s s i 6  
Residual 
Total 

2 Regressian 
Residual 
Total 

3 Regression 
Residual 
Total 

4 Regression 
Residwl 
Total 

5 Regression 
Residual 
Total 

6 Regressim 
Residual 
Total 

7 Regression 
Residual 
Total 

8 Regression 
Residuai 
Total 

b~redictors: (Constant), AR, BCF 
'Predictors: (Constant), AR, BCF, CPP 
d~redictors: (Constant), AR, BCF, CPP, BTF 
'Predictors: (Constant), AR, BCF, CPP, BTF, CTF 
f~redictors: (Constant). AR, BCF, CPP, BTF, CTF. WT 
gPredictors: (Constant), AR, BCF, BTF, C F ,  WT 
h~redictors: (Constant), AR, BCF, CF, WT 

Table 43 outlines the coefficients for al1 the possible models. 



TaMe 4% Modd Cod!kknQ for O v e d  Codort Inàex 

Model 
1 (Constant) 

AR 
2 (Constant) 

AR 
BCF 

3 (Constant) 
AR 
BCF 
CPP 

4 (Constant) 
AR 
BCF 
CPP 
BTF 

5 (Constant) 
AR 
BCF 
CPP 
BTF 

6 (Constant) 
AR 
BCF 
CPP 
BTF 
CTF 

- 

7 (Constant) 
AR 
BCF 
BTF 
CTF 
WT 

8 (Constant) 
AR 
BCF 
CTF 
WT 

Standardized Coefficients 
Beta Sig. 

0.000 
0.000 - 
0.000 
0.000 
0.001 - 
0.000 
0.000 
0.006 
0.032 - 
0.000 
0.000 
0.01 8 
0.005 
0.041 - 
0.000 
0.000 
0.027 
0.098 
0.003 
0.029 
0.000 
0.000 
0.01 8 
0.289 
O. 1 34 
0.002 
0.01 9 - 
0.000 
0.000 
0.007 
0.157 
0.000 
0.007 - 
0.000 
0.000 
0.003 
0.000 
0.000 



Automatic modeling procedures cannot do aii the work They should be used as tools to detennine 

roughly the nwnber of predictors needed, It is possible to find several subsets that perform equally well. Then 

knowledge of the subject matter, how accurately individual variables are measuted, and what a variable 

communicates may guide selection of the mode1 to report. From this analysis, Mode1 #6 (refer to Table 43). 

which has an adjusted i of 0.668, a standard e m r  of 2.3082. and an F value of 15.728 (p = .000), was 

determined to be the best- The mode1 is ptesented in Equation 4. 

Overall Cornfort Index = 13.749 - 2.038 AR + 0.0620 BCF - 0.010 CPP + 0.010 BTF - 0.020 CTF + 0-1 33 WT 

Equation 4 

Using the validation sample (25% of the total sampIe set), a predicted ovedl comfort index was 

computed and plotted against the actual overall cornfort index (Figure 4 1). 



Actual 

Figure 41: Scatter Plot for Cross Vaiichtion of O v e d  Condort Iadcx Mode1 (Acturil vs. Pdcted)  

A cross-validated r-value was then computed between the actuai and predicted overall comfort index. 

The result is as foIlows: (15) = 0.952, Q = -000. The model must, therefore, be considered vaiid. 

Using this mode1 it can be said that a comfortable compact car seat has low BCF and BTF and high 

CPP and CTF. The model also demonsuates that measures of CC& CCF, BCA, and BPP do not impact 

perceptions of comfort. This information is important because it allows seat system design teams to (1) focus 

on oniy those seat interface pressure parameters chat are related to conifon and (2) establish human cnteria for 

seat interface pressure. The hurnan criteria outheci in Table 44 are based on the mean seat interface pressure 

values for Seat C (presented in Table 36). Recail that Seat C was, according to the overall comfon index, the 

most highly rated. 



Tabie 44: Hamin Critem for Importrnt k t  Interke m r e  Measaues 

Seat Interface Pressure Measw 
Seatback Load at the Center of Force (BCF) 

4.5 Seat Contour and Geomety 

Human Criterion 
< 18 g/cmZ 

Seat back Total Force @TF) 
Cushion Peak Pressure (CPP) 
Cushion Total Force (CTF) 

Up until this point, this manuscript was focused on relating various objective measutes (pnmanly seat 

interface pressure) to subjective perceptions of cornfort, The results, while promising, do not really provide 

automobile seat designers with concrete recommendations. For this work to make a truly important 

contribution, it is essential to understand how to impact the objective measures related to comfott, To this end, 

an approach to seat geometry and contour optimization was adopted that will yield seat comfort design 

guidelines. 

< 277- 1 N 
> 157.6 @cm2 

> 696.7 N 

The first step was to overiay the raw scan data (for each seat) over estimated H-Point. In this way 

the differences between the seats becarne more apparent. This was done in Figure 42 to Figure 56- 



Seat A 
Seat B 
Seat C 
Seat D 

Figure 42: Centeiline Section 

Seat A 
Seat B H-Point 

Seat D 

Figure 43: Cushion Section through H-Point 

Seat A 
Seat B H-P oPit 
Seat C 
Seat D 

Figure 44: Cushioa Section +50 mm from H-Point 



S e A  
Seat B 
Seat C 
Seat D 

Figure 45: Cusbion !3ection +1ûû mm h m  II-Point 

Seat A 

Figure 46: Cusbion Section +150 mm from H-Point 

Seat A 
Seat B 
Seat C 
Seat D 

Figure 47: Cusbion Section +200 mm fmm H-Point 

Seat A 
S eat B 
Seat C 
Seat D H-Point 

Figure 48: Cushion Section +250 mm fmm H-Point 

Seat A 
Seat B 
Seat C 
Seat D 

Figure 49: Secitback Section througb &Point 



Seat A 
S eat B 
Seat C 
Seat D 

Seat A 
Seat B 
Seat C 
Seat D 

Seat A 
Seat B 
Seat C 
Seat D 

Seat A 
Seat B 
Seat C 
Seat D 

Figure 50: Seatback Section +50 mm h m  H-Point 

Figure 51: Seatback Section +IO0 mm fmm H-Point 

Figure 52: Seatback htion +150 mm fmm FI-Point 

Figure 53: Sezitback Section +2ûû mm fmm H-Point 



Seat A 
Seat B 
Seat C 
Seat D 

Seat -4 
Seat B 
Seat C 
Seat D 

Seat A 
Seat B 
Seat C 
Seat D 

Figure 54: SeatbPck Section +250 nun fmm H-Point 

Figure 55: Seatback Section +300 mm fom H-Point 

I 
H-P &t 

Figure 56: Seritback Section +350 mm from H-Point 

The scan data were then dimensioned using the operational definitions presented in Chapter 3. The 

results are included in Table 45, 



Lushion Width (mn) 
H-Point 
+50 mn 

+LOO mn 
1150 mn 
+mm 
+mm 
+m mn 

Cus hion insert Width (mn) 
H-Point 
+SO mn 

+Io0 mii 

i l 5 0  mn 
+m mn 
+m mn 
1300 mn 

Cushion Bolster Height (mn) 
H-Point 
+SO mn 

+Io0 mn 
+ l m  mn 
+m mn 
+m mn 
+MD mn 

Cus hion Length (mn) 
Cushion Angle (O) 

ieatback 
Seaiback Width (mn) 

H-Point 
+50 mn 

+LOO mn 
+ l m  mn 
+m mn 
+ 7 3  mn 
+MO IIml 
+350 mn 
+400mn 

Seaiback Insert Width (mn) 
H-Poin t 
+m mn 

+Io0 mn 
+ l m  mn 
+mm 
+m mn 
+300 m 
+3m mn 
4 m n  

Seaiback Wing Height (mn) 
H-Point 
+ m  m 

+Io0 mn 
+I50 mn 
+m mn 
+250 mn 
+MO m 
+3m mn 
+400mn 

Seatblrck Height (mn) 
H-Point to Apexof  LLlnbar(x) (mn) 
H-Point to Apexof  Lurhiu(z) (mn) 

kat A Seat B SeatC Scat D Seat a Mean Sïû Min Max 
I 



The assumphon is chat the data in Table 45 impact seat interfa~e pressure, which, based on the 

previously discussed results. is related to subjective perceptions of cornfort. If the assumption holds, it should 

be possible to denve an opthai seat geometry and contour. Design teams, anned with recommended ranges 

for al1 the parameters listed in Tabk 45, would be more likely to produce comfortable seats. Since this research 

demonstrated that Seat C was the most comfortable, it would be inappropriate to develop seat geometry and 

contour guidelines without using Seat C as the starting point- SpecificaUy, the upper and lower lirnits of the 

recornmended ranges were set by taking Seat C s  geometry and contour data and then adding/subtracting hdf 

of the sample standard deviation. The rernainder of this chapter presents seat design guidelines and discusses 

how they are related to preexisting, although Iimited, anthropometric data. 

4.5.1 Cushion Design Guidcüacs 

Based on anthropometric data compileci by the Anthropology Research Projet (1989), a cushion width 

of 432 mm (measured through H-Point) should be adequate for a single position. By adding allowances for 

clothing and Çeedom of movement, the recommended range is 465 - 495 mm. From this it is possible to define 

a cushion insert width (through H-Point) of 280 - 300 mm- This requirement primarily constrains the position 

of the cushion bolsters and frame components within 140 - 150 mm of the seat centerline. in considering lateral 

clearance, if the cushion bolsters are stiffer than the insert area because of interference fiorn the frarne 

components, a hammoc king effect (which results in excessive lateral pressure) will constric t the occupant's 

buttocks, causing the seat to feel too narrow even if the dimensional specifications are met- A cushion bolster 

height that is greater than 40 - 50 mm (through H-Point) would have a similar effec~ Note that Seat C (Figure 

43 - 48) is relatively flat in the insert area. Therefore, the previously described hanunocking effect is not an 

issue. 

Up until approximately 200 mm forward of H-Point, the cushion should continue to get progressively 

wider. At this section the cushion should be 525 - 545 mm wide. In fact, the section 250 mm forward of H- 



Point is still wider than tbe section uirough H-Point (515 - 535 mm to 465 - 495 mm), although not as wide as 

the section 200 mm forward of H-Point. The increased widh allows the legs to splay. Leg splay is used by the 

occupant to optimize the cushion pressure distribution profile. To ailow for leg splay the combination o f  insert 

width and bolster height should not be overly resmctive. This can be accomplished by progressively increasing 

the bolster height from 40 - 50 mm (through H-Point) to 65 - 75 mm (150 mm forward of H-Point) and then 

progressively decreasing the bolster height to 40 - 50 mm (250 mm f o r 4  of H-Point), Designers should also 

ensure that the transition between the insen and the bolsters is srnooh (consider Seat C in Figure 43 - 48)- 

The trim construction of the cushion, in terms of design sew locations, defines, to a large extent, the 

appearance of the seat- Recall, from the prevlous analysis, that comfon and appearance are related. In the 

compact car segment, i t  appears as though occupants prefer the irim design illustrated in Figure 57 (top view 

of sitting surface). 

Figure 57: Recommended Cushion Trim Constniction. Trim c o ~ c t i o n  de& with seat style and, 
therefore, ratings of sesthetic quaüty. 



The cushion length guideline. based on thk research, is 355 - 365 mm. In order to compare this 

guideline to those cited in the Iiterature review, it is necessary to determine the horizontal distance h m  H-Point 

to the contact point on the seatback- Schneider et al. (1985) found that this distance is approximately 135 mm- 

Therefore, adding 135 mm produces a guideline qua1 to 490 - 500 mm. This is greater than Keegan's 

recommendation of 432 mm but within the range ouüined by Grandjean (1980) (Le., 440 - 550 mm)- Since 490 

- 500 mm is greater than the 5* percentile female buttock-to-popiïteal length of 440 mm, this analysis suggests 

that cushion length, as a seat design factor, has not been optimized for srnall occupants (even with Seat C). An 

adjustable length cushion could be used to provide more thigh support for larger people, but only a small range 

of adjustability is needed. The 95" percentile male buttock-to-popliteal length is 546 mm (Anthropology 

Research Project, 1989). A cushion length increase of 46 - 56 mm (hm 490 - 500 mm) should, thecefore, be 

considered the maximum necessary. 

For occupants with long legs, the cushion may feel too short if the cushion angle relative to the 

horizontal is too small, Under these circumstances, only the buaocks of long-legged occupants corne in contact 

with the seat. The recommended cushion angle is 9 - 13". In this context, an adjustable cushion angle may be 

more appropriate than an adjustable cushion length- 

45.2 Seatback Design Guideiines 

The recomrnended seatback width and seatback insert widih through H-Point is 490 - 510 mm and 350 

- 390 mm, respectively. The total seatback width at the section 300 mm fiom H-Point is slightly wider at 500 

- 530 mm. The insert width through this sarne section is 175 - 265 mm- The insert area as a whole gets 

progressively narrower from H-Point to the upper seatback. Note that the seatback width guidelines presented 

in this paragraph are slightly greater than those outlined in the literature review- 



The sensation of lateral support can be created by providing 45 - 65 mm of seatback wing height 

through H-Point The wing height should increase up untii 150 mm tiom H-Point. To avoid lateral resmctions 

in the upper back region, the wings should b o r n e  progressively less pronounced from 150 mm above H-Point 

to 350 mm above H-Point, In fxt, at 350 mm h m  H-Point the recommended seatback wing height is only 10 

- 20 mm- Once again. note that the wing height recommended in this paragraph is greater than wing height 

outlined in the literature review. The greater wing height should be o f k t  by the greater seatback width 

recommended in the preceding paragraph. 

The trim constmction in the insert area of the seatback, just as the insert area of the cushion, defines 

the appearance of the se& in the compact car segment, it appears as though occupants prefer the trim design 

illustrated in Figure 58 (view of sitting surface). 

Figure 58: Recommended Seritbrick Trim Combuction. Trim construction deab with seat style and, 
thecefore, ratings of aedbetic q d t y .  



The seatback height should extend 550 - 560 mm fiom the biteline- This is compatible with the 

constraints imposed by FMVSS 202 (US. Office of Federai Register), 

In line with the recommendation presented by Reed et ai. (1994). the apex of the lumbar contour 

should be located 105 - 125 mm above H-Point. In terms of prominence, the apex should protnide 160 - 170 

mm. It should be noted that a four-way adjustable lumbar would, probably, enhance comfort, 

As part of this discussion, it is important to realize hat vehicles dNer in charactet, ride, and handling. 

Therefore, al1 vehicle seats shouId not be alilce. Seat designs must be matched to the vehicles in which they 

are to be used. Sport cars, for example, do not generally use plush, soft seats, nor do luxury cars generally use 

tirm, highly contoured seats. Combinations of certain portions of these characteristics can be selectively mixed 

to produce seats for speciaity vehicles, The aforementioned guidelines, therefore, only apply to seats fiom the 

compact car segment, In terms of classification, the studied seats were of medium f imess  and contouring. 

4.5.3 Summary of Serit Contour and Geometry Design Guidelines 

Table 46 summarizes the seat comfort design guidelines derived 6om this research- Within the limits 

of the guidelines, it is possible to design an automobile seat with drastic changes in shape. As aa example, a 

cushion insert that measures 300 mm (through H-Point) to 275 mm (+50 mm from H-Point) to 290 mm ( + I O  

mm from H-Point) to 275 mm (+HO mm fiom H-Point) to 280 mm (+200 mm fiom H-Point) to 2 15 mm (+BO 

mm from H-Point), even though it satisfies the guidelines, should be avoided. This is definitely atypical and 

the inconsistencies would probably receive negative comfort ratinps from compact car consumers Common 

sense should be employed when interpreting the guidelines. 



Dimeasion Section 
M i o n  

-ion Wi&h (mm) 
H-Pouit 
+JO mm 
+LOO mm 
+L50 mm 
+200 mm 
+250 mm 

-ion Insert Wi&h (mm) 
H-Point 
+50 mm 
+100 mm 
+150 mm 
+ZOO mm 
+250 mm 

Cushion Bolster Height (mm) 
H-Point 
+50 mm 
+100 mm 
+150 mm 
+200 mm 
+250 mm 

Cushion Length (mm) 
m i o n  Angle ("1 

S e a t k k  
Seaiback Wi&h (mm) 

H-Point 
+50 mm 
+LOO mm 
+150 mm 
+200 mm 
+250 mm 
+300 mm 
+350 m m  

Seruback Insen Wickh (mm) 
H-Point 
+50 mm 
+IO0 mm 
+lSO mm 
+200 mm 
+250 mm 
t300 mm 
+350 mm 

SeatBick Wing Height (mm) 
H-Point 
+50 mm 
+LOO mm 
+150 mm 
+200 mm 
+MO mm 
+300 mm 
+350 mm 

Seatbeck Height (mm) 
H-Point to Apex o f  L u n k  <a) (mm: 

1 H-Point to A w r  o f  L u n k  (2 )  (mm) 



S. CONCLUSION 

Technology has changed automobiles over the years. As a result, consumer expectations, in ternis of 

automobile performance, have risen- Factors like comfort and safety are important atmbutes that a consumer 

demands in an automobile. The seat has a huge role to play in fiilfilhg customer expectations. With this said, 

the seat c o m f m  design process needs to change in order to (a) meet customer expectations and (b) reduce 

developrnent time and ultimately cost. 

Tools like seat interfaçe pressure have been availabte to the automotive seating industry for some tirne. 

The technology is, unfortunately, useless without an understanding of  how the output relates to subjective 

perceptions of comfort. One of the problems with past seat comfon quantification efforts is that there was no 

good way to translate perceptions of  comfon into something tangible- While the surveys used and the studies 

perforrned by seat systern design teams offered credible evaluations in terms of face vaiidity, the cornparisons 

were poor in t ems  of experimental rigor. Consequently, the results were questionable on the grounds of 

methodological weaknesses. This disseriation addresses these concems and puts forward a standard benchmark 

against which al1 present and future automobile seat cornfort surveys may be evaluated. In this way, comfort 

development, not to mention prediction capability, should no longer be hindered by the lack of an acceptable 

subjective instrument. 

This was accomplished by, first, demonstrating that the nonparamemc approach to survey data 

anaiysis (recommended by some purists), which is a departure frorn the industry wide n o m ,  is unnecessary. 

A pararnetric analysis was, therefore, warranted, This was an important result because skeptics of the value 

of seat cornfort development and even those who think that cornfort quantification is a worthwhile pursuit will 

be "turned off* by the suggestion that non-familiar statistics should be applied. The contention that parametric 



statistics can be used for ordinal type data has never before been shown in the context of automobile seat 

comfort, 

Having established this, it was possible to use a parametric approach to develop a survey with an 

acceptable level of test-retest reliability, intemal consistency, criterion-related validity, and consuuct vaiidity- 

A survey cannot and should not be used to evaluate seats unless it is subjected to the type of scrutiny used in 

this manuscript. The survey was designed with special emphasis on the wording of the survey items, the type 

and number of rating scale categones, the verbal tags associated with the categories, and the interest and 

motivation of the respondent (as a function of survey length). 

A case study using five seats, each evaiuated by 12 subjects, was then used to present the manner in 

which rneaning cm justifiably be attacheci to the swvey. The outlined process is expected to greatly improve 

seat design efforts. As an interesting aside, when the data analysis approach was used to rank the five seats, 

the results were exactly the same as those found in JD. Power & Associates' annual seat qudity report. In sorne 

respects, this fact, in and of itself, validates the survey- 

In terms of future work, it is recommended that the same process be followed to develop a survey to 

assess the dynamic properties of the seat (Le., ride quality). The fact that the survey was developed using seats 

evaluated under showroom conditions must be considered a limitation, For example, insufficient lumbar 

support (Item A in Table 13) in a showroom setting may not be perceived as insufficient lumbar support in 

long-term driving conditions. It is important to realize that the meaning of the verbal tags might Vary 

considerably as a function of context. 

Seat comfort could not be legitimately predicted if the measurement methods produced vastly different 

outputs under consistent test conditions. Wich this fact as the impetus, pressure measures were show to be 

repeatable in a test-retest scenario. This may seem like a trivial result but it has never before been demonstrated 



in the context of automobile seating using human subjects, The caiibration procedure and the environmentai 

controls (temperature and humidity) also mle out the effects of drift, temperature sensitivity, and sensor 

durability. Together these findings lend credibility to the methoci used to quanti@ automobile seat cornfort, 

Due to a lack of ernphasis on the educational side of automobiie seat usage, seat features designed to 

enhance comfort are not having as great an impact as design teams intended. Published literature d d i n g  with 

the effects of driver selected seat position was found to be lacking- This gap in knowledge was addressed by 

(1) developing and validating a mode1 to predict driver selected track position as a function of demographic and 

anthropometric characteristics and (2) providing commentary, based on ergonomie principles, on how to adjust 

the seat for maximum cornfort and safety. if this information can somehow be communicated to the consumer 

(perhaps through the owner's manual), then achieving a comfortable position would become more likely- 

Driver selected seat position should, in the future, be studied using seats from higher-end vehicle 

segments. This is advisable because higher-end seats, typically, have more features. The studied vehicle 

segment (i.e., compact car) could not be used to address the fact that most highend seat tracks are, for example, 

angled severai degrees to the horizontal so that moving the seat forward also raises the seat. This is appropriate 

since occupants with shorter legs usuaily also have shorter torsos, and the added height helps to achieve an 

acceptable eye position. Cushion angle adjustment, which was, once again, not a feature any of the studied seats 

possessed, is also usefbl in conjunction with the recornmended angled track. To comfortably reach the pedals, 

smailer drïvers may find it preferable to flatten out the seat as it is raised, while long-legged drivers, in order 

to preserve reach to the steering wheel, might increase the cushion angle to allow a more reclined seatback 

angle. Seat system design teams would like to know how much cushion angle adjusunent is necessary to (1) 

accommodate the preferences of occupants of different sizes (engineering perspective) and (2) optimize 

circulation to the underside of the thighs (physiology perspective). Using the approach documented in this 

dissertation, recommended starting positions could be provided for al1 types of seat adjustments. 



From a broader perspective, the overall comfort index defined in this manuscript was used as the 

dependent variable in the development of a prediction model. The input variables in the model included (1) 

seat interface pressure measurements, (2) subject anthropometry and demographics, and (3) perceptions of seat 

appearance. In this way, the link between objective measures and subjective perceptions was established and 

validatecl- Using this model, human critena for seat interface pressure parameters were established. While this 

is a valuable contribution. especially in the context of product validation testing, seat system design teams need 

to understand how to impact the objective measures related to comfort prior to building a prototype. To this 

end, seat geometry and contour design guidelines were &nved. The model, togeuier with the design guidelines, 

is expected to make cornfortable seat design the nom rather than the exception- This is more than cm be &ci 

about the current process. 

Anthropornecric data were considered when developing the design guidelines. The quality of 

anthropomemc data must be considered a limitation, More specifically, the anthropornetric values cited in this 

dissertation were obtained from a survey of American military personnel conducted by the Anthropology 

Research Project (1 989). While this survey has a large nwnber of anthropomemc measures available, the data 

are limited by the fact that the military sample has a namwer age range and probably includes subjects who 

are more physically fit, on average, than the general North Amencan driving popuIation. Unfonunately. at  

present this is the most comprehensive anthropometric database available. CAESAR is expected to address this 

limitation. CAESAR is an abbreviation for Civilian American and European Surface Anthropornetry Resource. 

This is a cooperative research program that contains partners from the ground vehicle. aerospace, and a p p e l  

industries. The project's objective is to capture representative body sizes of the current American and European 

populations. Once available, the automotive seating can use the CAESAR data to (1) select truly representative 

subject samples for research studies and (2) better optimize seat geometry and contour- 

To reiterate, the seais studied were al1 from the compact car segment. Therefore, the prediction models 

presented as part of this dissertation can only confidently be applied to the smdied segment. The belief is that 



seats fiom different vehicle segments (e.g. sporty, luxury car, van, etc-) have different characteristics and, 

therefore, comfort properties. This belief needs to be substantiated with data. For this reason, it makes sense, 

a s  part of future research, to study seats from different vehicle segments to determine if there are segment 

specific differences- If differences are found, then s a t  suppliers would be wise to create a few segment specific 

models per year. Once al1 the segment specific models are created, the original segments need to be re-visite. 

and the models need to be updated to reflect the fact that perceptions of cornfort will, inevitably, change with 

tirne. If there are no segment specific differences, it is still important to monitor the single mode1 to ensure that 

it performs well when applied to new programs. From a research perspective, the effort will, however, be less 

involved (Le., fewer seats will be required). Either way, the recommendation is for the automotive seating 

industry to use the approach outiined in this dissertation to continuously improve the prediction models. 

Without considering the growth of the international automotive market, efforts io quantifi comfort 

must be considered incomplete. For this reason, seats from other parts of the world need to be investigated 

using subjects from the intended markets. The assumption is that perceptions of comfort are unique to different 

parts of the world. For example, Western Europeans, as compared to North Americans, are, generaily, thought 

to prefer firmer seats. Data are required to support or refute these types of clairns. 

To enable optimized, automatic adjustment of an automobile seat it may be possible to combine the 

comfort position findings with the seat interface pressure findings. More specifically, seat position can, quite 

feasibly, be deterrnined from occupant anthropometry by means of pressure sensors built into the foam of the 

seat. The pressure values can then be analyzed and compared to postures and the level of cornfort associated 

with them. At this point, seat position can be instantaneously adjusteci based on a single reading of the pressure 

sensors (Le., default settings) or customized to occupant preferences (i-e., memorized personal options)- 

Another interesting possibility is continuous, intelligent djustment, This can only be accomplished by taking 

advantage of the force movie capability of the seat interface pressure technology. In other words, seat interf'e 



pressure needs to be considered over time. If successfüily implemented in the realm of automobile seating, 

these concepts can be extended to apply to other types of seating (aîrplane seatîng king the most notabieh 

This manuscript has alluded to the fact that, in addition to comfort, the health and safety of the 

occupant are affected by seat design. Here this point will be elaborated on in the context of recomrnendations 

for future research- Many researchers have Linked lower back pain ro long periods of driving (Kelsey et al., 

1987; Heliovaara, 1987)- Previously Troup (1978) identified postural stress, vibration, muscular effort. and 

impact and shock as the cause of lower back pain in drivers. Poshiral stress is exposure to long-term sitting in 

the sarne position. Vibration is transmined fiom the automobile thmugh the seat- Muscular effort contributes 

to occupant fatigue. Impact and shock are road hazards. In these façtors exposure is the critical parameter- 

The automobile seat's role in Iimiting exposure to these factors should be investigated with special emphasis 

on low back pain. 

From a safety perspective, the seat is structurally an integral part of the occupant restraint systern. The 

shoulder and lap belts have k e n  attaçhed to inertial reels that permit occupants to change their position. The 

evaluation of automobile seat cornfort needs to consider the restraint system. For example, the Mt,  crossing 

an occupant's body, follows a minimum path principle (Searle, 1974). Atmchment locations and the shape of 

the seated occupant's body control belt path. Some occupants find the path across their neck and shoulders 

(States et al., 1987) or over their pelvis (Sato, 1987) uncornfortable, A review of accident data shows that some 

occupants do not Wear seat and shoulder belts or Wear them improperly. Thus, the effects of restraint 

parameters on seat comfon should be evaluated. 

In this study, the center of force was studied in relation to the ioad- Recail that the load at the center 

of force for the cushion and seatback were considered input variables for the overall comfort index prediction 

rnodel. The location of the center of force may, however, be an important parameter in the deveiopment of 

occupant detection systems for safe airbag deployrnent. Injuries or, in some cases, deaths, have made safe 



airbag deployrnent for smaller passengers (particularly children) a big issue. The automotive seating industry 

has reacted by attempting to create smart seats (Le., seats chat know when to deploy). It c m  be speculated that 

the location of the center of force will, probably, be different for arlults, children, and other objects. It may, 

consequently, be possible to design a seat with sensots that can detect differences in center of force location. 

The end product would be a safer seat because the airbag would not deploy when occupied by children or other 

objects (eg. briefcase, grocery bags, golf bag, etc,), 

This research was, obviously, geared toward applications at the complete seat level (i-e., Tier 1 

supplier level). At the component Ievel (Le., Tier 2 supplier level) it may be useful to predict comfort in 

specific regions. As an example, suppliers of lumbar mechanism may adopt a sirnilar but more focused 

approach to predict subjective perceptions of lumbar cornfort, A preliminary idea involves assessing seat 

interface pressure characteristics in the lumbar region by dividing the pressure sensitive mats into an area 

corresponding to the lumbar region, An inunediately apparent shortçoming is the fact that the pressure sensitive 

mats need to be arbitrarily divided into regions by the researcher. In this way, subjectivity is being introduced 

into the process. Cornfort assessrnent must become more scientific if it is to be embraced by seat system design 

tearns. 

In addition to geomeuy and contour, design recommendations are required for foam firmness. Just 

like geometry and contow, finnness will, probably impact seat interface pressure (particularly peak pressure 

and total force). Altering the foam formulation can Vary f imess .  Design reconunendations will, therefore, 

need to be reduced to a chemistry level. 

Emerging technologies such as neural networks have many potential industrial applications in 

diagnostics, modeling, and conuol. With this said, it should be possible to train a neural network to learn the 

relationships between design featwes, human attributes, and comfort measures. Based on this work, a two- 

tiered neural nehvork linking seat geometry and contour (i.e., design parameters) to seat interface pressure (an 



intermediate dependent variable) to the ûverall comfort index may be appropriate. In this way, the design is 

related to the measurable, which is related to the perception of comfort. 

Seat C was the most cornfortable compact car seat in this study. This seat was not designed using the 

human criteria and design guidelines presented as part of this research. There are, therefore, seat system design 

teams that have successfully developed comfortable automobile seats. These teams should be surveyed to 

extract their experiences and knowledge. The findings could be used to vaiidate the formalized design 

guidelines. 

Al1 research requires assumptions, This section will conclude in a list of assumptions that should (a) 

set the theoretical Framework for the present investigation and (b) allow the interested reader to derive other 

ideas for future research. 

Automobile seat comfort affects purçhasing decisions (i-e., seat cornfort is a product differentiator). 

Seat system design teams suive toward minirnizing discomfon or maximizing the level of positive cornfort, 

Current design and development practices, which are inefficient and outdated, have a low success rate in 
t e m  of producing comfortable automobile seats- 

Consumers evaluate automobile seat cornfon subjectively. 

Seat system design teams need objective, measurable laboratory standards that can be linked to subjective 
perceptions of comfort. In this way, seat designs can be evaluated and distinguished. 

Quantification methods are meaningless without an understanding of what occupants perceive as 
confortable. The best way to obtain this understanding is through the administration of a reliable and valid 
survey. 

Seat system design reams need reliable and valid survey data in order to develop prediction modeIs and 
design guidelines. Present day prediction capability has been hindered by the lack of an acceptable 
subjective instrument- 

The automobiIe seat comfort development process could be improved if more attention was paid to the 
quantitative aspects of survey design and analysis- 

The role of survey data is not expected to dirninish with tirne. As perceptions of comfon evolve (a seat 
design that is comfortable today may not necessarily be cornfortable tomorrow) and new measuring 
techniques are deveIoped, survey data will be required to update prediction models and design w-delines. 



The vehicle interior is a workstation - the driver's seat is one constituent element- 

Driver-selected seat position (i.e. posture) is a compromise between what is good and what is practical. 

Seat comfort cannot be quantifieci without 6rst defining a spafe in *ch a posturai compromise is possible. 

Individuai preferences in adjustrnent need to be understood and accommodated. 

Advances in seat adjustability, in terrns of many and varied features, are overwhelming and intimidating 
consumers. 

Consumers would be more satisfied with their automobile seats if they were provided with more direction 
on how to take advantage of the features, in terms of seat adjustment, designed to enhance cornfort, 

A scientific method will elevate seat interface pressure into a standard objective m a u r e  of seat cornfort, 

Seats frorn the sarne vehicle segment have comparable H-Point to Heel Point relationships (Le. vehicle 
packages), 

Subjects are consistent in their selection of seat position. 

Subjects cannot recail their survey responses after a pend  of five months. 

Driver preferred seatback angle is dependent on vision requirements and steering wheel location. 

Driver preferred track position is dependent on seat height, cushion angte, and pedal location. 

Once fatigue has set in, seat adjustment will not alleviate discornfort- 

Seat design characteristics related to contour and geornetry affect seat interface pressure measures. 

Consumers have segment specific seat comfon criteria (e.g. compact cars vs. luxury cars vs. sporty cars). 
Segment specific contour and geornetry guidelines and prediction models are necessary to satisQ different 
cornfort requirements. 

Trim construction affects seat appearance. 

Perceptions of automobile seat comfort are unique to different parts of the world. 

There is an opportunity to optimize automobile seat design based on health considerations (Le- low back 
pain). 

Seat interface pressure characteristics (particularly center of force measures) are different for adults, 
children, and other objects. This has important implications in the design of occupant detection systems 
for safe airbag deployrnent based on seat interface pressure technology. 



6. APPENDICES 

Appendix A: Data used for Survey Development 
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Dernographics and Anthropometry 

Age (yrs) Gender Standing Height (cm) Body Mass (kg) 
46 O 1 56 58 



Appendix B: Survey R d t s  from Five Seats 



Subj, # I  Suhj. # 2  Suhj. #3 Suhj, #4 Sihj, #5 Subj. #6 Suhj. #7 S h j .  #8  Sihj. #9 Siihj. # I O  S b j ,  # l  1 %hj, # 1; 

3eai A 
Apperiraiicc Raiing 4.5 4.5 2.5 4 4 3 4 4.5 4 3 4.5 
A. Aniounl of Lumhar Suppori - I - 1  - 2  O - I - 1 - I  - I  O - I O - I 
B, Luinbar Canifori - I - I -2 O  - I  0 O - I O  - I 0 ( 

C. Amuii i  ofMid-Back Support - I o - 1 - I - I - I O O - I O a - 1 
D. Mid-Back ConilQri - t 0 - I  - 1  O  O  O O - I O O - I 
E Amui i i  of Back Laieml Suppon - I O - I - I 0 - 1 - I O I - 1 O - 1 
F. Back Lateral Confort - 1 0 - 1 - 1 O - I - 1 0 - 1 - I O - 1 
G, Seai Back Fccl 1 Fimcss 0 O I O - I - 1 - I O O - I - I - 1 
Owrall Seatback lndex 6 2 9 4 4 5 4 2 4 S I 6 
H. Ischia1 / Butiocks Conûort 0 O O O O O 0 - 1 O - I O O 
1, Thigh Codori 0 - 1 - 1 - I -2 - 1 - 1 O 0 -2 - 1 (1 

J, Cushion Laieml Coidori 0 O - 1 - 1 - 1 - I - I - 1 - 1 O - 1 O 
OwraiI Cushion M x  O 1 2 2 3 2 2 2 1 3 2 (1 

Owrall Chdo~t  index 6 3 I I  G 7 7 6 4 5 8 3 6 

kat B 
Appeannce Raiing 4 3.5 2 3 2.5 2,s 2 2,s 3 3 3 ,S 2.5 

A. Arnouni of Lunhar Suppon -2 -2 -2 - I - 1 0 - 1 - i I - I - I - 1 
0, h n h a r  Cordori -2 -2 - 2 -2 - I - t - I - I - 1 - I - 1 - I 
C, Amuni  of Mid-Rack Support - 2 - I - I - 1 O O - I - I - I - I O a 
D. Mid-Biick (31nlOri - 2 - I - I - I O o - I O - I - I O a 
E Amunt of Back Laieriil Support O O - 1  - 1 - I -2 - 1 - 1 - 1 - 1 - 1 - 2 
F, Back laieral &dort O 0 - 2 - 1 - I - 2 - 1 - I - 1 - 1 - 1 -2 
Q Seai Bac k Peel / Fimcss O 0 - 1 - 2 - 2 - 1 -2 - 1 - 1 - 1 - 1 -2 

OwraU Seatbefk Index 8 6 1 O 9 6 6 8 6 7 7 5 8 

H, Ischial / Buttocks Confort O - I I - 1 O - 2 -2 0 - I - 1 - 1 - 1 

1, Thigh ConiTori - I - I - 2 - 2 -3 - 1 -2 - 1 - 1 - 1 - 2 0 

J. Cus hion hteril Conîorî O - 1  0 - 1 - ! - 1 - 1 O - 1 - 1 - I - 1 
Owrall Cus hion Index 1 3 3 4 4 4 5 1 3 3 4 3 

Owrall W o r t  lndex 9 9 13 1 3 1 O 1 O 13 7 1 O 1 O 9 l u  



I 
-- - - --- 

Wj, #I Sthj. #2 Suhj, #3 Swbj. #4 Swbj. #5 Sthj. #6 Subj, #7 Subj, #8 Subj, #!I Suhj, # I0 Suhj, # l l Suhj. # 

Scat C 
Appeilril~lcc Rating 
A. Anlount of I ~ n h a r  Support 
B. Lumbar Cond'ort 
C. Amu~ i t  of Mid-Back Support 
D, Mid-Back Condbrt 
E Amunt of Back Mcral Support 
F. Back L;rteralCondbrt 
G Sear Back Feel/ Finmcss 
Owrdl Seatbock lndex 
H. Ischid/ Bullocks Comfort 
1, Thigh Canforl 
1. Cushion Lateral Coniort 
Owrall Cushion Index 
Owrdl ComCiwt h k x  2 2 4 2 3 4 I 2 I 3 I 2 

Scat D 
Appearance Rating 
A. Amount of hnhar  Support 
B. Luhar  Confor( 
C. Amount of Mid-Back Support 
D, Mid-Back Coldon 
E Amount of Back Lateral Suppon 
F. Back btcrat Co1114'01-1 

G Scat BackFecl/ Finmcss 
Owrall S e a t k k  lnQx 
H, Ischiall Buttocks Comfort 
I, Thigh ComCbrt 
J ,  Cushion Lateral Chrdiort 
Owratl Cushion Imlex 



I 
. 

Subj. # l slihj. #2 %bj. #3 Suhj. #4 bhj.  #S &hj, tY 6 Subj, S u  8 Subj, #9 Subj. # I O  Suhj. # l l Shj. # 

Sclii E 
Appcarancc Rating 4.5 4 3 .fi 3 .S 2.5 3 3 2.5 3 .S 3 2 ? 
A. Amouni of Lunhar Suppon - I - 1 - I - 1 - 2 - I - 2 - 1 2 - I - I -2 

B. Lumhür Cbnd'ort - I - I - I - 1 - 2 - I -3 - 1 -2 - I - 1 -2 

C. Amunt of Mid-Back Suppori - 1 0 - 1 - 1 - 1 1 1 I 1 - 1 1 1 

D, M id-Bac k Cordori -2 - 1 - 1 - 1 - 1 - I 1 - I - 1 - 1 - I - 1 
E Arnouni of Rack Lritcml Support - 2 -2  -2 - 1 - 1 - 1 - 1 - 2 - 1 - 2 - 1 1 

F. Back Lateril Camlori -2 - 2 -2 - 1 - 1 - 1 - 1 -2 - I - 2 - 1 - 1 

G, Scat Back Fcel / Fimncss - 1 - 1 t 1 - 1 - 1 - 1 2 1 1 1 1 

Owrall Seotbnck Index 1 O 8 9 7 9 7 1 O 10 9 9 7 S 

H. Ischiiil l Buiiocks Cornfort - I - I - I -2 - 2 - 2 - ! - I - I - I - 1 - 1 
1. Thigh Corrfort - 1 - I -2 -2 -2 -2 - I - 1 - I - I - I -1 
1, Cus hion Latcral Coidort O - I - 2 -2 - 2 -2 - 1 - 1 - 1 - 1 - 1 -2 
O~ierdl CUS hion Index 2 3 5 6 6 6 3 3 3 4 3 5 

Owall Conilwt lndex 12 1 I 14 1.7 15 13 13 13 12 13 1 O 14 



Appendix C: Driver !%kdd Seat Posiîion Daa 





Appendix D: Seat Interface Pressure Data 



Seatbac k 
Contact Area Total Force Center of Force FBak Ressure 

m'a (N (glc (glcW2) 
1105,55 191.6 31 54,6 
1605,16 305,O 6 834 
165264 421.6 5 1 70.6 
1223,22 2640 19 64.2 
1477,16 36û,6 8 135,O 
1302,71 278.7 39 112,O 
1085,93 220,8 36 55,2 
1268,64 223,ii 5 475 
1328,51 250,3 24 48,8 
1435.87 3548 37 88,6 
1238,71 21 1,8 2 1 462 
1091 .OB 1947 47 51,s 
989.93 137.4 27 60.7 

362,7 14 73.4 1896.25 
1602.S8 3423 17 644 
1308.90 246,9 40 037 
1454.54 322,8 8 103,O 
1 166.45 185,6 28 657 
1 162,32 203.6 30 528 
1286.19 1935 3 43.8 
135638 268,5 9 61.8 
135226 269,2 19 785 
1255.22 170.5 21 43.8 
1 143,74 179,l 13 78.5 

Seat Subject 

A 1 
A 2 
A 3 
A 4 
A 5 
A 6 
A 7 
A 0 
A Q 
A 10 
A 11 
A 12 
B 1 
8 2 
6 3 
B 4 
B 5 
B 6 
B 7 
B 8 
B 9 
B IO 
El 11 
B 12 

Cus hion 
Contact Area Total Force Center of Force Rsak Ressure 

(cW4 (N) (g/cW2) ( C m W  
1 634 .Oô 4445 13 1 13,O 
1967.48 1010,2 68 145.0 
181 1.61 726,4 41 133.0 
1713.55 554.8 9 74,6 
1616.51 592.9 34 160,O 
1657,BO 556,9 10 129.0 
1601,03 376.5 23 81.6 
1660.90 558.7 38 122,O 
1794.06 524.8 12 71,1 
1784.77 700.9 O 90,9 
1775 A8 568.5 44 107.0 
1584.51 5W6 20 112.0 
1595.87 366.9 17 120.0 
1964.38 1065.5 31 135.0 
1716,64 792,7 35 174,O 
174658 507,7 27 78.4 
1644,38 646,9 26 247.0 
1683.61 599.5 24 1244 
1592.77 423.3 O 627 
176929 584.0 43 142.0 
168671 415.8 14 112.0 
183432 672,2 17 82.3 
1665.03 457.3 37 90.1 
1493.67 527.7 40 121.0 



Seat Subject 
Cus hlon 

Contact Area Total Force Center of Force Wak Ressure 
Seat bac k 

Contact Area Total Force Center of Force Wak Pressure 



Seatbac k 
Contact Area Total Force Center of Force Rsak Ressure 

L (cW2) (N) (dcW2) (glcW2) 
952.77 186.6 50 61.1 

ign.80 557.0 37 83.1 
1530.84 451,8 6 1 81.8 

l 1346.06 291,5 48 63.5 
1571 ,O9 453,7 32 117.0 
127587 293.2 37 75,7 
1357.42 325,6 40 843 
1200,51 277.8 26 59.0 
1336.71 275.0 2 1 733 
1 335.74 341.3 60 808 
1263-48 153,8 13 47,7 
1 150.97 253.0 37 70.8 

Seat Subject 

E 1 
E 2 
E 3 
E 4 
E 5 
E 6 
E 7 
E 8 
E 9 
E 10 
E 11 
E 12 

Cushion 
Contact Area Total Force Center of Force Reak Pressure 

(cW2) (N) (glcW2) Wcm"2) 
1607.22 424.0 12 86,4 
1947,87 970.0 34 159.0 
1748.64 708,O 3 1 123.0 
1786.84 547.0 36 73.1 
1692.90 541.3 33 86,4 
1703.22 564.1 28 940 
1692.90 462,3 4 54.1 
16!56.77 519.9 29 95.a 
170838 500.9 9 693 
1822,96 667.9 16 77,9 
1836,38 593.7 14 713 
1493.67 4437 24 79.8 





Subject #l  
Cushion 
Seat A 

Subject #1 
Back 
Seat A 

Subject #2 
Cushion 
Seat A 

Subject #2 
Back 
Seat A 

Subject #3 
Cushion 
Seat A 

Subject #3 
Back 
Seat A 



Subject #M 
Cushion 
Seat A 

Subject if4 
Back 
Seat A 

Subject #5 
Cushion 
Seat A 

Subject #5 
Back 
Seat A 

Subject #6 
Cushion 
Seat A 

Subject #6 
Back 
Seat A 



Subject #7 
Cushion 
Seat A 

Subject #7 
Back 
Seat A 

Subject #8 
Cushion 
Seat A 

Subject #8 
Back 
Seat A 

Subject #9 
Cushion 
Seat A 

Subject #9 
Back 
Seat A 



Subject #IO 
Cushion 
Seat A 

Subject #10 
Back 
Seat A 

Subject #I 1 
Cushion 
Seat A 

Subject # l l  
Back 
Seat A 

Subject # 12 
Cushion 
Seat A 

Subject #12 
Back 
Seat A 



Subject # l  
Cushion 
Seat B 

Subject # 1 
Back 
Seat B 

Subject #2 
Cushion 
Seat B 

Subjec t #2 
Back 
Seat B 

Subject #3 
Cushion 
Seat B 

Subject #3 
Back 
Seat B 



Subject #4 
Cushion 
Seat B 

Subject #4 
Back 
Seat B 

Subject #5 
Cushion 
Sear B 

Subject #5 
Bac k 
Seat B 

Subject ii6 
Cushion 
Seat B 

Subject #6 
Back 
Seat B 



Subject #7 
Cushion 
Seat B 

Subject #7 
Back 
Seat B 

Subject #8 
Cushion 
Seat B 

Subject #8 
Back 
Seat B 

Subject #9 
Cushion 
Seat 8 

Subject #9 
Back 
Seat B 



Subject #IO 
Cushion 
Seat B 

Subject #10 
Back 
Seat B 

Subject #I l  
Cushion 
Seat B 

Subject #11 
Back 
Seat B 

Subject #12 
Cushion 
Seat B 

Subject #12 
Back 
Seat B 



Subject #1 
Cushion 
Seat C 

Subject t l  
Bac k 
Seat C 

Subject #2 
Cushion 
Seat C 

Subject #2 
Back 
Seat C 

Subject #3 
Cushion 
Seat C 

Subject #3 
Back 
Seat C 



Subject #4 
Cushion 
Seat C 

Subject #4 
Back 
Seat C 

Subject #5 
Cushion 
Seat C 

Subject Jt5 
Bac k 
Seat C 

Subject #6 
Cushion 
Seat C 

Subject #6 
Back 
Seat C 



Subject #7 
Cushion 
Seat C 

Subject #7 
Back 
Seat C 

Subject #8 
Cushion 
Seat C 

Subject W8 
Back 
Seat C 

Subject #9 
Cushion 
Sear C 

Subject W9 
Back 
Seat C 



Subject #10 
Cushion 
Seat C 

Subject #10 
Back 
Seat C 

Subject # I  1 
Cushion 
Seat C 

Subject #Il 
Back 
Seat C 

Subject # 12 
Cushion 
Seat C 

Subject t 1 2  
Back 
Seat C 



Subject #1 
Cushion 
Seat D 

Subject #1 
Back 
Seat D 

Subject #2 
Cushion 
Seat D 

Subject #2 
Back 
Seat D 

Subjecf #3 
Cushion 
Seat D 

Subject #3 
Back 
Seat D 



Subject #4 
Cushion 
Seat D 

Subject #4 
Back 
Seat D 

Subject #5 
Cushion 
Seat D 

Subject #S 
Back 
Seat D 

Subject #6 
Cushion 
Seat D 

Subject #6 
Back 
Seat D 



Subject #7 
Cushion 
Seat D 

Subject #7 
Bac k 
Seat D 

Subject #8 
Cushion 
Seat D 

Subject #9 
Corn fort 
Seat D 

Subject #8 
Back 
Seat D 

Subject #9 
Cornfort 
Seat D 



Subject #10 
Cushion 
Seat D 

Subject #10 
Back 
Seat D 

Subject # I l  
Cushion 
Seat D 

Subject # 1 1 
Back 
Seat D 

Subject #12 
Cushion 
Seat D 

Subject #12 
Back 
Seat D 



Subject # I  
Cushion 
Seat E 

Subject #L 
Back 
Seat E 

Subject #2 
Cushion 
Seat E 

Subject #2 
Back 
Seat E 

Subject #3 
Cushion 
Seat E 

Subject #3 
Back 
Seat E 



Subject #4 
Cushion 
Seat E 

Subject ii4 
Back 
Seat E 

Subject #5 
Cushion 
Seat E 

Subject #5 
Back 
Seat E 

Subject #6 
Cushion 
Seat E 

Subject #6 
Back 
Seat E 



Subject #7 
Cushion 
Seat E 

Subject #7 
Back 
Seat E 

Subject #8 
Cushion 
Seat E 

Subject #8 
Back 
Seat E 

Subject # 
Cushion 
Seat E 

Subject #9 
Back 
Seat E 



Subject #IO 
Cushion 
Seat E 

Subject R10 
Back 
Seat E 

Subject # l  I 
Cushion 
Seat E 

Subject #11 
Back 
Seat E 

Subject #12 
Cushion 
Seat E 

Subject #12 
Back 
Seat E 
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