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ABSTRACT
Professional truck drivers are highly exposed to fatigue and work related injuries. Truck drivers are 
common victims of musculoskeletal disorders, frequently suffering from pain symptoms particularly in the 
neck, shoulder and lower back. This situation is believed to be a contributor to the high absenteeism in this 
job category. A high percentage of this problem is due to the adoption of an unhealthy driving posture 
resulting from inappropriate seat design. This incorrect and poor design is owing to the insufficient and 
obsolete anthropometrical data which has been used for decades for arranging and positioning components 
in the driver environment.  

The main objective of the present study was to create and construct a mathematical model which clarifies 
and predicts the drivers’ comfortable sitting posture and position. It was hypothesized that the length and 
height characteristics of some body segments as well as the body weight and waist circumference of the 
driver have a great impact on the selection of a specific sitting posture. The steering wheel positions as 
well as the pedal/floor locations were hypothesized to be highly correlated to the driver’s selected posture 
and the corresponding comfort. The effect of the seat position on posture selection and related comfort 
assessments constituted the other hypothesis of the study which received extra attention. 

A laboratory experiment on a Scania truck cab mock-up was conducted. The seat track travel along a 
vertical as well as horizontal forward-backward path was obtained by mounting the seat on the motorized 
rigid frame which allowed unrestricted vertical and fore-aft travel. The seat cushion angle and backrest 
angle were adjusted by pivoting the entire seat and backrest around a lateral axis and independently. The 
pedal components were mounted on a motorized platform, thus allowing unrestricted fore-aft and height 
travel without any changes in the pedal angles. The steering wheel was mounted on the instrument panel
by two independent pneumatic axes which allowed a wide range of adjustments including tilting and 
moving along the sagittal plane for adjusting the height and distance. The test plan called for 55 
international highly experienced heavy truck drivers. The drivers were recruited to span a large range of 
body weight and stature, in particular to ensure adequate representation of both the extreme as well as the 
normal group of drivers. The drivers filled in a general information questionnaire before undergoing the 
anthropometrical measurements and thereafter the test trials. The experiment contained a subset of test 
conditions with five different trials using random selection sampling procedure. Drivers were asked to 
adjust the components in a wide range of trajectory according to a written protocol. A sparse set of three-
dimensional body landmark locations and the corresponding comfort assessments were recorded. 

As the main part of the result, the mathematical models using multiple regression analyses on selected 
body landmarks as well as anthropometrical measures were developed which proposed a linear correlation 
between parameters. The differences between the observed data and the corresponding predicted data 
using the model were found to be minimal and almost dispensable. Additionally, the drivers preferred to 
sit in the rearmost position and at a rather high level relative to the rest of the available and adjustable 
area. Considering the normal adjustable seat area of the cab, only a very small part of the observed H-
point data lies within this area while a large remaining amount of data lies outside of it. Moreover, the 
difference between the observation (plotted H-point data) and the neutral H-point was found to be 
significant. Furthermore, and since some of the data lies almost on the border of the adjustable area, it may 
indicate a reasonable tendency for even more seat adjustment in the backward direction. A conceptual 
model consisting of four different parameters was developed and presented in the end. These parameters 
of the model suggest being as key factors which play a central role on process of decision making 
regarding the selection of a desirable sitting posture. Any eventual modifications and adjustments for 
elimination or minimizing discrepancies, biases or obscured factors affecting the quality of the 
mathematical model would be a case for future study. The investigation of a complete assessment of 
comfort should be supplemented with an analysis of how many truck drivers are satisfied with the comfort 
in the end. 

Key words: truck driving, anthropometry, body landmarks, discomfort, sitting posture 











Abbreviations and Acronyms 
AHP Accelerator Heel Point 

ASIS Anterior-Superior Iliac Spine 

BL Body Landmarks 

BMI Body Mass Index  

BOF  Ball Of Foot 

CPM  Cascade Prediction Model 

EEG Electroencephalography 

EMG Electromyography 

H30 dimension Seat height 

H-point Hip joint 

IPM  Independent Prediction Model  

L5 Lower lumbar spine 

LFC Lateral Fumeral Condyle 

LHC Lateral Humeral Condyle  

NHTSA US National Highway Traffic Safety Administration 

NIOSH National Organisation Safety and Health 

OPM Optimization Prediction Model 

PD Pelvis Depth 

PD-process Product Development process 

PH Pelvis Height 

PSIS Posterior-Superior Iliac Spine 

PW Pelvis Width 

R- point (SgRP) Seating Reference Point  

SAC  Science Accessories Corporation 

SAE Society of Automotive Engineer 

SPSS Statistical Product and Service Solution 



SRC Subjective Rating of Comfort including questions:

 Ratavstånd = STW distance 

 Rathöjd = STW height 

 Ratvinkel = STW angle 

 Sithöjd = Seat height 

 Sitvink = Seat angle 

 Rygvink = Backrest angle 

 Golvplac = Floor level 

 Gasped = Accelerator 

 Kopplin = Clutch level 

 Helhet = Overall feeling 

STW Steering Wheel 

VIMS  Vehicle Interior Measurement System 
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1 Background 
Truck driving is not an easy occupation, rather it can be considered one of the most 
dangerous professions, annually taking many lives in highway and long distance 
accidents as well as along local routes and in city traffic violations. The range of injuries 
and fatalities which occur mostly in rollover accidents is even more extensive when 
driving certain types of rigs such as tankers and flatbeds, known as probably one of the 
most dangerous major occupations. 

Whatever the type of heavy duty vehicle, as far as the working condition of truck driver is 
concerned, two major types of problems may arise. The first one, as stated above, can be 
classified as Traffic Related Accidents such as fatalities and injuries in various traffic 
situations. The second type supposedly belongs to general ergonomical issues directly 
related to the psycho-physiological working condition of truck drivers and can be 
classified as Work Related Symptoms i.e. musculoskeletal disorders and pains, symptoms 
of stress, etc. The present study will consider the latter concept (Work Related 
Symptoms) and deal with this issue in more detail. A clarification of these issues are 
summarized in the following table 

Table 1-1. Categories of health related risks 

Risks Traffic Related Accidents Work Related Symptoms 
general ergonomical issues 

Type of 
injuries 

fatalities and injuries in various traffic 
situations 

psycho-physiological 
working condition of truck 
drivers 

musculoskeletal disorders 
and pains, symptoms of 
stress, etc. 

Considerd 
in study 

XXX Work Related Symptoms 

1.1 Drivers’ Work Related Symptoms 
Vehicle drivers are seriously exposed to various types of work load such as 
environmental and psycho-physiological problems while they are engaged in driving 
activities. In studies by Gyi and Porter, 1998 as well as Porter and Gyi, 2002, professional 
drivers are considered to be highly exposed to work related injuries. These injuries 
comprise musculoskeletal disorders mostly concentrated on upper extremities such as the 
neck, the shoulder but also the lower back. The problems are more severe for long 
haulage drivers who continuously work in a relatively static posture while interacting 
with the vehicle as well as the surrounding environment. These job characteristics make 
the driving task simultaneously monotonous and complex from the psycho-physiological 
point of view. Work related complaints from drivers regarding the problems of both long-
term and short-term effects with respect to the physical and psychological requirements 
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imposed by driving tasks have been a subject of interest in the research world. Problems 
with the long-term effects such as health, safety and workload and those of short-term 
effects including the abilities and competence to perform the tasks are typical issues 
regarding this occupation. Noise and vibration, musculoskeletal pain and fatigue resulting 
from tiredness and losing alertness, etc are other more specific examples and are 
encountered as significant factors influencing driving performance.  

Regarding musculoskeletal complaints, truck drivers are common victims of back 
problems, being four times more likely to contract a herniated disc. In a study by 
Milosevic, 1997, long haulage drivers were reported to be exposed to fatigue and to 
experience pain in their backs and legs. It was highlighted in another study by Amditis et 
al., 2001 that only one hour of seated vibration exposure may cause muscle fatigue, 
weaken the soft tissue and make a worker more susceptible to back injuries. Other studies 
reported lower back pain caused by a prolonged sitting combined with whole body 
vibrations (Tya, 1984). 

Furthermore it can be noted that one million back injuries occur per year in the USA 
alone, costing approximately $ 90 billion, whereas there are 5.4 million Americans with 
low back pain disabilities. A large proportion of these injuries and costs are attributed to 
truck drivers (Amditis et al., 2001). European countries and other parts of the world are 
no exceptions to this, with musculoskeletal problems such as back injuries being very 
common victims. 

Regarding driving activities and driver interface, many of the injuries and disabilities can 
be due to inappropriate design and incorrect positioning of components. Sitting posture 
and seat design are of significant importance in this respect and should be given more 
attention due to the drivers’ musculoskeletal complaints. Seat design can play a critical 
role in how much postural musculature is recruited and in understanding the effects of 
static seating and vibration. Both health and safety issues are involved in this 
consideration. 

Driver fatigue and drowsiness are also among those aspects of occupational driving 
having a significant effect on performance and accumulation of stress in this group of 
workers. Drowsiness is considered as one of the critical issue which has been the subject 
of interest in many studies. A great number of injuries and financial losses stemming 
from accidents and traffic violations occur when drowsy drivers are involved. The density 
and range of drowsiness and its effect differ depending on the time, type and 
circumstances of exposure. 

Vibration is another factor in seat design which influences driver comfort. The vibration 
related discomfort, due to a lack of sufficient data as an input required for an appropriate 
seat design, leads to drowsiness, fatigue and insufficient driver behaviour as well as 
repetitive strain syndromes, back pain and shoulder pain (Amditis and Bekiaris, 2002). 

Sitting motionless for a long period of time as well as experiencing vibrations which are 
typical characteristics in driving task can lead to increased back injuries among 
professional drivers including truck drivers. The lumbar spine in a seated human flattens 
as compared to standing, resulting in a 65% increase in disk pressure (Anderson et al., 
1974f). Vibrations in low frequency (the range of 4-6 Hz) as in cyclic motions caused by 
the vehicle tires hitting the road can put the body into resonance. This may result in a 
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three-fold risk of disc herniation for people who spend more than half their workday 
driving (Pope and Hansson, 1992). Many studies reveal that long-term exposure to 
whole-body vibrations can induce degenerative changes in the lumbar spine (Amditis and 
Bekiaris, 2002). 

Driving thus presents a risk which may affect the health and safety of the drivers as well 
as passengers by providing an uncomfortable, uncertain and hazardous situation. 
Discomfort, for instance particularly in the lower back, is among those common 
symptoms in driving activities which may lead to musculoskeletal disorders and pain. 
However, few people understand how damaging extensive driving can be in the long 
term, particularly if they drive a vehicle with limited facilities for adopting an optimal 
and comfortable posture. Research in the USA has shown that men who have ever had a 
job where they had spent half or more of their working day driving were nearly three 
times as likely to develop an acute herniated lumbar disc compared to a matched control 
group (Kelsey and Hardy, 1975). Male truck drivers are at a particularly high risk since 
they were found to be nearly five times more susceptible to develop an acute herniated 
lumbar disc than the males who were not truck drivers. In this study, individual drivers 
with a high range of involvement in driving were recommended to select their vehicles 
carefully to ensure that they could obtain a good posture while driving.  

In a study by Rehn et al., 2002, all-terrain (cross country) vehicle drivers were found to 
be exposed to an increased risk for symptoms of musculoskeletal problems in the neck, 
shoulder and upper back region. The reasons presumably depend on physical factors such 
as whole body vibration, impact, static over load and extreme postures far beyond the 
normal.  

In a study by Jönsson, 2002, tractor drivers’ statures were found to influence their 
subjective assessment of experienced motion. The seat design also influenced their 
experienced discomfort in general as well as in the lumbar spine 

Another study by Adolfsson et al., 2002, on tractor drivers suggests that the work load on 
the drivers’ hip joints decreased more than 15% when the seat height increased by 7 cm, 
whereas on shoulder joints, the work load increased. The work load on shoulder joints 
decreased when the height of the levers increased freely. These results indicate the 
importance of having flexible adjustability designed into cab components. The seat, 
steering wheel, control keys and pedals should be adjustable to fit the individual 
requirements and easy to use in order to enable any necessary variations on the work 
station. 

In a report by The Swidish Trade Union Confederation (LO, 1990) various changes on 
different construction machines have been recommended: 

The machines should be constructed as follows: 

Machines and the driver’s environment should be evaluated as equally as the 
other technical properties in the machine. Very often the driver’s environment is 
referred to as the remaining (left over) cab volume in which the wheel room, 
obscured machine details, vibration, etc. are limited factors for a good work 
environment.  
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The driver seat should be equipped with vibration absorbent properties and be 
easy to adjust to individual requirements. 

Other environmental factors, such as vision, lighting, climate, etc. as well as the 
ergonomical design of the cab should be taken into consideration in order to 
obtain better comfort. 

It is suspected that a considerable amount of absenteeism among occupational drivers is 
due to physical (muskuloskeletal) complaints caused by adopting an unhealthy or 
uncomfortable driving posture (Meulen et al., 1999). A significant amount of these 
problems is due to insufficient and obsolete anthropometrical data which has been used 
for designing driver workspaces in various types of vehicles for many years. 

In a study carried out by the Swedish Work Environment Authority on repetitive work, 
(Kemmlert, et al., 2003), on different work categories in Sweden, the aspects of work 
environment, work-related disorders, sick leave due to work-related disorders and work 
despite sickness were investigated. The results indicated that truck drivers are among 
those categories of workers that are extremely exposed to various types of risks and 
suffer from different symptoms. Truck drivers have been judged to be almost at the top of 
the work categories suffering from all of the investigated symptoms such as monotonous 
job, physically heavy activities, stress and mentally demanding tasks, need for social 
support, little work influence, muskuloskeletal symptoms and fatigue. 

1.2 Importance of proper data for adequate design 
Traditionally, vehicle designers have been dealing with the SAE (Society of Automotive 
Engineers) two-dimensional accommodation tools to design various vehicle components 
including the seat position, reach envelopes, head contours and the eye ellipse (Roe, 
1993). In the recent past, interiors were still laid out on full size paper drawings, using 
articulated plastic templates to represent the driver and passengers. These two-
dimensional tools have later been adapted to the three-dimensional CAD environment, 
but are regarded as anachronistic carry overs from an era when a design did not exist in 
three-dimensions until it was mocked up out of wood and metal (Reed diss., 1998). 

Instead of building up physical mock-ups, vehicle manufacturers with highly complex 
design processes struggle to utilize the human CAD model in order to minimize 
development costs and thereby be able to improve product efficiency and quality. For this 
reason, virtual product development is a significant improvement and useful tool in the 
vehicle industry, promoting profitability and competitiveness which in the end can bring 
considerable benefit to both manufacturer and customers. 

Recently, the utilization of three-dimensional human representation tools in a software 
mock-up has received significant attention regarding driver interface design. These tools 
have helped to evaluate the ergonomical aspects of vehicle design. The ability to evaluate 
the design from an ergonomic perspective in a virtual product has become vital and was 
emphasized in a study by Porter et al., 1995. The human simulation tool as a virtual 
person in the CAD environment is a computerized graphic method which uses a 2D or 3D 
human model (computer manikin) for the analysis of a human machine interface. These 
human simulation tools are used in virtual mock-ups for optimizing comfort, fit, reach 
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and vision (Chaffin, 2001). They are based on anthropometric measurements, link and 
joint structure and movement characteristics (CEN/TC 122 WGI, 2001). There are other 
types of manikins which focus on representing muscular structure (Christenssen et al. 
2003, in Hanson diss.), manikins that represent the inner organs (Petoussi-Henss et al., 
2002) and manikins that focus on human reactions to physical parameters, such as 
temperature (Tanabe and Ozeki, 2002). 

The human simulation tools vary both in types and application area. Firstly, regarding the 
seat design in the vehicle industry as it is highlighted by ergonomists, there are essential 
needs for the identification of the manikin’s sitting posture which should be close to that 
of real drivers. Secondly, manikins need an H-point that is consistent with that of the 
automotive industry. Finally, there is a need for a system which provides the possibility 
(commonle referred to automotive regulation) for a consistent and repeatable positioning 
of a manikin with a realistic posture in the seat and vehicle CAD geometry. Of those 
frequently used in vehicle manufacturing RAMSIS (Seidl, 1994) was specifically 
developed for the automotive industry to encompass these three characteristics (Seidl and 
Speyer, 1997). There are two other major actors JACK (Badler, 1993) and Safework with 
more and less similar characteristics as RAMSIS and they are used in industry and other 
work places. JACK is the Cascade Prediction Model based on laboratory experiments on 
American subjects in different specific vehicle package set ups (Reed diss., 1998). The 
RAMSIS is actually a German product comprising a database of the seated position, 
posture and subjective assessment of comfort which was compiled from a huge number 
of people who participated in a laboratory experiment conducted at a number of German 
automotive industries.  

Many research activities were concerned primarily with improving and optimizing the 
comfort of design rather than predicting how drivers would respond to particular vehicle 
and seat geometries (Reed et al., 2000). There is a shortage of studies applicable to 
posture prediction for vehicle occupants. Posture prediction for drivers is often discussed 
in terms of comfortable joint angles. This means that drivers will tend to select joint 
angles that are close to the center of the range of motion for the joint (Babbs, 1979; 
Bohlin et al., 1989; Grandjean, 1980; Judic et a, 1993 in Reed diss., 1998). According to 
Pheasant, 1986, comfortable joint postures are those in the middle third of the range of 
rotation. However, there is no discussion of how deviation from optimal joint angles 
should be traded off when the optimal angles are kinematically inconsistent with the task 
constraints.  

Predicting human postures under various operational settings has long been a tempting 
goal for biomechanics and ergonomics researchers. While the pursuit of this goal presents 
the opportunities for a better understanding of human movement performance, the desired 
predictive capability, often provided by a model in computerized form, also has 
considerable practical values (Zhang and Chaffin, 2000). 

Recently, the utilization of human figure models in vehicle interior design, including the 
design of truck cabs, has significantly increased. The ergonomics evaluation of interior 
cab design requires very precise and adequate positioning and posturing of the computer 
manikin. The body dimension of manikin used in accurate posture identification should 
match the location of important body landmarks (such as the H-point, BOF or eye 
location) of people of the same size. Therefore, any changes in manikin size or in vehicle 
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geometry (such as steering wheel position) should consequently lead to the appropriate 
and relevant changes in body posture and position (Jahns et al., 2001). 

This summary and brief information regarding different categories of problems indicate 
that driving activity is among those jobs requiring very serious and intensive attention 
and should be taken into consideration in order to eliminate or minimize its relative 
problems. 

1.3 Scania vehicle manufacturer as the study initiator  
In addition to products such as buses and industrial and marine engines, Scania develops, 
manufactures, markets and sells trucks with a gross vehicle weight of more than 16 tons 
(Class 8). Long-distance haulage, construction haulage and goods distribution are the 
main focus for Scania’s heavy duty vehicle production. The Scania global manufacturing 
system encompasses production facilities in Europe and Latin America as well as 
assembly plants in Africa, Asia and Europe. Scania is represented in about 100 countries 
through 1,000 local distributors and 1,500 service points.  

Scania has a long history of technological success in various aspects such as its 
modularized product range. This is the traditional Scania production philosophy which 
has placed the company at the top of the global truck manufacturing branch. Scania is 
also unique with respect to its product development policy which aims at meeting 
customer demands with the right products at the right time in a quality assured way.  

Scania embraces a method of product development called the PD process. It encompasses 
more or less all activities and working structures required for maintaining and improving 
corporate products and services. The different ways of working within the PD process are 
based on a specific procedure which is designated the PD method. This method describes 
the execution of product development activities in different categories and different 
phases.  

The PD process is divided into three separate categories symbolized (see Figure 1-1) and 
illustrated by certain colored arrows. The “Pre-development” area focuses on long term 
development questions and is represented by a yellow arrow. The “Continuous 
Introduction” area is occupied with all projects leading to the introduction of new 
products. It is green arrow activity. The”Product follow up”area is responsible for the 
maintenance and improvement of designs on already existing products. It constitutes red 
arrow activity. All these processes are summarized in a specific chart used as a symbol 
for demonstrating the PD process at Scania. 
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Figure 1-1. The product development process at Scania, illustrated by three different colored arrows.  

As mentioned earlier, different product development activities at Scania are categorized 
according to the above classification depending on the process in which the specific work 
occurs. In this respect, the present research work belongs to a predevelopment activity 
and can be placed in the yellow arrow category. 

In addition to other highly standardized and top quality activities, the Scania policy is to 
provide an atmosphere for motivation and great effort in producing vehicles which 
ergonomically fit the drivers. In the present research work, one of the most critical 
aspects of vehicle ergonomics, namely the driving posture, is studied and highlighted. 
The study focuses on ergonomic implementations and improvements driver interface. The 
entire procedure, including the preparation of the laboratory experiments, data collection 
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and material writing, was carried out at the division of Styling and Ergonomics at Scania 
in Södertälje. The study was conducted in collaboration with KTH (The Royal Institute of 
Technology, Department of Industrial Economics and Management, Division of 
Industrial Ergonomics, in Stockholm, Sweden. 

1.4 The economical innovation and implication of the study 
As often expressed the opinion is that “research doesn’t mean anything unless you can 
apply it”. The present research work was therefore supposed to bring some benefits by 
presenting and implementing the new findings and solutions which could sufficiently be 
applied to relevant occupations as well as to vehicle manufacturing. 

These findings aimed at covering two major issues. The first issue could be reviewed 
under a heading which could be entitled the Managerial Implication partly by studying 
the ergonomical considerations of the driver seat. This would facilitate improving the 
design aspect of the relative components and promoting comfortability in the driver 
interface. Hopefully the improvements would be in agreement with vehicle manufacturer 
strategy in providing the product with safer driving techniques and facilities which are 
ergonomically adapted to drivers of various categories. In other words, the changes and 
developments would favor the drivers and fulfil their requirements by providing them 
with a more adequate and convenient product which would be in line with the customer 
satisfaction strategy. Moreover, the development of a new generation of comfortable and 
safer vehicle seats for the professional driver is a prerequisite for disability prevention as 
well as minimizing complaints regarding the musculoskeletal disorder and pain. This 
would lead to cost reduction in terms of lives, insurance compensation for disability, 
unemployment, musculoskeletal complaints etc.  

In addition to this comprehensive development under the Managerial Implication with 
customer satisfaction in focus, there is another concept in this regard which is of 
significant interest specifically from the manufacturing point of view. This concept takes 
into account the competitive and marketing issue of the products in terms of economical 
properties within the industrial relevance under the heading of Competitive Advantages.
This aspect ought to be reviewed in more detail in a separate chapter, but the 
circumstances in the present dissertation do not allow for such a discussion since the 
focus in the study is on some other aspects.  

The second issue, Academical Implication, in the present study is intended to cover a 
branch of different ergonomical organizations as well as human factor societies, health 
care organizations, universities, etc. Historically, there has been enormous research on 
driver interface and vehicle activities particularly during the last three decades with more 
focus on the car industry. Unfortunately, such a tremendous and worldwide interest on 
car manufacturing has not spread into its neighbouring industry, namely truck 
manufacturing. Therefore, it would be quite relevant to hope that an application of the 
study to have a positive effect regarding its academic implications as well as to bring 
benefits to Scania in particular and the heavy duty vehicle industry in general.
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1.5 Objectives of the study 
The overall objectives of the present research work are: 

1. To measure and analyze the anthropometrical variables of truck drivers in order to 
find out which of these variables may have a significant effect and influence the 
selection of posture and comfort criteria. 

2. To identify and measure the body landmarks of the drivers in five different trials 
in order to determine and figure out the respective body posture.  

3. To identify and categorize the type and form or pattern of sitting posture and 
position selected by drivers when engaged in the driving task. 

4. To analyze and link the subjective rating of comfort and evaluation of component 
locations (the third method of the study) to the driver’s actual sitting posture and 
position.  

5. To ascertain whether or not some underlying pattern of relationship between 
different variables in each set of data exists. Thereby to find out if the data could 
be categorized or reduced to a smaller set of factors or components and used as 
source variables for the observed interrelationships in the data. 

6. To create a mathematical model which can predict the drivers’ specific 
comfortable sitting posture and position (the main objective of the study). 

7. To compare and evaluate the approached mathematical model of the experimental 
cab mockup in order to find out whether the driver’s measured postures and 
positions in the laboratory task will match the predicted posture calculated by the 
mathematical model. 

8. Finally to build up and suggest a conceptualized model which can support and 
clarify the factors behind the selection procedure of driving posture. This is due to 
the fact that a process of judgment in selection of driving posture which controls 
driving activities is believed to be rather complicated and unknown. 

1.6 Hypotheses/assumptions 
It is generally believed that a hypothesis is a specific tentative statement of prediction that 
proposes a possible explanation to some phenomenon or event. A hypothesis should not 
be confused with a theory. It describes in concrete (rather than theoretical) terms what is 
expected to happen in a study.  

Any laboratory procedure without a hypothesis is really not an experiment. It is just an 
exercise or demonstration of what is already known. A formalized hypothesis contains 
both a dependent (observed) and independent (control) variable. 

This short explanation may help to clarify and outline the structure of the present 
hypotheses with respect to the content of the study. To state and ascertain these 
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hypotheses requires a certain procedure in which the successful measurements are to be 
performed adequately and precisely. 

The concept of the present hypotheses be confirmed and supported by the results has 
been studied and constructed according to knowledge and experience available in the 
vehicle industry in general and Scania in particular. 

These hypotheses are formulated and summarized as follows: 

1.6.1 Anthropometrical effects 
One important hypothesis concerns the anthropometrical characteristics of drivers and 
contains the following: 

The length and the height characteristics of some body segments of the driver 
such as stature and buttock-knee as well as the measures of knee height and eye 
height have a great impact on the selection of a specific sitting posture and 
position. 

Body weights and waist circumferences like the other anthropometrical 
characteristics of the drivers are also hypothesized to have a significant impact on 
their selection of postures. 

1.6.2 The component effects 
In terms of component characteristics, several different factors are hypothesized to have a 
significant effect on comfort judgment according to the following formulation. 

The steering wheel positions as well as the pedal/floor locations are hypothesized 
to be highly correlated to the driver’s selected optimal posture and the 
corresponding comfort. 

The effect of the seat position on posture selection and related comfort 
assessments is another hypothesis of the study which received extra attention due 
to its specific characteristics according to the following explanation:  

With regards to the seat component, the speculation is not a simple statement as it is 
regarded in other components. Rather it is supposed to be more complicated. The 
clarification is that when asked to select optimal posture regarding the position of pedal 
and STW, people tend to utilize and consider only a single dimension or characteristic of 
their judgment namely the physical feeling (the distance, angle and height of the 
component). In contrast to this one-dimensional feeling, the driver’s judgments regarding 
the seat position are not limited to only one single aspect of estimation. Instead they 
contain several other feelings such as vision and the field of view and some mental 
characteristics in the judgments as well. A deeper analysis of these phenomena will be 
reviewed later on in the chapter for discussion. 

Regarding these hypotheses the following research questions come up: 
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1.7 Research questions 
1. Is the desired seating posture that is judged and selected by truck drivers in the 

present laboratory study a realistic posture which could fit the driver requirements 
and expectations? 

2. How could the assessment of comfort be used as a judgment tool in the selection 
of the driving posture and to what extent may different criteria of comfort cover 
the entire aspect of the sitting posture? 

3. Do the primary body dimensions (lower extremity, torso, stature, sitting height 
and weight) have any significant effect on the selection of component location? 

4. Is the eye position versus the hip location of drivers according to the experiences 
available in the vehicle industry considered as the most critical body landmarks 
which indicate how drivers prefer to sit?  

5. To what extent can the mathematical model which would be the most important 
outcome of the study be used as an effective tool for determining and predicting 
the desirable vehicle occupant posture and comfort? 

6. Which kind of adjustability of components has the most effect and can contribute 
to driver comfort and preferred posture and position? 

7. In addition to variables such as vision factors, period of driving, etc, how does the 
type of driving task (i.e. long-distance road haulage versus local-route truck 
driving), influence the selection of a specific posture in truck driving?  

8. The sitting posture selected by drivers will have a result on the location of 
different components (seat, STW and pedal). The final research question 
regarding this is therefore to determine if a certain type of interaction or 
relationship between the positions of these components (the H-point, STW and 
AHP) could be created and identified. 
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2 Truck driving activities 
Truck driving is classified among those occupations requiring concentration, alertness 
and vigilance with high quality operations which can be performed by professional 
drivers in a convenient as well as a safe and secure working environment. One major 
aspect regarding the driving interface which can provide such a work environment is 
sitting properties. A well designed sitting device should fit a high percentage of drivers 
and therefore must contain the facilities for adjustability and adaptability. This means that 
all drivers with different requirements should easily be able to find their optimal posture 
for sitting correctly. 

In order to understand the concept for which the truck drivers prefer to select a certain 
posture and position, it is of significant interest to define the following factors: 

some common definitions and identification regarding the vehicle and its relevant 
components 

driver characteristics and driver competence 

driving tasks and proficiencies 

2.1 The concept of a heavy duty vehicle 
Some common definitions and terms regarding heavy vehicle are found in several printed 
sources as well as on a websites (http://www.en.wikipedia.org/wiki/Lorry) and can be 
summarized as follows:  

The first forms of road transport were horses or oxen carrying goods over dirt tracks that 
often followed game trails. As commerce increased, the tracks were often flattened or 
widened to accommodate the activities. 

Road transport, which is supposed to be transport and communication on roads, differs 
from rail transport. 

A truck is a motor wheeled device for transporting goods. The term is most commonly 
used in American English to refer to what earlier was called a motor truck and in British 
English is often called a lorry. This type of truck is a motor vehicle designed with a cab 
and a tray or compartment for carrying goods. According to a definition on this website, a 
tractor (from Latin trahere "to pull") is a device intended for drawing, towing or pulling 
something which cannot propel itself and, often, powering it as well. The word is mostly 
used to describe a vehicle intended for such a task on some other vehicle or object. 

According to SAE J1229, DEC 81, a motor vehicle is primarily designed for the 
transportation of property. The Society of Automotive Engineers (SAE) is an 
organization which developed a variety of standard practices through committees of 
interested auto industry practitioners. These standards are the finalised products of the 
various committee decisions published annually in the SAE Handbook.  

The biggest truck ever is called Terex Titan. There are some other types of smaller 
vehicles such as semi-trailer trucks and pickup trucks.  
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2.2 The driving components characteristics, positions and functionalities 

2.2.1 Seats  
The motor vehicle front seat is a structure engineered to seat the driver and passengers 
comfortably for short as well as extended periods of time with a minimum of fatigue. It 
must position the occupants in their proper locations to assure the desired: 

proximity of the driver to the steering wheel, brake pedal, accelerator pedal and 
instrument panel controls 

Head and leg room  

Field of vision 

In addition, today’s seating device may encompass things such as reclining seat backs, 
swivel seats, arm rests, lumbar supports and head restraints of add-on or built-in variety 
as well as texture, heater, etc. 

Motor vehicle seats are usually equipped with either a manual or a powered seat adjuster. 
A seat adjuster is a device which, when suitably anchored to the vehicle structure, 
supports the seat frame assembly and provides adjustments by manual or power actuating 
assemblies. The past few years have witnessed a tremendous development of many 
aspects of the seat such as the types of seat adjusters, from a simple (two-way straight or 
inclined straight) to a multi-positioning adjuster. These adjusters provide the seat with 
angular tilting and elevating as well as any combination of these and the normal fore-and-
aft movements (Motor Vehicle Seating Manual- SAE Recommended Practice J782b, 
SAE, 1997). A seat which is equipped with sufficient adjusters is designed to provide the 
optimal posture for a large number of drivers with varying requirements. 

2.2.2 Steering wheel 
The steering wheel is a manoeuvring device for guiding and controlling a vehicle. The 
steering mechanism according the Bosch Automotive handbook, 2000 converts the 
driver’s rotational input at the steering wheel into a change in the steering angle of the 
vehicle’s steering road wheels. 

2.2.3 Pedal 
A pedal is a lever activated and regulated by the driver's foot. It is actually the starting 
point for the control force which is applied by direct pressure from the driver’s foot 
(Bosch Automotive handbook, 2000). 

A vehicle is usually equipped with three different types of pedals included in pedal 
components: 

From left to right, the leftmost pedal operated by the left foot is the clutch pedal (except 
in the case of automatic transmission) which is a subcomponent of an engine’s 
transmission. A clutch is designed to allow engagement or disengagement of the engine 
to whatever apparatus is being driven. No pressure on the pedal means that the clutch 
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plates are engaged (driving), while depressing the pedal will disengage the clutch plates, 
for example allowing the driver to shift gears. 

On the right side of the clutch pedal, there is a brake pedal (operated by right foot) whose 
function is to reduce vehicle speed, to bring the vehicle to a halt or to hold the vehicle 
stationary if it has already halted (Bosch Automotive handbook, 2000). The brake is 
actually the part of a braking system in which the forces oppose the vehicle’s movement 
or its tendency towards movement by means of tyre friction against the driving surface. 
The kinetic energy lost by the moving part is usually transformed to heat by friction. 
Alternatively, in regenerative braking, the energy is recovered and stored in a flywheel, 
capacitor or other device for later use. 

Brakes of some description are fitted to most wheeled vehicles, including automobiles of 
all kinds, trains, motorcycles, and bicycles. 

The gas pedal or accelerator is mounted in the rightmost part of the pedal components 
and is operated by the right foot. This controls the fuel supply to the engine and thus, it is 
usually installed close to the car floor which allowing the driver's heel to rest on the car 
floor. 

2.3 A vehicle package geometry and its 3-D coordinates 
One important aspect in the vehicle industry is to design and manufacture the components 
of vehicle in respect to a specific coordinate system called the “three-dimensional 
reference system. This system enables designers, engineers, constructors and other 
experts in production as well as assembly lines to easily identify the components and also 
to support the interaction and communication of these groups. The three-dimensional 
reference system (see Figure 2-1) is defined by three orthogonal planes established by the 
vehicle manufacturer (E/ECE/324, E/ECE/TRANS/505, 2006). 
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Figure 2-1. Vehicle measuring coordinate system (the position of the vehicle) as defined by the coordinates 
of individual marks in the three-dimensional reference system. 

2.4 Drivers and the trucking career 
Who should be a driver and what are driver characteristics and job requirements. 
According to a website source, “a truck driver is a worker who drives a truck with the 
capacity of more than three tons, to transport materials to and from specified destinations 
and may also do jobs to keep the truck in working order”. In another website, a truck 
driver is defined as a person who operates gasoline or diesel-powered trucks, tractor-
trailers and similar vehicles to transport goods and materials over local routes or long 
distances.  

Generally speaking, truck drivers select a distribution category of driving at the beginning 
of their job career and later on as they get older, some shift to the long-distance road 
haulage activities. 

There are essentially three lines of development affecting the driver’s job: 

It could be expected that structural changes will continue to occur in industry in many 
regards and technological developments are not an exception to this rule.  
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The innovation in the field of data processing replaced by the hardware and software 
facilities will be increasingly employed in the vehicle industry as well as in traffic 
management area.  

Other changes can be expected in vehicle technology. It is also important to take into 
consideration the near future scenarios and to plan and decide sufficiently when 
designing a vehicle. 

2.4.1 A behavioural perspective 
More than twenty years ago the following assumptions were formulated in a study of 
truck driving in the US by Gutmann, 1980: 

There seems to be no evidence that regulations have had any great influence on drivers’ 
behaviour, specifically regarding working hours and rest periods. 

Drivers often appear to be working to the limits of physical endurance and well beyond 
the capacity that should be respected in the interests of road safety. 

Although European regulations are in many respects stricter than those in the United 
States, this does not seem to prevent European drivers from working and driving longer 
hours and taking shorter rest periods. 

Another significant aspect influencing driver behaviour is the type and the amount of 
information they are surrounded by and need to obtain while driving. 

The functional objective of in-vehicle navigation systems is to provide drivers with 
information on the basis of which they can select an appropriate route towards the 
intended destination. Recently in Japan, navigation systems were incorporated into many 
vehicles. They have also been incorporated into vehicles in Europe and the USA, 
although less frequently than in Japan. Route selection is influenced by the behavioural 
characteristics of a driver, for example, how that person moves within a space in relation 
to the type of information available. Such a characteristic as a movement within a space 
is considered, in the field of psychology, to be related to space recognition, orientation 
and cognitive map formulation capabilities of an individual (Tatsura et al., 2000). It is 
reported that driver behaviour during route selection is influenced by cognitive maps 
(Freundscuh, 1989), and therefore the consideration of cognitive maps is important when 
designing in-vehicle navigation systems. With respect to the concept of route guidance by 
in-vehicle navigation systems, route guidance information based on direction arrows and 
remaining distance is provided sequentially in the USA. This is called the turn-by-turn 
(step-by-step) concept (Hamahata and Liaw, 1995). Such a difference in the route 
guidance concepts is considered to be characterized by differences in environmental and 
cultural factors between the two countries, which include, for example, structural and 
cultural factors of cities, landmarks, and the method of address allocation. Since cognitive 
maps themselves are designed based on urban layouts and regional characteristics, as well 
as human experiences regarding those factors (Lynch, 1996), in order to design an 
elective route guidance function, it is necessary to consider factors such as the urban 
layouts and regional characteristics which comprise the drivers’ daily environment. In the 
study by Tatsura et al., 2000, with the aim of investigating the effects of national and 
regional factors on route information used by drivers and the drivers’ method of route 
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selection, experiments were performed in Sweden and Japan, using Swedish and Japanese 
drivers as subjects. 

The conclusion was that with in-vehicle navigation systems which consider regional 
factors, it is necessary to examine what kinds of route information and route selection 
methods are used by drivers in the region. 

2.4.2 Anthropometrical dimensions- gender and nationality variations 
As the behavioural characteristics of people in general differ from each other, the human 
dimensions and the anthropometrical aspects also vary. Heavy duty vehicle drivers are no 
exception to this rule and their body sizes differ within a wide range. The variations are 
related to many factors such as gender, races, nationality and nutrition. Significant 
differences found for instance in people’s stature in various occupations have been 
confirmed in various studies. The anthropometrical characteristics of truck drivers have a 
significant effect on perceived comfort which may influence the drivers’ performance. 
The issue of individual variation as one of the most critical aspects of the drivers will be 
discussed in more detail in the Chapter 3. 

2.4.3 Driver and task characteristics 
Experiencing frequent acceleration changes and gear shifting, pedal controls 
manipulation, steering wheel control, manipulating many different electronic devices, 
loading and unloading the vehicle with respect to just in time delivery and many other 
tasks are included in truck driving. 

As noted above, the drivers’ work related tasks may cover some other activities which are 
usually included in the driver’s daily duty. These activities are of various types with 
different characteristics such as: 

providing daily service along a specific route  

performing a safety inspection and checking that the cargo is loaded properly 

loading and unloading the goods and material 

With this introduction and that which was discussed earlier in this chapter, several 
aspects of truck drivers’ tasks and their characteristics should be reviewed in more detail 
for a better understanding of the working condition.  

The driver is to an increasing extend part of a complex “long-distance road haulage” 
system, with a multitude of system components and activities. To explain and identify the 
work, many aspects from the multi-dimensional point of view must be taken into 
consideration. Various kinds of information regarding the physiological and 
psychological data are needed in order to understand the concept of the task. The 
economical aspects also play a significant role in the description of the working 
condition. Since the driver’s cab as a work place determines the working condition, the 
type of vehicle is therefore another significant element to be considered. The type and 
social status of the transport operation also play a critical role in determining working 
conditions, e.g. conveying foodstuffs does not have the same implications as conveying a 
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similar amount or weight of dangerous goods. The driving task often involves time 
pressure and stress which in many cases does not relate only to driving activities. Driving 
activities cannot be compared to many other jobs such as factory work.  

A truck driver’s job calls for careful selection and training; it is a young man’s profession 
and certainly not one to which a person comes into later in life since an excellent physical 
condition is essential. In addition, the job of the long-distance driver includes a certain 
amount of positive and enjoyable aspects such as having a good deal of freedom and the 
opportunity of meeting people (Gutmann, 1980).  

It would be necessary to cover previous long-distance drivers and survey their state of 
health in order to detect any possible long-term effects from their former occupation 
(Gutmann, 1980). This is important for the compilation of health statistics since drivers 
tend to leave the job so early in life despite the fact that many working years still lie 
before them. Truck drivers’ health problems may stem from the following factors: 

the drivers’ pattern of life is considerably more irregular than that of most other 
jobs 

the psychophysical stresses can in the long run lead to psychosomatic diseases 

long-distance drivers eat irregularly and often have a high-caloric intake in 
particular due to eating in order to counteract the monotony of long night drives 

the working hours are mostly spent sitting uncomfortably and in the poor 
atmospheric conditions of a truck cab 

the work alternates between long periods of monotony and high stress situation 

All these factors would probably lead to long-term effects on drivers’ health (Gutmann, 
1980). 

Long distance drivers spend many hours behind the wheel of a truck, driving mostly at 
night. Truck drivers are responsible for driving large and expensive vehicles and goods. 
They normally work the maximum number of hours permitted by law. Many of the trips 
keep drivers away from home several days at a time. Improvements have been made on 
the vehicles so that truck drivers can drive safely and intelligently. There have been many 
changes made in seating, circulation of fresh air and visibility equipment to create safer 
driving conditions. However, vibration, noise, poor weather conditions and the need to 
stay agile and alert in heavy traffic or on long stretches of isolated roads can still cause 
physical and mental stress for the driver. 

Truck drivers who drive in local areas work more regular hours than long distance 
drivers, but sometimes on overtime. They are faced with stop-and-go local traffic as well 
as the risk of driving such large vehicles safely through narrow streets and alleys or 
backing into loading docks.  

Drivers have to follow all traffic laws and rules for safe driving. The driver is required to 
make a vehicle inspection of the truck before and after each trip. Those drivers who drive 
long distances must keep a log of their daily activities and must complete all the reports 
that are needed. 
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The question of road safety raises a number of problems. Although night driving is more 
economical in terms of fuel consumption, it is often a cause of accidents in the case of 
drivers with imperfect vision. It has even been suggested that only about 20 per cent of 
drivers have whether acceptable vision for night driving. Additionally, there are 
sometimes hazardous conditions such as rain, fog and ice which make the roads slippery 
and unsafe (Gutmann, 1980). Surveys have shown that the risk of being involved in an 
accident is slightly higher for heavy trucks than for private cars although such accidents 
are usually more serious (Gutmann, 1980). Road safety risks associated with the vehicle 
include road dynamics, maintenance, etc. While they are certainly related to the vehicle, 
the driver’s influence is considerable. Driver responsibility regarding safe driving is 
significant. Nevertheless there are some shortcomings in vehicle technology or equipment 
with respect to cab design and passive safety (Gutmann, 1980). Many improvements have 
been definitely made regarding driver interface and cab ergonomics, e.g. improvements 
in the layout, operation of controls and adjustable seats. But still the adaptations to the 
driver’s needs and requirements and for whom the vehicle is considered a home have 
been neglected. In addition to the many ergonomical aspects such as lack of space, noise 
level and vibration, a particularly serious problem is the driver seat. This usually fails to 
provide a sufficiently comfortable seating condition or meet the drivers’ requirements.  

2.4.4 Vehicle control and drowsy driving 
Vehicle control and drowsy driving is an important aspect of the driving task which has 
been studied for many years. However, despite a limited number of commercial 
drowsiness and alert detection systems available, there is no simple measurement 
technique which provides a sufficiently reliable and scientifically proven method to 
detect drowsiness.  

Long haulage drivers are exposed to drowsiness and sleepiness as well as mood and 
irritability (Milosevic, 1997). Professional drivers develop disorders in the lower back, 
extremities, shoulders and neck (Hedberg, 1987, in Hanson diss., 2004). 

In a study by Knipling and Wierwille, 1994 on drowsy driver collisions, 96% involve 
cars and 3% involve trucks. For trucks, however, the expected number of involvements 
per vehicle life cycle is about four times greater than for cars due to the longer 
operational lives and higher mileage per year. Truck accidents are more damaging. Most 
accidents occur on highways (US National Highway Traffic Safety Administration, 1992) 
caused by men (77%) less than 30 years of age (62%). 

Driver fatigue is estimated to cause 3.2% of the traffic accidents, (Traffic Safety Facts, 
1999, Annual Report, in Kircher, et al., 2002 and available at 
http://www.nhtsa.dot.gov/people/ncsa/809-100.pdf). Other studies (O’Hanlon, 1978 and 
Storie, 1984 in Kircher, et al., 2002), confirm that up to 10% of all traffic accidents and 
up to 25% of single-vehicle accidents are due to driver fatigue. 

Regarding the cost of fatigue related collisions in the USA, NHTSA, 1996, estimates that 
vehicle crashes due to driver fatigue cost Americans $12.5 billion per year in reduced 
productivity and property loss and 1500 lives (http://www.nhtsa.dot.gov/people/ncsa/
2001, in Kircher, et al., 2002). 
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The estimation of accidents in which fatigue or drowsiness are involved in the USA is 
reported to be between 1.2% (for all police-reported accidents, Knipling and Wang 1996) 
to 3.2% (of the fatal crashes, NHTSA, 1996) and in UK it is between 1.7% and 2.5% 
respectively (Maycock, 1995). 

Investigations regarding the drowsiness detections have received the attention from two 
different perspectives: firstly, the cost reduction in terms of lives and economical 
properties and secondly, the increased interest from vehicle manufacturers to offer in-car 
techniques for safer driving (Kircher et al., 2002). 

The intense of drowsiness may varyes depending on time and other circumstances. Night 
driving is more associated with fatigue related accidents than day driving (Fatigue and 
Driving, 1995). Night driving prolongs the time a driver is sleepless and shortens the 
sleep time. 

Loss of driver alertness is usually preceded by psycho-physiological changes such as eye 
blink patterns, or neurophysiological changes on brain activity. The performance changes 
such as the lane control performance regarding the lateral vehicle position has been 
studied by Wierwille et al., 1992 and Vallet et al., 1993) for estimating driver drowsiness. 
The other method which can be used for measuring the driver drowsiness is 
electroencephalography (EEG). EEG is a method for recording the Brain activity for 
detecting drowsiness and fatigue. It provides information regarding the capability of the 
electroencephalogram to detect sleep stages, as variations in the subject’s alertness cause 
changes in both the temporal domain and the frequency domain of the EEG signal 
(Wierwille et al., 1992). 

Regarding the eye blink activities, the eyelid closure and related eye measures are the 
most promising and reliable predictors of drowsiness and sleep onset. Other physiological 
measures such as changes in heart rhythm, body temperature, muscle activities (EMG), 
etc. are still controversial as to their power to detect drowsiness (Kircher et al., 2002). 

Obviously the prediction factor should be given high priority since at detection time, 
drowsy driving may already have led to a potentially hazardous situation or even caused a 
serious accident. 

2.4.5 Transmission of vibrations 
The vibration occurring in the seats of vehicles may cause driver and passenger 
discomfort and may also interfere with their activities (Griffin, 1990). The results of 
epidemiological studies suggest that long-term exposure to whole-body vibration may 
contribute to problems such as low-back pain, early degeneration of the spine and 
herniated discs (Griffin, 1990 and Hulshof and van Zanten, 1987). 

Low-back pain can be caused by the strain imposed on the lumbar spine from differential 
motion occurring between the seat back and the seat surface (Johnson et al 1989 and 
Nève et al, 1992). It may then be inferred that lumbar strain might be reduced by 
providing the possibility for the seat back to move freely in the vertical direction so as to 
follow the motion of the occupant’s back. It has been concluded in a study by Lewis and 
Griffin, 1996, that seat occupants are particularly sensitive to vertical acceleration on a 
seat surface at frequencies between 4 and 16 Hz. Low frequency differential motion 
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between the seat surface and seat back was reduced by moving the back-rest. This was 
thought to possibily result in an improvement in comfort and consequently reduces the 
strain on the lumbar spine.  

2.4.6 Driver interface 
The interaction between the driver’s mental view of the external environment 
(surroundings and infrastructure) and the internal displays of the vehicle in a driving 
scenario plays a significant role in operating the task. The quality of this interaction and 
the ways that drivers choose to handle it depend on many factors which may directly or 
indirectly relate to the driving task. Drivers’ knowledge, education and experience can be 
considered as extremely important factors for handling the driving task properly and 
safely. The interaction between drivers and an environment equipped with many different 
electronic devices in the cab is an important issue which influences driving performance. 
Clearly these factors must be taken into consideration when designing the components. 

2.4.7 Driving restrictions and limitations 
As mentioned, driving is a multi-functional, complex task which requires strenuous effort 
with a high level of alertness and concentration in order to be performed sufficiently and 
effectively. Furthermore, driving requires knowledge, education and not least experience. 
Even if experience is an essential issue for high quality operations, it is not enough for 
many reasons to perform a high quality job. The aim of the driving varies from case to 
case depending on types of engagements or objectives. The aim could be some work 
related performances such as commercial as well as communicational purposes. Another 
aim could be irrelevant to work duty, which may in many circumstances be a hobby and 
regarded as a pleasurable activity such as engaging in motor sports and competition, e.g. 
rally driving. 

No matter what the driving purpose is, there are always risks for accidents or incidents of 
various types each of which may put the drivers’ as well as passengers’ health into a 
dangerous position. Therefore, there are certain restrictions and regulations that are 
obligatory and must be taken seriously into consideration in order for the task to be 
performed adequately and safely. The nature of the job can sometimes be very restricted, 
often not tolerating even one single error. On the other hand the range of flexibility and 
freedom of a task can be so wide that it may even allow for some serious mistakes. 
Eventhough the job as truck driver requires flawless action (null vision), in practice it 
would be rather impossible to acheive. It is therefore difficult to define clearly and 
evaluate the quality level of a certain driving task since there is no any standardized 
checklist or written regulation for doing so. The exception to this rule could be the 
extreme cases such as a very qualified versus an unqualified driving task due to the level 
of driver knowledge and experiences performed by professional as well as novice drivers 
respectively. Following every detail of the traffic regulation is no doubt essential in 
promoting the quality of driving, but it is not a sufficient evidence of faultless driving. 

Driving encompasses many different small and large actions resulting from a number of 
single decision processes which together result in a certain driving task. Furthermore, the 
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task is rather flexible as it does not necessarily contain any standardized regulation for 
indicating to drivers what is a sufficient versus an insufficient or incorrect method when 
engaging in driving activities. The job may be invariable and monotonous on the one 
hand, as well as, autonomous and complex on the other. This would provide an uncertain 
and critical situation in which drivers should make a compromise decision in every single 
action and in doing this theywould carry a huge responsibility. Performing such a 
difficult and demanding operation with a high level of responsibility exposes drivers to a 
variety of physical as well as psychological work loads. This would require a rather 
detailed investigation on the conceptualization of the task in order to scrutinize and 
understand the drivers’ frequent complaints regarding the working conditions which in 
many cases result in serious problems. Such problems may lead to drivers suffering from 
musculoskeletal disorders and pain in general and back symptoms or complaints in 
particular. 
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3 Theory and definitions 
Regarding the theoretical perspectives, this chapter will review briefly the literature 
relevant to the study with respect to the specific area of the interest - anthropometry, body 
landmark locations, posture prediction and comfort/discomfort criteria.  

3.1 Sitting characteristics as a natural human posture  
The human body is complex and very flexible. It has a tremendous capability and 
capacity to change its form, style and posture in unlimited types and varieties. The ability 
of the human body to move flexibly is due to a widely distributed system of muscles, 
which together make up approximately 40% of the total body weight. A muscle is made 
of between 100 000 and 1 million fibres. The most important characteristic of a muscle is 
called muscular contraction. This is its ability to shrink to half its normal length 
(Grandjean, 1988). 

The flexibility and elasticity of the human body provide the opportunity to select specific 
postures and deal with a variety of tasks which sometimes seems to be quite impossible 
or very difficult to perform, thereby requiring strenuous effort. Among the other types of 
body activities such as standing and lying sitting has been known to be natural and 
relaxing and may provide rather high comfort for the human body. Sitting however can 
be performed in many more or less uncomfortable ways. 

Sitting has been defined as a body position in which the weight of the body is transferred 
to a supporting area mainly by the ischial tuberosities (two bony prominences forming the 
lowest end of the pelvis which carry the weight of the body when seated, functioning as a 
rotation axis of the body) and their surrounding soft tissues (Schoberth, 1962). Sitting is a 
stable posture in which the body weight can be transferred to a relatively wide seat area. 
In other words, the major part of the body weight is transferred to the seat surface where 
the back of the thigh touches the seating area.  

Depending on the seat characteristics and posture, some proportion of the total body 
weight will also be transferred to the floor via the feet, as well as to the backrest and 
armrest of the seat via hands or arms (see Figure 3-1). When a person leans backwards, a 
part of the body weight is transferred to the lumbar supports in use. This reduces the load 
on the lumbar spine caused by the upper body weight. The use of lumbar support changes 
the posture of the lumbar spine towards lordosis (abnormal forward curvature of the 
spine) and reduces the deformation of the lumbar spine and the corresponding disc 
pressure. The use of armrests supports the weight of the arms and reduces the disc 
pressure.



26

Figure 3-1. Body weight distribution. The proportion of the total body weight as expressed in the arrows, 
transferred to the seat, floor and armrest (reproduced from Chaffin and Andersson, 1991). 

The posture that a person adopts when performing a particular task is determined by the 
relationship between the dimensions of the person’s body and the dimensions of the 
various items in his or her workspace. The extent to which posture is constrained in this 
way is dependent upon the number and the nature of the connections between the person 
and the workspace.  

Posture may be defined as the relative orientation of the parts of the body in space. To 
maintain such an orientation over a period of time, muscle must be used to counteract any 
external forces (such as gravity) acting upon the body. 

The purpose of sitting is to achieve a rather comfortable (over a period of time), 
satisfactory and stable body posture appropriate to a required task or activity. 

Sitting posture is important because it influences the subjective feeling of comfort, as 
well as the objective physical factors which can improve or impair spinal health. Posture 
also influences the transportation of nutrients into and out of the intervertebral discs. 
Sitting postures affect the relative angularity of adjacent vertebrae in the sagittal plane 
(Adams, 2005). Note the following:  
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Sitting in comparison to some other natural postures such as standing, has many notable 
benefits: 

it provides stability and good balance required by tasks with high visual and 
motor control 

energy consumption is less during sitting than standing  

it places less stress on the lower extremity joints 

it lowers the hydrostatic pressure on the lower extremity circulation. 

In order to achieve these benefits in designing work stations, the biomechanical aspects 
should be taken into consideration, without causing undue stresses to the back and 
shoulder as well as to the upper extremities (Chaffin and Andersson, 1991). Therefore, 
the seat as a work apparatus must be given more attention by designers and users alike.  

It should also be noted that the lower and upper back of the body play a significant role in 
transferring the load in the sitting posture. The distribution of these loads may vary 
depending on the type of posture and seat structure. 

A seat may be comfortable for one individual but uncomfortable for another depending 
on many factors. The period of sitting and the task to be done have been argued to have a 
major impact on comfort judgment. A comfortable seat may become uncomfortable in the 
long run or some seats may become uncomfortable more rapidly than others. Therefore it 
can be concluded that comfort (or more strictly discomfort) depends upon the interaction 
between seat characteristics, user characteristics and task characteristics. Regarding the 
user characteristics, anthropometric factors are of major importance but not sufficient. 

3.2 The anatomical description of spinal column 
The upper extremities as well as the lower extremities, specifically the spine, are 
important when considering the biomechanical aspects of sitting.  

The upper extremities consist of five bones (two scapulas, two calvicles and one sternum) 
which form the shoulder girdle with a great range of motion. The shoulder joint is formed 
where the rounded head of the humerus meets the scapula so that the natural weight of 
both arms directly burdens the shoulder girdle with 50-100 N (Diebschlag et al., 1995). If 
the muscles of the upper back are poorly formed and their ability to take a load is 
restricted, the burden of the arms is largely transmitted by the clavicle, sternum and 
thorax. Therefore, sitting for hours with a backrest of insufficient height or without 
proper support to the shoulder blades and shoulder girdle can lead to fatigue, hardening of 
the muscles and produce pains to the head and arms.  

Regarding the lower extremities, the thighs are joined to the pelvis at the hip joint and 
rest with it upon the surface of the seat.  

Regarding the shape of the spine in sitting or standing postures, there is a vast amount of 
individual variations. The configuration of the lumbar spine is altered when going from a 
standing position to a sitting position and spinal forces are created within the spine 
motion segments. The cervical spine is also influenced by sitting, as the field of vision 
needed to perform a task may require the head to be in a certain position. The increase 
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risk of low-back pain in subjects who work in a predominantly sitting posture has been 
confirmed in many studies (Kroemer and Robinette, 1969; Patridge, and Anderson, 1969; 
Magora, 1972; Greico, 1986 and Bendix, 1987). These studies also showed an increase in 
back symptomology in subjects who suffered back pain when required to sit for 
prolonged periods. Other studies by Kelsey, 1975a, Kelsey, 1975b and Kelsey and 
Hardly, 1975 indicated that men spending more than half their workday in a vehicle have 
a threefold increased risk for disc herniation. The other phenomenon, the so called 
“postural fixity” for tasks requiring the operators to remain in the same posture for a long 
period of time, is common in many work places. Such an undesirable postures may cause 
serious fatigue and lead to musculoskeletal disorders and pain.  

One of the most common complaints among people with low-back pain is the inability to 
sit comfortably, experiencing difficulty in straightening the back on rising. This is 
particularly noticeable after extensive sitting in a lounge chair, an automobile, or a theater 
seat. This complaint must represent some fundamental defect in our conception of the 
correct sitting position and in the design of chairs and seats. Obviously, only young 
people with elastic ligaments and no back pain can tolerate sitting for a long period in the 
type of seats commonly designed. Older people who use chairs more often do not have 
this elasticity facility and often sit in discomfort (Keegan, 1953).  

The lack of scientific knowledge of physiological, anatomical and pathological aspects 
required for seat design as well as the continuous low-back complaints have resulted in 
the chair and seat manufacturers not following the standard and classic models of their 
products. It seems to be more profitable to pay attention to the luxurious appearance and 
sales appeal of seats and chairs instead of the physical constraints and user’s requirements 
for comfort. Despite the vast amount of research in this area, there is still a lack of 
knowledge on the pathological causes of most postural low-back complaints related to 
sitting (Mandal, 1981).  

The most frequent complaints of back symptoms arising from postural factors have been 
recognized to be on the lower lumbar spine, particularly in the fourth and fifth lumbar 
intervertebral discs which degenerate with age under normal weight-bearing, sitting and 
stooping strain. Almost half the population of the industrialized countries is reported to 
suffer from some form of back complaint. It is very seldom that people reach middle age 
without experiencing postural low-back pain caused by some loss of elasticity in 
intervertebral discs and ligaments when sitting or stooping. The assumption of the erect 
posture has resulted in a lumbosacral region poorly constructed to support the strain of 
active physical life (Mandal, 1981). 

The anatomy of the spine is briefly reviewed in this chapter in order to provide some 
further insight into the postural functionality of the human body. Therefore, it is relevant 
to consider some physiological and biomechanical aspects of the sitting as well as 
standing postures with particular emphasis on the structure and function of the lumbar 
spine. 

The anatomy of the spine may be explained as the human vertebral column (backbone) 
consisting of four different sections (cervical, thoracic, lumbar and pelvis). The spinal 
column consists of twenty four movable bony vertebrae separated by twenty three 
deformable hydraulic pads of fibrocartilage known as intervertebral disc. About 10% of 
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people possess a greater or lesser number of vertebrae, but this variation seems to have 
little functional consequence. The vertebrae can be grouped naturally into seven cervical 
(in the neck), twelve thoracic (to which the ribs are attached) and five lumbar (in the 
small of the back, between the ribs and the pelvis). The spine is a flexible structure, the 
configuration of which is controlled by many muscles and ligaments (see Figure 3-2).  

Figure 3-2. Human skeletal system. The spine is divided into four segments: the cervical, thoracic and 
lumbar segments and sacrum. The shape of the spine in this lateral view demonstrates a lumbar lordosis, a 
thoracic kyphosis and a cervical lordosis (adapted from Chaffin and Andersson, 1991). 

In the upright standing posture the human spine presents a sinuous curve including two 
mobile segments, the cervical and lumbar spine and the relatively immobile thoracic 
spine. The lumbar spine is connected to the sacrum which is almost completely attached 
to the pelvis.  

Theoretically, an upright position with the joints of the hip, knee and ankle at right angles 
has been regarded as the correct position. To maintain an upright trunk posture, the 
lumbar spine must move towards concavity which is sometimes called lordosis (abnormal 
forward curvature of the spine) when the pelvis rotates forwards. When the pelvis is tilted 
backwards, on the other hand, the lumbar spine tends to flatten, and sometimes a 
convexity called kyphosis (abnormal backward curvature of spine) can develop. This is 
typically what happens when sitting down on a flat stool (Figure 3-3). Sitting with poor 
back support, even more than standing, can lead to marked kyphosis, especially in the 
cervical and lumbar regions. Long-term seated work with restricted movement may 
seriously damage the spinal column. This is why frequent disability due to degenerative 
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disorders of the spinal column among professional bus drivers is very common. In this 
respect, special medical checkups for biomechanically stressed truck and bus drivers are 
essential. 

Figure 3-3. Rotation of pelvis. The pelvis and lumbar part of the spine when (a) standing; (b) sitting 
relaxed unsupported in the middle position; (c) sitting erect, unsupported in the middle position; (d) sitting 
in the anterior posture; (e) sitting in the posterior posture. 

As illustrated in the above figure, sitting has been divided into middle, anterior and 
posterior sitting postures depending on the seat characteristics and task. This category is 
based on the location of the center of mass of the body and affects the proportion of body 
weight transmitted to the different support surfaces. In the middle (upright) posture the 
center of mass is directly above the ischial tuberosities and the floor supports about 25% 
of the body weight. The forward leaning, called anterior (inclined) posture, is reached 
from the middle posture either by forward rotation of the pelvis or with large induced 
kyphosis of the spine. In this posture the center of mass is in front of the ischial tuberosit 
and the floor supports more than 25% of the body weight. In the backward leaning the so- 
called posterior (reclined) posture, less than 25% of the body weight is supported by the 
floor and the center of mass is behind the ischial tuberosit. 

The posterior posture can be obtained by a backward rotation of the pelvis and 
simultaneous kyphosis of the spine. Using the backrest to support the spine would 
influence the configuration. 
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When sitting, the pelvis rotates backwards and the lumbar spine flattens. A well designed 
low-back support can therefore prevent the flattening of the lumbar lordosis in sitting. 

Traditionally, the proper sitting position recommended was the right angle and upright or 
erect position which later on became the basis for international standardizations. Based 
on these recommendations, the work chairs/seats in various workstations (offices and 
industries) have been designed for sitting upright, with the hip, knees and ankles all at 
right angles. Until recently, it was widely believed that people sat with a 90-degree 
bending of the hip joint while preserving lordosis (concavity) of the back. 

In 1962, the German orthopedic surgeon, Hanns Schoberth, demonstrated by x-ray photos 
that in a seated work position, you can only bend about 60 degrees in the hip-joints, not 
90 degrees. This means that when moving from a standing (lordosis) to an upright sitting 
position, you bend the hip-joints about 60 degrees and rotate the pelvis axis backwards, 
flattening the lumbar-curve (kyphosis) of the back 30 degrees and straining the muscles 
of the back. When leaning forwards over the desk, you have to bend another 40-50 
degrees, and this bending mainly takes place in the 4th and 5th lumbar discs. Even the 
best lumbar support will hardly have any influence on the posture when leaning over the 
desk.

There are differences in changes and arrangements of the body between male and female 
during sitting. The female pelvis is shaped differently from that of the male and flexion of 
the thighs on the trunk is less restricted by heavy muscles and ligaments. This permits 
women to sit at a right angle and to stoop with less flattening of the lumbar curve. 
Moreover, the heavier weights lifted by large muscular men seem to predispose them to 
low-back symptoms (Keegan, 1953). In this study some recommendations for correct 
designing of a seat are given by authors. For instance, the most important requirement of 
a correct seat for protection of the vulnerable lower lumbar intervertebral discs 
recommended in this study is to place the primary back support over the lower lumbar 
region. The second important requirement for a correct seat recommended in this study is 
the allowance of a minimum trunk thigh angle of 105 degrees in high-backed chairs. A 
correct design of the seat of the chair is as important as that of the back of the chair and is 
subject to as many misconceptions of its form and function. People tend to sit most 
naturally and comfortably on their buttocks, not on their thighs. 

Generally, the best sitting posture is thought to be obtained on horseback (Mandal, 1981). 
“The hip joints in this posture are in the resting position with a bend of forty five degrees. 
Thus the hip joints and lumbar spine are not loaded in an extreme position. The lumbar 
curve is maintained and a perfect balanced position is obtained in which the body adjusts 
its centre of gravity- it is level with the 9th thoracic vertebra- the entire time with small 
correcting movements above the supporting surface. The use of riding has increased for 
the rehabilitation and treatment of people suffering from complaints of the motor 
system”. 

Changing the body position from a standing to an unsupported sitting position will 
decrease the lumbar lordosis by an average of 38° (Chaffin and Andersson, 1991). There 
are also small angular changes between L1 and L2 and between L2 and L3. 

Another aspect which has a major effect on the configuration of the lumbar spine and 
pelvis is the hamstring muscles of the back of the thighs. This configuration effect exists 
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because the hamstring muscles run from the lower limb to the pelvis, crossing both the 
hip and knee joints (see Figure 3-4). 

Figure 3-4. The pelvis rotation affected by lower limb. The hamstring muscles cross two joints (the knee 
and the hip). Movement of the lower limb can therefore affect pelvis rotation and influence the posture of 
the spine. (Adapted from Jonsson and Andersson, 1978). 

Since there is no single ideal posture and as no body posture can be maintained 
indefinitely, the alterations in one’s posture are also considered to be permitted by the 
chair. This principle of a good chair was promulgated by many researchers such as 
Andersson, 1987 and Grieco, 1987. To facilitate transitions between sitting and standing, 
an intermediate posture, called semi-sitting, is sometimes desirable.  

The postures of the neck, shoulders and upper extremities while working in sitting 
postures depend on the task and the location of the work area. Therefore, the seat and 
associated sitting posture should not be considered separately without taking the task to 
be performed into account.  

3.3 Sitting posture, disc pressure and muscle activities  
The intervertebral disc consists of two parts; the center (called nucleus) and the 
surrounding parts (called annulus). The structure of these parts allows the disc to 
distribute the loads and transform compression loads such as flexion, extension, lateral 
bending and tension into radially directed tensile forces (Chaffin and Andersson, 1991).  
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The intradiscal pressure measurement of a human body is the most direct and reliable 
method to assess loads on the spine. This measurement technique has been used in 
laboratory environment in various activities and postures.  

In a study by Nachemson and Moris, 1964, disc pressure measurements were performed 
on subjects in a standing posture as well as a sitting posture without support. The 
pressures measured during standing were found to be 35% lower than those during 
sitting. Later in the early 1970s these findings were supported by many other studies 
which confirmed that the disc pressures were considerably lower in standing than in 
unsupported sitting. Among different unsupported sitting postures, the back straight 
sitting was found to have the lowest pressure. 

In health statistics, the study of disorders of the human skeleton and muscles (muscular 
fatigue) as significant issues relating to poor body posture has occupied a considerable 
volume of research. A great deal of this research has concentrated on sitting posture and 
seat characteristics. In many of these investigations, the measurement of muscular 
activities and fatigue has been performed using electromyography (EMG). This method 
has shown to be reliable for detecting the muscular activities of the back and shoulder 
regions in order to diagnose any abnormality or variations on muscular activities during 
sitting as well as standing postures.  

Generally regarding posture, the muscle activity and its relation to fatigue during driving 
tasks has been studied (Andersson et al., 1974b; Hosea et al., 1986; Sheridan et al., 1991). 
These factors have been found to have a close interrelation to each other since any 
changes in posture will cause changes in both the distribution of pressure and the muscle 
activity (Reed diss., 1998). In general, low muscle activity is assumed to be a desirable 
attribute of work postures (Chaffin and Andersson, 1991). In a study conducted by 
Jörgensen et al., 1988, an association between fatigue and low-level static exertions was 
found, suggesting that driving posture with less muscle activity may be less fatiguing and 
more comfortable, particularly for long haulage drivers. 

3.4 Sitting posture in driving task 
A prolonged period of uncomfortable and incorrect sitting position, especially when both 
the seat and the backrest are rigid, imposes a great strain on the human body. The concept 
of movable seats and backrests refer back to the late 1970s. There is still a lack of 
sufficient development in so-called “dynamic seating” which does not synchronize and 
match the mechanism for adjusting the seat and backrest to the shape of the body. 

Truck drivers in our new industrialized society are engaged in driving activities which 
require sitting a rather long period of time while driving and interacting with internal and 
external environments as well as processing the information they are surrounded by. The 
significant mismatch between drivers and their seats is demonstrated by the increasing 
number of drivers suffering from chronic back pain. The most likely explanation is that 
drivers are sitting incorrectly thereby abusing different segments of the body such as the 
back, the neck and the arms. 

When designing a vehicle, driving posture is an essential issue which should be given 
serious consideration. The design of the seat for instance was considered in a study by 
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TYA, 1984 to be a part of the health problem of professional drivers. The longer the 
period of sitting, the more body movements that occurs (Fenety et al., 2000). In driving a 
truck, frequent sitting, especially in a poor posture or with infrequent movement, can lead 
to disorders of the skeleton, muscles and connecting tissues. On the other hand, constant 
vibration of the body over the course of years can damage the gastro-intestinal tract and 
produce premature degenerative changes in the lumbar vertebrae of drivers (Diebschlag 
et al., 1995). During the driving task, sitting is a most common posture. Although 
standing, or in certain conditions semi-standing, in some other activities such as boat 
riding may be anticipated. Driving a passenger car or a heavy duty vehicle with high 
visual and perceptual considerations requires a specific attention and alertness which may 
be obtained optimally in the sitting posture. Seat design in heavy duty vehicles should 
provide the driver with appropriate comfort, ensure a safe performance of the task and 
give protection against intolerable mechanical vibrations. A considerable amount of 
comfort/discomfort perceived in a driving task is due to the seat characteristics. However, 
there is a lack of investigation and knowledge regarding the sitting behaviour, sitting 
postures and discomfort in the driving occupation (Utriainen et al., 2003). Seat designers 
must be confident and be able to make a contribution towards preventing those health 
hazards and incidents brought about by using the seat. A driver’s seat must be designed 
and positioned within the vehicle in harmony with the human body. This should be 
possible partly through adjustment features. A restriction in freedom of movement while 
driving a vehicle increases the risk of: 

Tense muscles 

Damage to the intervertebral discs from improper positioning of the spinal column 

Circulation difficulties caused by pressure on the tissues 

Discomfort and performance decrement (Diebschlag et al., 1995). 

In designing and positioning a vehicle seat, some reference points (pedals, steering wheel 
and line of sight) should be taken into consideration. The requirements for designing and 
constructing a driver seat for heavy duty vehicles are considered to be much higher than 
for passenger cars due to the fact that professional truck drivers spend on average more 
time behind the wheel than car drivers. Furthermore, the human damages and economical 
consequences of an accident or incident involving a heavy duty vehicle can be much 
higher than a private car. 

Today’s driver is exposed to many different kinds of stress. Many environmental, 
physical and psychological requirements have increased significantly during the last 
decades. All these factors have a considerable effect on the performance and well-being 
of the driver. The consequence is an increased demand on the anatomical-physiological 
structures of the body such as the heart and circulatory system, musculature, joints and 
sensory organs.  

The posture selection is quite individual and it is possible that no optimal posture can be 
obtained. Drivers show great variations in their selected posture and their optimal posture 
may vary in a range of 2-4 postures of which one could be preferred (Sundström, 2003, in 
Hanson diss., 2004). The variations of postures depend on other aspects in driving such as 
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the environment or handling of devices and tools. Many studies on posture which have 
been carried out suggest the joint angle intervals (Rebiffe, 1969 and Grandjean, 1980). 

There is relatively little published research work applicable to posture prediction for 
vehicle occupants, especially with regard to heavy duty truck driving. Driving tasks 
require some physical restrictions regarding driving posture. These tasks impose many 
physical requirements. 

A selected sitting posture in a driving task varies from case to case and from individual to 
individual. A posture which is considered to be optimal and relaxing for a one individual 
may be considered quite uncomfortable for another, and this may depend on many 
internal as well as external factors. Usually, some postures tend to be better than others. 
Postures which provide better vision of the surroundings and displays and also postures 
which facilitate a better reach for manipulating the controls are preferred. In general, 
more upright postures with higher eye locations relative to the hips and greater forward 
reach will be preferred with respect to the task performance. In contrast, more reclined 
postures with direct support for the entire body will allow minimal muscle activity (Reed 
diss., 1998). 

As mentioned before, several car driver posture prediction models such as RAMSIS are 
available and integrated into human simulation tools. RAMSIS simulates joint-angle 
comfort trade offs. The human simulation tools provide posture evaluation in terms of 
biomechanical analysis such as calculation of forces and torques acting on joints which 
can be compared to NIOSH (National Organisation Safety and Health) lifting 
recommendations (Waters et al., 1993 in Hanson diss., 2004). 

Furthermore, the factors which determine a driver’s selected seat position are not clearly 
understood. There has been a variety of research concerning occupant posture prediction 
for passenger cars (called Class-A). However, despite a vast amount of research, there is 
still much to learn about what a driver really needs to see, what would be the desirable 
posture and where the driving components should be located in a vehicle in order to 
obtain a more efficient, safer and more convenient driver interface. 

3.4.1 Three-dimensional “H” point machine 
Determining seating position is based on several characteristics such as “Reference data” 
(E/ECE/324, E/ECE/TRANS/505, 2006). Some important characteristics are as follows: 

The three-dimensional “H” point machine is a tool for measuring a vehicle interior 
seating geometry. The machine (SAE Recommended Practice J826, SAE, 1997) is a 
weighted manikin named for its most important reference point; a hip joint intended to 
represent the pivot between the thighs and torso of a vehicle occupant. When the manikin 
is installed in a vehicle seat, the location of the H-point and the angles of the manikin 
thigh, leg, foot and torso segments are key measures of the vehicle’s interior geometry 
(see Figure 3-5).  

The 3-D H-point manikin was developed in the late 1950s using relatively soft, bench 
seats with little or no contour or lumbar support. The shape and rigidity of the manikin is 
no longer appropriate and consistent measuring tool for seat design since the dramatic 
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changes and development in seat designs to accomplish firmer cushions and greater 
levels of seat contouring have required changes in the manikin tool.  

Figure 3-5. Three-dimensional “H” point weighted manikin machine. 

In this figure, the “H” point is the pivot centre of the torso and the thigh of the 3-D H 
machine installed in the vehicle seat. The “H” point is located in the centre of the 
centerline of the device which is between the “H” point sight buttons on either side of the 
3-D H machine. The most significant parameters which can be identified by this machine 
include the design H-point location and the vertical distance between this point and the 
occupant heel surface (called seat height or H30 dimension). In the vehicle industry, the 
H point corresponds theoretically to the “R” point with the following differences: 

The “H” point is considered fixed in relation to the seat cushion structure and to move 
with it when the seat is adjusted. 

The “R” point or seating reference point (SgRP) designates a design point defined by the 
vehicle manufacturer for each seating position. It is established with respect to the three-
dimensional reference system. 

As can be seen in Figure 3-5, the manikin consists of two-piece rigid parts with 
detachable and adjustable leg segments. These two parts are shaped to approximate the 
buttock and back surface contours of an average U.S. male weighing approximately 76 kg 
(Manary et al., 1994). 

3.4.2 Description of sitting posture using kinematics model  
There is a variety of methods for describing a vehicle occupant’s posture. The location of 
the driver’s eye for instance is predicted from the vehicle geometry, using data collected 
from a large number of people (SAE Recommended Practice J941, SAE, 1997). The 
distribution of drivers’ selected seat positions which closely corresponds to their hip 
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locations is similarly predicted using statistical summaries collected from an extensive 
amount of data (SAE Recommended Practice J1517, SAE, 1997). Recently, the 
utilization of three-dimensional software manikins to represent vehicle occupant’s 
posture has created more complete and integrated techniques (Reed diss., 1998). These 
manikins must represent both appropriate combinations of anthropometric variables and 
the likely posture of an occupant with specific body dimensions.  

There is a number of ways to represent body posture, including body landmark locations, 
external body contours and kinematic-linkage-model representations.  

A number of selected segments and joints representing body posture in a certain position 
could be presented by a kinematic model (see Figures 3-6 and 3-7). 

Figure 3-6. Kinematic model with segments to represent posture. 

The joints of the model in the following figure correspond to the approximate centers of 
rotation between adjacent bones and are located near to geometric center of anatomical 
joints. 
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Figure 3-7. Kinematic model with joints representing vehicle occupant posture. 

Among the kinematically feasible driving postures, some postures are better than others 
with respect to the requirements of the driving task. Postures that allow better visibility of 
the environment and displays and better reach for manipulating the controls are preferred. 
Generally, more upright postures with higher eye locations relative to the hips and greater 
forward reach are preferred in relation to the task performance. In contrast, more reclined 
postures with direct support for the entire body will demand minimal muscle activity. 

3.4.3 The concept of Kinematics 
Kinematics is the geometry of pure motion - motion considered abstractly, without 
reference to force or mass. Engineers use kinematics in machine design. Although hidden 
in much of modern technology, kinematic mechanisms are important components of 
many technologies such as robots, automobiles, aircraft, satellites, and consumer 
electronics, as well as biomechanical prostheses. In physics, kinematics is part of the 
teaching of the basic ideas of dynamics; in mathematics, it is a fundamental part of 
geometric thinking and concepts of motion. The development of high-speed computers 
and robotics and the growth of design synthesis theory and mechatronics have recently 
revived interest in kinematics and early work in machine design. 
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In his 1834 Essai sur la philosophie des sciences, André-Marie Ampère (1775-1836) 
sketched the outlines of a new field of study he named "cinematique," from the Greek 
kinema, motion: 

“There are considerations which if sufficiently developed would constitute a complete 
science, but which have hitherto been neglected or have formed only the subject of 
memoirs or special essays. This science ought to include everything that can be said with 
respect to motion in its different kinds, independent of the forces by which it is produced. 
It should treat in the first place spaces passed over, times employed in different motions, 
and determination of velocities according to the different relations which may exist 
between those spaces and times.”Working in the decades following Ampère's death, 
Franz Reuleaux (1829-1905) is considered the founder of modern kinematics”. Reuleaux 
called it “the study of the motion of bodies of every kind and the study of the geometric 
representation of motion” (Kinematics of Machinery 56). 

Kinematics flourished in the 19th century as machine inventors learned to transmit 
information and forces (power) from one element in the machine to another. Steam- and 
water-based machines revolutionized the l9th century, but both of these energy sources 
generate circular motions, creating the need to convert these steady circular motions into 
nonsteady linear and curvilinear motion for machine applications. Practical inventors as 
well as mathematicians took up the challenge to create input-output kinematic devices 
that could convert circular motion into noncircular, complex, three-dimensional, 
intermittent motions. Thousands of mechanisms were invented, designed, and built, 
nurturing the widespread use and manufacture of machines. Reuleaux set out to codify, 
analyze, and synthesize kinematic mechanisms so that engineers could approach machine 
design in a rational way. He laid the foundation for a systematic study of machines by 
defining clearly the machine and mechanism, determining the basic mechanical building 
blocks, and developing a system for classifying known mechanism types. Reuleaux was 
the author of Theoretische Kinematik: Grundzüge einer Theorie des Machinenwesens, 
which appeared in English in 1876 as The Kinematics of Machinery: Outlines of a 
Theory of Machines. He also published another important work related to the design of 
machines in 1861, which was translated as The Constructor (1893). Mechanical models 
designed by Reuleaux to embody his classification of kinematic mechanisms are the basis 
for the Kinematic Models for Design Digital Library. 

3.4.4 Driver posture representation 
There is a number of different ways to represent driver posture. In SAE Recommended 
Practice J941, 1997 for instance, the statistical data of eye position collected from a large 
population was used to predict the distribution of drivers’ eye locations from vehicle 
geometry. Similarly, the distribution of drivers’ selected seat positions, which is closely 
related to their hip locations are predicted by using extensive statistical data (SAE 
Recommended practice J1517, SAE, 1997). 

An investigation regarding these factors could be conducted most reliably in a laboratory 
vehicle mock-up or in a static vehicle where vehicle features could be modified and 
measurements efficiently recorded (Schneider et al., 1979). Lawrence found in his study 
that the mean differences in seat positions selected under driving and non-driving 
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conditions were less than 0.5 inch which was practically insignificant, whereas these 
differences were found to be statistically significant in many other cases. Comparisons of 
seat positions selected under different test conditions suggest that these differences are 
primarily due to a seat belt and initial position effect rather than the driving versus non-
driving factor. The other finding in this study suggests that stature is the most significant 
anthropometric variable in determining preferred seat position. 

Much design work related to crash performance is predicted on the initial sitting positions 
of current crash test dummies. Actually, the crash reconstruction aimed at evaluating seat 
belts, steering wheel design and airbag performance is similarly based on assumptions 
about the sitting position and the posture of drivers (Parkin et al., 1994). The data used to 
position dummies in the current crash tests is based on the seating position in a 
standardized driving posture with the seat back angle fixed.  

Seating posture is also used to determine the driver’s eye position. In a study by 
Meldrum, 1966 in Parkin et al., 1994 subjects were seated in actual vehicles but under 
simulated driving conditions, placing the vehicle in front of a large street scene. The data 
from this study results in the driver’s field of vision standard (SAE Recommended 
practice J941, SAE, 1997). 

The seat height of a vehicle (H-30; the dimension measured vertically from the sitting 
reference point SgRP to the accelerator heel point), has been shown in some studies to 
influence how the driver prefers to sit; the higher the chair height, the greater the 
tendency to adjust the seat forward (Roe and Arnold, 1973). The location at which a 
driver prefers to position his/her seat is a function of the workspace geometry of the 
seating package (Philippart et al., 1984).  

In a study (Philippart et al., 1984), a functional tool was developed which described 
where certain percentages of the driving population position their seats in various seating 
arrangements. The tool consisted of a series of two-dimensional curves which expressed a 
driver selected horizontal seat position for different percentile accommodation levels as a 
function of vehicle chair height (H-30). This set of curves described the H-point location 
relative to the SAE manikin ball of foot reference for the 2.5, 5, 10, 50, 90, 95 and 97.5th 
percentile accommodation levels as a function of vehicle chair height.  

This two-dimensional model which determined the seat track travel facilities in relation 
to seat position distribution was suggested in the study as a useful tool for automotive 
interior designers to estimate the location and length of seat track travel necessary to 
accommodate target percentages of drivers. 

Based on the model assumption, when adequate amounts of seat track travel are provided, 
a sample population representative of the drivers will select a normal or Gaussian 
distribution. In some cases, when the amount of seat track travel is inadequate, a 
phenomenon termed “censoring”- the inability of subjects to sit as far forward or 
rearward as preferred, occurs. Seat position distributions in these cases are characterized 
by stickups of subjects at the front, rear or both ends of the distribution (Philipart et al, 
1984). Much empirical studies support the assumption of normality. The authors of this 
study pay attention to the fact that their assumption of normality belongs to domestic 
(GM) vehicles with “conventional” seating arrangements. Deviations from normality, 
however, may exist in other unconventional types of vehicles.  
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The authors pointed out that their model may be viewed as being overly simplistic 
because it describes selected seat position as a function of the single variable chair height. 
Additionally, the model contains only fourteen data points which is not enough and it 
requires additional seating data at the higher chair heights. Furthermore, the model 
describes where people in various seating arrangements positioned their seats and it does 
not take into account the “comfort” of the selected positions. This simplicity of the study 
due to lack of “comfort” statement in selection of some seating arrangements may have 
some consequences. One immediate conclusion is the possibility for subjects to select a 
“compromise” position because of the relationship between seat travel, seat deflection 
and/or contour characteristics, pedals, steering wheel and other packaging parameters. 

Automotive design has always been concerned with styling and engineering functions. As 
a consequence, it is typical that these aspects of vehicle design take precedence over the 
ergonomics aspects of the interior. The seat designer has little input into the “design” of 
the driving package. Research has clearly shown that a good posture is crucial for driving 
comfort (Porter et al., 1992; Porter, 1994; Porter and Gyi, 1995). A well-designed seat 
cannot guarantee comfort when it has to operate in a vehicle with limited headroom, with 
controls out of easy reach and often set off to one side. 

One alternative method for designing a new vehicle can be termed “inside-out”. This 
approach promotes a clearer focus on the human issues inside the vehicle. The 
relationship between form and function has long been of interest to designers and this 
debate is particularly relevant in the automotive industry. Whilst “form” is undoubtedly 
important in attracting new customers, it is often forgotten that the “functions” performed 
by vehicles are critical and may impose serious physical constraints upon the drivers. 
Some of the major problems arising are: 

Controlling the vehicle along a road with other vehicles traveling in different 
directions, 

Control over uneven ground in off-road vehicles, 

Remaining virtually inert in the back, buttocks and thighs for several hours a day 

Restrained throughout the journey by lateral supports and seat belts. 

Experiencing frequent acceleration changes and thankfully more rarely, massive 
decelerations during a crash. 

Human models provide designers with a means to visualize vehicle occupants with a 
wide range of sizes and allow them to perform complex vision, reach and accommodation 
assessments in visual mockups (Reed, 1999). 

3.5 Anthropometry and its role on prediction of sitting posture 
Anthropometry is a composite of the words anthropos (human) and metrikos (measuring). 
It is defined as the science of measurement and the art of application that establishes the 
physical geometry, mass properties and strength capabilities of the human body 
(Roebuck, 93). It has several applications and areas of use.  
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Anthropometry is an important branch of the human sciences and ergonomics dealing 
with body measurements, and in particular the measurements of body size, shape, 
strength and working capacity.  

Anthropometric methods are among the basic working tools for the analysis and 
development of engineering design requirements such as the design of tools, working 
stations, etc. Vehicle interior and driver interface design are good examples of 
engineering design benefitting significantly from anthropometric methods. In general, 
anthropometry considers the wide range of sizes, proportions, mobility, strengths and 
other factors that define human beings physically. The performance capabilities and 
human sensing are related to these physical characteristics and therefore, anthropometric 
concerns also influence many aspects of human factors related to physiology and the 
psychology of comfort and perception (Roebuck, 93). 

Anthropometry helps to evaluate postures and the distances required to reach controls and 
specify clearances, driver fit in vehicles, accommodation comfort and general human 
performance. It is frequently used in studies dealing with subjective judgments providing 
numerical data for comparing the subjects’ body dimensions to seat characteristics. Many 
studies confirm a close correlation between these dimensions and the feeling of comfort 
or discomfort. 

Carrying out the body measurement requires having some knowledge of human anatomy 
and identifying the locations, names and shapes of bones and muscles. It also demands an 
understanding of how to read and document the measurement scales, measure weights, 
and handle the instruments. Some other knowledge such as mathematics, physics and 
mechanical engineering are required depending on the applications.  

Planning and deciding which parts and attributes of the human body to measure is not 
always so clear. Depending on the aims, the measurements could be planned for 
identifying and performing procedures. A goal of industrial applications for instance 
could be more a workplace design, which means collecting data on body segment lengths, 
heights, breadths, depths and in a few cases circumferences. By contrast, clothing design 
and size distribution decisions require many circumferences and distances along the 
surface contour but few lengths or heights. Physiological studies may require data on 
volumes, densities and areas of the human body. Computer modeling of the human form 
regarding work space design requires dimensions which help to locate joint centers of 
rotation and offsets in relation to consistent 3D coordinate systems.  

Standard measurements are needed for comparative purposes and forecasting trends. The 
Society of Automotive Engineers (SAE) held committee meetings in the 1990s for the 
purpose of setting computer human modeling standards. The arguments resulting from 
these meetings concerned the standards for naming single dimensional anthropometric 
measurements that are frequently used in traditional anthropometry for engineering 
applications, performing measurements and selecting preferred minimum lists of 
measurements. Despite these standards, some notable exceptions (such as Waist Height 
and Buttock-Heel Length) can significantly influence applications of the data to design 
(Roebuck, 93). 
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3.5.1 History of anthropometry and body proportions  
Anthropometry is an outgrowth of physical anthropology. More than 200 years ago, it 
was used in an attempt to distinguish among races and ethnic groups of humans, to 
identify criminals, and help to make medical diagnoses. Recently, it has become useful in 
industrial settings and is identified with the development of engineering design 
requirements, evaluation of vehicles, equipment, clothing etc (Roebuck, Kroemer and 
Thomson, 1975). 

In the branch of anthropometry, the system of human proportions has been of great 
interest and well known since ancient times. The tomb painters of Ancient Egypt 
employed a modular grid for the preparation of their drawings of the human figure. The 
standing figure was divided into fourteen equal parts and the grid intersection 
corresponded to certain predetermined anatomical landmarks. Modular systems and their 
equivalents in terms of mathematical ratios between the dimensions of body parts have 
been used for drawing. The most detailed system of human proportions available today 
has come to us from the Roman architectural theorist Vitruvius who lived around the year 
15 BC. Many of Vitruvius’s body-part ratios are familiar to us from archaic units of 
measurement. The stature of a well-made man for example, is held to be equal to his arm 
span, which in turn is equal to four cubits (from the elbow to the fingertip), six foot 
length and so on (Pheasant, 1986). 

He also interpreted the height of the body as equal to 6 times the length of the foot, or 4 
times the length of the forearm, or 4 times the breadth of the breast, or 10 times the 
distance between the wrists to the top of the middle finger. He divided the face into 3 
equal parts, viz. bottom of the chin to the underside of the nostrils, underside of the 
nostril to a line between the eye brows and the line between the eyebrows to the top of 
the forehead. One of the most overworked visual images of Vitruvian Man by Leonardo 
da Vinci is good evidence of the human proportions. As illustrated in Figure 3-8, a male 
figure is drawn circumscribed within a square and a circle. Leonardo da Vinci believed 
that if a person lies flat on his back the outstretched hands and feet will touch the 
circumference of the circle formed with the navel as the center.  



44

Figure 3-8. Vitruvius male figure (in Pheasant, 1986). The male figure is drawn circumscribed within a 
square and a circle to represent the proportion of human body. 

The history of anthropometry shows that in ancient times the human form was measured 
in proportions or ”canons”. In Egypt the length of the middle finger was taken to be one 
3rd of the height of the head and neck and one 19th of the whole body length. In the last 
century, a vast amount of anthropometric surveys such as records of skeleton 
measurements have been carried out in different parts of the world. At the beginning of 
the 20th century, anthropometry with a variety of methods became an important branch of 
anthropology in literature. While the study of static body dimensions developed for 
comparison of the races, there was a considerable interest in the study of movement. 
Body dimensions for seat and table design for instance were investigated for the first time 
in 1926-1940 and for military equipment design in the 1940s. After World War II 
emphasis on fitting the machine to the man became fully developed. All these attempts 
are evidence of the importance of the measurement of body dimensions which were taken 
into account very early.  

As stated before, it is not only the dimension of the human body but also its proportions 
which are of significant importance. People vary not only in height but also in proportion. 
Two people of the same height and sex will almost certainly differ in arm length and leg 
length, or sitting height, hand size, or any other dimension. Body size means not just 
height but any other body measurement which is important for designing the equipment 
and the workplace. 
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3.5.2 Theoretical concept 
Anthropometry deals with the measurement of the dimensions, sizes, shapes and other 
physical characteristics of the body such as volumes, centers of gravity, inertial properties 
and masses of the human body segments (Chaffin and Andersson, 1991). 

The data about the workplace, as well as the location and displacement of controls, is 
determined by the characteristics of the human body. Anthropometry is concerned with 
the mechanical aspects of human motions as well as the posture and the forces to be 
exerted. 

Anthropometry is not only a developing science, but in certain aspects it can be qualified 
as an historical science, much like geology. Anthropometric data is fundamental to 
occupational biomechanics. Without it biomechanical models for predicting human reach, 
force and space requirements cannot be developed (Roebuck, 93). 

3.5.3 Floating dimensions 
In performing body measurements, there is sometimes a problem regarding the 
orientation and position of some dimension measured. Consider the chest depth, waist 
depth and buttock depth measurements (see Figure 3-9), each of which is an important 
dimension and useful to be identified and documented, depending on aims. 

Figure 3-9. The principles in measuring some body dimensions. 
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A common problem in identifying these measures is that no dimension ties them together 
or anchors them to a common coordinate axis in the anterior-posterior dimension. 
Therefore, when attempting to draw a profile of the body, it is not clear how far the back 
of the waist lies anterior to the buttocks or to the back of the thorax at the nipple height. 
This problem is common to many other anthropometric dimensions such as the breadth, 
depth and circumference of the limbs. These dimensions are sometimes called “floating 
dimensions” (Roebuck, 93). One way to overcome floating dimensions is to measure all 
landmarks in a common, three-dimensional coordinate system (see Figure 3-10).  

In this figure, called body planes, the median plane divides the body into two halves and 
is an imaginary perpendicular center section from the top to the base of the figure 
between the feet, at a right angle to the direction of the shoulder. It is called the sagital 
plane. Planes at right angles to the median or sagital planes and parallel to the direction of 
the shoulders are called coronal or frontal planes. Completing the 3 dimensions of space, 
planes at right angles to both sagital and coronal planes are called transverse planes. It 
should be noted that anterior-posterior and medial reference planes are not necessarily 
located in the center of the limbs. 

Figure 3-10. Principal planes for anthopometric coordinate system and terms of orientation (NASA, 1986). 
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3.5.4 Body sizes  
During the whole development period between infancy and maturity, many demands are 
made on the growing child by its environment, e.g. greater mobility. This mobility is 
gradually attained by the extension and growth of the various organs and segments of the 
body. One can use a unit to obtain varying body proportions at different ages, viz. at 1 
year a child is 4 heads long, at 4 years 5 heads long, at 9 years 6 heads long, at 16 years 7 
heads and when an adult, 7 and a half heads long. 

Human body during development and growth changes in 3 ways, viz. size, structure and 
shape which correspond to 3 factors of dimensional increase, viz. length, area and weight. 
Between birth and maturity the approximate overall increase of the 3 dimensions is 3 ½ 
times in height, 7 times in skin area and 20 times in weight. Body dimensions increase 
though somewhat irregularly from birth to the late teens. The age at which the growth is 
complete may vary with the individual person and the dimension. It is generally believed 
that full growth is normally attained at 20 years in males and 17 years in females. With 
increasing age, people also tend to become shorter, heavier and more corpulent.  

3.5.5 Anthropometrical variations and principles  
In general, the measurements of human body dimensions are essential when dealing with 
different varieties of products and workplaces. Since the attitude of the trunk, arms and 
legs as natural postures and movements is a necessary part of efficient work, it is 
essential that the workplace be suited to the body size of the operator (Grandjean, 1988).  

A number of factors may cause significant variation in human body size. Among 
different aspects, gender and races can be considered as the two main variations in body 
size between individuals which should be considered in the design process. Individuals 
from one part of a country may be taller and heavier than those from another part. A 
significant difference in stature between people having different occupations has been 
confirmed in various studies. A comparison in stature between truck drivers and research 
workers for example indicated that the latter as a group were taller than the former. The 
military as a group differs anthropometrically from the civilian population.  

Ethnicity has been also demonstrated to be one of the significant factors influencing body 
size. It has also been shown that the genetic basis of a population may significantly 
contribute to the differences among people. For instance, Japanese’ torsos which are 
proportionately longer than their legs have shown a strong genetic component in body 
proportions. Studies on immigrants living for several generations in a new environment 
(e.g. Chinese in US) have concluded that the stature and body dimensions of migrants 
were greater in the new environment, but the relative body proportions remained the 
unaltered.  

Climate has also been shown to have a significant effect on body sizes. The dimensions 
making linearity of body form are associated with people living in warm climate, e.g. 
limbs were found to be greater in proportion to the overall size. People living in cold 
climates had spherical proportions more than the linear forms, e.g. greater limb and trunk 
girths relative to stature. Furthermore their bodies were heavier.  
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Differences in body sizes have been observed between people living in differe12nt 
countries. There are marked differences between people in industrialized countries and 
those in industrially developing countries. Differences in stature and sitting heights are 
remarkable. In addition to these dimensions, there are differences in body proportions as 
well. The world population can be divided into six ethnic groups in which similarities can 
easily be found regarding their statures, sitting heights and body proportions. These 
groups are Caucasoids, Negroids, Aryans, Mongoloids, Latin Americans and Asiatic 
Aryans/Dravidiance. Caucasoids and Negroids are taller while Mongoloids and Asiatics 
are shorter. Significant differences are also observed in specific parts of the body, e.g. 
hands, head, feet, etc., between these ethnic groups. Negroids have longer limbs; 
Mongoloids have longer torsos (trunks); Caucasoids and Negroids have larger hands; and 
Asiatics have smaller hands (Abeysekera and Shahnavaz, 1989). 

With these great diversities in human dimensions and proportions, it is a challenging job 
for the designers to accommodate effectively all population in their designs. A few 
centimeters or even millimeters could be crucial for an operator and may adversely affect 
his or her performance, safety and also machine reliability if the design is not sufficient.  

Here are some practical examples regarding the utilization of anthropometrical 
measurements which have direct influence on the design procedure. 

Designing the doorways in public facilities is one example of human body size 
consideration. For example, the heights of doorways which should take into account 
because the average stature of a population might not fit the users’ requirements resulting 
in many people striking their heads on the lintel. One of the most important and frequent 
uses of human body size is on driver interface design. Very often it is necessary to 
consider the tallest persons when designing for instance the leg room of a vehicle driver 
or the shortest persons when designing the instrument panel or pedal system installation. 

Regarding the design of a workstation or a product it is necessary to consider the wider 
range of users, in order to cover as much of the population as possible. There are some 
exceptions in which a specific form of design is required for a smaller group or a single 
user. The customized seats for racing drivers and the specific cockpit design for 
astronauts are such examples. In these cases the effort has to be focused on the individual 
concerned. For a very huge majority of real world design problems, the concern should 
be for a population of users. 

The other aspect which is important to consider is the matter of the range of sizes in 
design and manufacturing of products. It is clear that in the design of some manufacturing 
such as clothing, shoes, gloves, etc. of different types and varieties, the range of sizes is 
required and should be of chairs and tables? Obviously, it is acceptable to have a less 
accurate size of table and chair compared to garments. The optimal effort is to find the 
best compromise dimensions for equipment to be employed by a range of users and to 
look at the need for adjustability. 

3.5.6 Fifth and ninety fifth percentile  
Designing workplaces, equipment, or any other material intended to fit the requirements 
of all users (the biggest, tallest and widest as well as the smallest, shortest and narrowest) 



49

is almost impossible. Therefore, it must be satisfactory to fulfil the requirements of the 
majority by a selection of either 95% or 90% of the population respectively. The same 
problem arises in the vehicle industry. 

Designing vehicle interiors and utilization of computerized representations of human 
models have become one of the most interesting aspects in passenger car and heavy duty-
vehicle manufacturing industries. Additionally, one of the major aspects of the successful 
design of restraint systems is how to accommodate the large number of potential 
occupants (Lehto and Foley, in Automotive Ergonomics Ed Peacock and Karwowski, 
1990). 

Most automotive design standards attempt to accommodate occupants from at least the 
5th percentile female to the 95th percentile male. To provide such a range is particularly 
relevant if there could be technical problems in trying to cover even the very extreme 
cases (100% of the population). By setting limits such as the 5th and 95th percentiles, a 
certain percentage of the population will be eliminated from the observation. It is worth 
noting that in a mixed 50/50 male/female population, using a range between the 5th 
percentile female to the 95th percentile male will cover 95% of a population, not 90%. 
The reason is an overlap between male and female body dimensions (Human Factors in 
Engineering and Design, p.421, Mark S.Sanders and Ernest J.McCormick, 7th Edition, 
1992). The meaning behind these two different terms (percent and percentile) can be 
explained by the general understanding that p% of people in a population is always 
shorter than the pth %ile of it. The percentiles are actually densely packed near the centre 
and thinly spread at the extremes. Based on this claim, there is a point in the left side of 
the horizontal axis, known as the 5th percentile, which indicates that 5% of people are 
shorter than the 5th percentile. Similarly, an equal distance from the mean towards the 
right side of the chart specifies the point known as the 95th percentile and indicates that 
5% of people are longer than the 95th percentile. Figure 3-11 illustrates a normal 
distribution curve for stature of adult British men. The slope of the curve is greatest at the 
mean value (the point of maximum probability) and steadily diminishes as it approaches 
the extreme tails of the distribution. The curve is symmetric in both sides of its highest 
point (mean) and infinite in both tails.  
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Figure 3-11. The frequency distribution (probability density function) for the stature of adult British men 
(an example of the normal or Gaussian distribution, adopted from Knight, 1984).  

3.5.7 Confidence interval (Ci) 
When designing for a certain population of interest, a confidence interval (Ci) of 95% is 
that the smallest 2.5% and the largest 2.5% are excluded from consideration. Any 
particular percentage is called a percentile and in this example the only percentiles lying 
between 2.5% and 97.5% are being considered. A percentile may be calculated by two 
given specific parameters- mean and standard deviation, SD (an index of the degree of 
variability in a certain population) of a normal distribution. A normal distribution is 
actually defined by its mean and standard deviation. In other words, the normal 
distribution is described by a relatively simple mathematical equation which contains 
only these two parameters (mean and standard deviation). The pth %ile of a variable is 
given by:  

X(p) = m + sz 
where z is a constant for the percentile concerned which can be selected from a statistical 
table. In Table 3-1, a selection of z values for some important percentile are given.  
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Table 3-1. Statistical data. Values of Z for some important selected percentiles (p). 

p z p z 

1

2.5

5

10

25

50

0.1

0.01

0.001

- 2.33 

-1.96 

-1.64 

-1.28 

-0.67 

 0.00 

-3.09 

-3.72 

-4.26 

99 

97.5 

95 

90 

75 

-

99.9 

99.99 

99.999 

2.33

1.96

1.64

1.28

2.67

-

3.09

3.72

4.26

The following equations show the confidence interval and its relation to the mean (x) and 
the standard deviation (SD) of any given population: 

Ci 95% = x ± 1.95 SD 
 Ci 90% = x ± 1.65 SD 
A frequency distribution curve of a certain dimension of a body such as stature is shown 
in Figure 3-12. 

Figure 3-12. The frequency distribution of stature with confidence interval. 
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Regarding the anthropometrical measures of the human body, the most linear dimensions 
are normally distributed. There are, however, other types of frequency distribution which 
may occur in measures. The combination of two normal distributions, such as males and 
females or adults and children, will lead to a new type of distribution called flat-topped 
(platykurtic) or even double peaked (bimodal). In most populations, body weight and 
muscular strength showed a positive skew (Pheasant, 1986).  

3.5.8 Anthropometric measurements 
The domain of anthropometric measurements is one of a seemingly endless number and 
variety. Yet it has been well known for some time that large subgroups of these measures 
exhibit a high degree of interrelationship and interdependence. For a very long time, it 
has been realized that it makes good scientific sense to detect the reduced subset 
combination of measures that convey essential information of the total set. 

It is necessary to adhere to standard methods and materials for reproducibility and 
comparability of the body measurements. Skeletal and body landmarks, instrument used 
and methods employed in performing measurements, are the most important aspects 
among them. The following provides some explanation of these aspects. 

Skeletal or anatomical landmarks specify the points from which the measurements 
are taken. 

Body landmarks are marks (points, crosses, lines, etc.) to be placed on the skin in 
order to assist in taking accurate measurements. 

Standard instruments used to measure body sizes include an anthropometer, a 
sliding compass, a spreading caliper, a skin fold caliper, steel, canvas or plastic 
measuring tapes, a weighing device, etc. 

Measurement methods can differ with corresponding different results. The 
definition of measurement describes the technique, the points from which the 
measurement is taken, the body posture adopted during the measuring and the 
instrument used for the measurement. There are several methods for measuring 
body sizes: 

o physical measurements or direct method measurements are usually taken 
using measuring instruments 

o photographic measurements, which are indirect measurements. 
Photogrammetry is one of the simplest photographic methods of acquiring 
anthropometric data where photographs are taken of subjects positioned in 
front of a measuring grid which gives a 2D point to point measurement 
between prominent features. 

Body size variability is the other term of anthropometry. Due to nutritional factors 
and higher standards of living, body sizes have changed between different 
periods. Differences in body dimensions exist not only between sexes or at 
different ages, but also between races or ethnic groups. There are remarkable 
variations in body dimensions between people living in different countries. In 
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general the causes of body size variability have been attributed to several factors 
such as: Genetic, Climate, Activity, Nutrition, Sex, Age and Standard of living.  

3.5.9 Types of measurements  
Human beings should be able to move and work in different work places and must not 
only fit spatially in a man-task system. Therefore two types of body dimensions are 
related to the anthropometric aspects of the work place design, static as well as dynamic 
dimensions. Depending on purpose of the study, the measurements could be of a static or 
a dynamic dimension type. 

Static dimensions or structural data are taken on the body (head, torso and trunk) with 
standardized body positions. Static dimensions refer to the actual sizes of the body 
components and include simple lengths or linear and circumferential dimensions, 
contours, areas and volumes. They include heights, widths, breadths and depths and 
usually imply no direction e.g. foot length, prominences e.g. ear prominence. In addition 
to the body form measurements, static anthropometry also includes area measurement, 
volume measurement and somatotyping.  

Dynamic or functional measures are taken with the body in motion posture and are 
usually more complex and difficult to measure. Dynamic dimensions refer to the ability 
of the body to perform certain tasks within certain distances, spaces or enclosures and 
include the description of measurement of human mobility, agility or flexibility. Prior to 
the measurements it will be important to know the inertial properties, viz. total body 
weight, whole body centre of mass and distribution of mass throughout the body. 

Here are the Structure Components of the Body: 

Total Body Weight = Lean Body Weight (LBW) + Fat Weight 

Lean Body Weight = Bone Weight + Muscle Weight + Skin Weight 

3.5.10 Application of Anthropometric Data 
Anthropometry is an important requirement for the design of a work place, instruments 
and hand tools, furniture, clothing and many other aspects in our life. The main objectives 
of anthropometry are: 

To obtain an optimal working posture 

To enhance working efficiency 

To improve safety and the comfort aspects of work. 
Whatever the objective, the application of anthropometry should be cost-beneficial. 
When carrying out the anthropometrical measurement and using the resulting data 
correctly, the following issues must be taken into account: 

Design for the extreme individuals 

Design for the average 

Design for the 90% user population  
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Design for the handicapped and disabled 

Design for the specific individual 

3.5.11 Terms and definitions 
The identification of the component structure and function of the musculoskeletal system 
of the human body is an essential issue for any type of ergonomics evaluation of a 
working environment. Briefly, the structure of the musculoskeletal system of the human 
body consists of six major substructures: cartilage, bone, tendons, ligaments, fascia and 
muscle. Tendons, ligaments, fascia and muscle are often referred to as soft tissues, 
whereas cartilage and bone belong to semi-hard and hard tissues. 

Bones, ligaments, tendons, fascia and cartilage are the connective tissues of the body 
which provide support, transmit forces and maintain the integrity structurally. Ligaments 
connect bone to bone, provide stability at joints, while tendons attach muscles to bone 
and transmit forces from the muscles. Fascia is also a connective tissue that covers organs 
or parts of organs and separates them from each other. 

Joints are necessary to allow motion between the body segments. The role of the joints in 
the entire musculoskeletal system is so important that they are often referred to as the 
musculoskeletal system’s functional units (Rosse and Clawson, 1980). 

This short description of human body components confirms the fact that in summary, the 
human body consists of both bony parts which are quite hard and fixed as well as the soft 
tissues which are rather flexible or changeable. These specific characteristics of mixed 
components’ tissues make the body a composite structure, quite stable, and at the same 
time relatively flexible and easy to move or be changed in shape, form and position.  

This flexibility of the body may have some direct effect and probably negative 
consequences on the accuracy and reliability of the results in the form of collecting 
incorrect data in various human factor investigations. 

In order to eliminate or minimize the risk for such undesirable results from the collected 
data (e.g. anthropometrical measurements) regarding these types of investigations, some 
restrictions and principles are required.  

Regarding the anthropometrical measurements, two following important definitions make 
it clear to subjects as to which form and position their body should take during the 
measurement procedures.  

Normal posture subject stands comfortably erect but not rigid and not stretched. 
The weight is equally distributed on both feet which are close together at the heels 
and about 100 mm apart at the toes. 

Anatomical position in which the body is standing upright and at attention with 
the arms hanging by the sides with the palms of the hands facing to the front with 
forearms fully supinated (see Figure 3-13). 
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Figure 3-13. Anatomical position of the body standing upright with the arms hanging by the sides. 

Regarding the measurements during sitting posture, there would be some other principles 
in which participants are asked to consider in order to avoiding any uncertainty or doubt 
on accuracy of collected data. 

3.6 Constraints and the classifications 
In ergonomics and anthropometrics a constraint is an observable, measurable 
characteristic of human beings which has consequences for the design of a particular 
product. A criterion is a standard judgement on which the match between user and 
product may be measured (Pheasant, 1986). There will be various hierarchic levels of 
criteria. Near the top is the overall wish such as comfort, safety, efficiency, aesthetics, 
etc. These can be designated high level, general or primary criteria. In order to achieve 
these goals, low-levels, special or secondary criteria must be satisfied.  

Regarding the chair design, comfort is an obvious primary criterion. As an example, the 
lower leg length of the user imposes a constraint upon the design since, if the chair is too 
high, pressure on the underside of the thigh will cause discomfort. Therefore the 
secondary criterion (the seat height must not be greater than the popliteal height) should 
be proposed. The tertiary criterion is to consider another level of limitation which in the 
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case of chair design would be a restriction that the height of the seat must not be greater 
than 400 mm (if it is not adjustable). The conflicts between these three criteria may create 
the necessity for trade-offs. In the chair example, it would be possible for a tall man to 
feel uncomfortably cramped in a seat which is intended to accommodate the lower leg 
length of a 5th percentile woman. Some suitable compromise may have to be reached in 
the interest of the greatest comfort for the greatest number. Similarly, there might be 
circumstances in which it is necessary to trade-off e.g. comfort for efficiency or safety. 

Therefore four sets of cardinal constraints of anthropometrics can be considered: 
clearance, reach, posture and strength. 

Clearance is the adequate access and circulation space such as head room, elbow 
room, leg room, etc, and it must be given consideration in a working environment. 
All these aspects are one-way constraints and determine the minimum acceptable 
dimension in the object. If such a dimension is chosen to accommodate a bulky 
member of the user population (e.g. 95th %ile in height, breadth, etc.), the 
remainder of the population, smaller than this, would necessarily be 
accommodated. 

Reach can refer to e.g. the ability to grasp and operate controls. Reach constraints 
consider the maximum acceptable dimension of the object. They are one-way 
constraints, but this time determined by a small member of the population, e.g. 5th

%ile. 

Posture is determined by the relationship between the dimensions of a person’s 
body and those of his workplace. Postural problems are usually more complex 
than problems of clearance and reach since there may be limited users in both tails 
of the distribution. For example, a field of vision that is too high for a short person 
is just as undesirable as one that is too low for a tall person. In other words there 
is two-way constraint. 

Strength is the fourth type of constraint and concerns the application of force in 
the operation of controls and in other physical tasks. Often, limitation of strength 
imposes a one-way constraint and it is sufficient to determine the level of force 
that is acceptable for a weak limiting user. There can be cases, however, where 
this may have undesirable consequences for the heavy-handed or heavy-footed 
user in which a two-way constraint may apply. 

In addition to above classification, there is a principle of limiting user in anthropometrics 
or ergonomics consideration. This means that a hypothetical member of the user 
population who, by applying his or her physical (mental) characteristics, imposes the 
most severe constraint on the design of the product. For example, a bulky person is the 
limiting user in the case of clearance and a small person is the limiting user in a reach 
problem (Pheasant, 1986). 



57

3.7 Comfort as a complex element for evaluation of posture prediction in 
driving task 

Comfort is a qualitative issue with a rather complicated and not well-defined concept. 
Generally speaking, it can refer to feelings of either comfort or discomfort and in 
ergonomical investigations, scales often mix the two concepts. Many studies dealing with 
evaluation of sitting comfort indicate that comfort and discomfort are affected by 
distinctly different variables (Helander and Zhang, 1997). According to Hertzberg, 1972, 
people are only conscious of discomfort. 

Corlett and Bishop, 1976 used pain synonymously with discomfort and suggested that 
factors contributing to discomfort are posture and effort. They defined industrial comfort 
as a threshold level below which the operator would not be distracted from his work. 
Gaston Johansson, 1984 stated that pain is a strong word and associated with situation far 
beyond the distracting factors. Distraction from work is used to explain factors such as 
aching, irritating, and annoying, pricking, pinching and stringing which are semantically 
correlated with ache and hurt. 

Regarding the conceptualization of comfort, Slater, 1985 included the external 
environment and defined comfort as a pleasant state of physiological, psychological and 
physical harmony between a human being and his environment. Kuorinka, 1983 defined 
discomfort as a perception of something negative, a painful or unpleasant experience 
which a person may feel during everyday life. In contrast to discomfort which is 
perceived as something negative, comfort would reflect something positive. Reynold, 
1993 found that perception of comfort may change over time. Another study carried out 
by Coelho and Dahlman, 2002 include pleasurable as a level higher when compared to 
comfort suggesting that comfort is one of several attributes that contribute to a 
pleasurable product. Alm and Magnusson, 1992, found that a driver´s perception of a 
comfortable journey refers to parameters such as the availability of fuel and other 
essential facilities and conditions of the car, the sensory, the passengers and one’s own 
mental status. In addition to these parameters drivers mentioned factors such as a well 
designed seat, adjustable features, temperature, space and reach possibilities, noise and 
vibration.  

In a study carried out by Zhang et al, 1996 multidimensional properties of comfort and 
discomfort were analyzed and it was concluded that feelings of discomfort were 
associated with pain, tiredness, soreness and numbness. These feelings were assumed to 
be imposed by physical constraints in the design of a workstation, and mediated by 
factors such as joint angles (Keegan, 1959, Mandal, 1984, Grandjean, 1984 and Michel 
and Helander, 1994), tissue pressure (Hertzberg, 1972 and Kamijo et al, 1982), muscle 
contractions (Lundervold, 1951) and blood pooling and circulation blockage (Winkel, 
1986).  

The assessment of comfort in sitting on a chair, on the other hand, was based on feelings 
of well-being and the aesthetic (plushness and luxurious) impression of the chair.  

Measurements of seated comfort have been based on: 

observations of body postures and movements (Grandjean et al., 1960; Branton 
and Grayson, 1967; Rieck, 1969 and Wotzka et al., 1969) 
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observations of task performance (Jones, 1969) 

direct subjective ratings of general comfort, of using chair feature checklists, body 
area comfort rankings and general comfort rankings (Wachsler and learner, 1960 
and Grandjean et al., 1969). 

Despite an endless amount of research on the comfort issue, no general agreement has 
been reached as to which method is the best in terms of precision or reliability (Schackel 
et al., 1969; Drury and Conry, 1982). Comfort is still an unexplored concept and is often 
defined as the absence of discomfort. Time is an important factor for evaluating comfort 
and has been debated among researchers who were concerned with this issue. Wachsler 
and Learner, 1960 found comfort rating after five minutes to be as reliable as those 
obtained after four hours while Barkla, 1964 found at least 30 minutes of sitting 
necessary for reliable ratings. 

Since feelings of comfort and discomfort are based on independent factors and there is no 
connection between these two entities, an increase in one does not necessarily lead to the 
decrease or existence of the other. This statement does not seem to be very realistic since 
it is supposed that the presence of each of these two concepts would occur only in the 
absence of the other. Hertzberg, 1972 for instance defined comfort as the absence of 
discomfort and zero discomfort is equal to the absence of pain. Similarly, Hedberg, 1976 
defined comfort as no pain and discomfort as pain. 

Studies on the evaluation of comfort and discomfort are not few. In a study carried out by 
Shackel et al., 1969, the General Comfort Rating (GCR) scale for assessment of chair 
comfort and discomfort was developed. It was based on a unidimensional 11-point scale 
with verbal anchors (see Table 3-2). 

Table 3-2. General Comfort Rating (GCR) scale for assessment of chair comfort and discomfort (adopted 
from Helander and Zhang, 1997). 

Rating Description 

1
2
3
4
5
6
7
8
9
10
11

I feel completely relaxed 

I feel perfectly comfortable 

I feel quite comfortable 

I feel barely comfortable 

I feel uncomfortable 

I feel restless and fidgety 

I feel cramped 

I feel stiff 

I feel numb (or pain and needles) 

I feel sore and tender 

I feel unbearable pain
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There is a possibility to suggest a schematic illustration of this concept (see Appendix 
A.1).

Another type of scale developed by Corlett and Bishop in 1976 is called Body Parts 
Discomfort (BPD) and is applicable to all types of work. In this study the assessment of 
discomfort used an illustration of a human body which was segmented into its various 
parts such as neck, shoulder, etc. Subjects were asked to rank which body parts they felt 
most uncomfortable using a five-point scale. Then, they were asked to identify and rate 
the second most uncomfortable and the third most uncomfortable body parts and so on. In 
this way, they completed the ratings of the entire body. The sum of the discomfort ratings 
of all body parts indicated the BPD index. It is obvious that BPD focuses solely on 
discomfort assessment while GCR takes into account a combination of both comfort and 
discomfort assessments. A schematic illustration of this concept is also suggested (see 
Appendix A.2). 

Measurement of seated comfort has been based on observations of body posture and 
movement (Grandjean et al., 1960; Branton and Grayson, 1967; Rieck, 1969 and Wotzka 
et al., 1969), observations of task performance (Jones, 1969), or direct subjective ratings 
of general comfort of using chair feature checklists, body area comfort rankings and 
general comfort rankings. 

Posture prediction in driving tasks is usually concerned with comfortable joint angles 
(Babbs, 1979). The assumption is that people will tend to choose the joint angles that are 
close to the center of the range of motion for the joint, where comfort is assumed to be 
the greatest (Reed, 1998). However, it is not usually clear how deviation from the optimal 
joint angles should be traded off in the usual case in which the optimal angles are 
kinematically inconsistent with the task constraints. 

The postural muscles of the back function to protect the spinal structures and help to 
maintain the body in a comfortable configuration during normal activity (Reed, 1998). 

The comfort or discomfort may be measured subjectively as well as objectively. It is 
evident that there is a need to develop methodologies to obtain objective measurements of 
the effects of different seat contours on people. Utilization of subjective methods such as 
questionnaires filled out by the seated occupants in evaluation of seat design was very 
common in the past. In a study by Ebe and Griffin, 2001 on the evaluation of 
comfort/discomfort, the domination of the subjective assessment method was 
emphasized. Recently, the automotive seating industry has examined seating evaluation 
methodologies which provide objective, quantitative data. The predominating strategy is 
to provide both subjective as well as objective measurement to better understand and 
document the concept of comfort/discomfort (Bush, 1995). Still, there is a lack of studies 
on sitting behaviour, sitting postures and their relative comfort/discomfort evaluation. 

3.7.1 The relation between chair design and discomfort 
The relation between chair characteristics (or chair design) and the feeling of discomfort 
were shown in a study by Helander and Zhang, 1997 to be insignificant. Branton, 1987, 
used in his office an experimental chair which was designed to provide minimal but 
adequate support to the lumbar and ischial tuberosities during a period of one year. The 
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chair had a very short seat pan and a very small lumbar or back support. He found the 
chair to be basically comfortable.  

People constantly used to change their sitting posture to compensate for the level of 
comfort they gradually lost while sitting on a chair, supposedly to relieve the build up of 
body pressure and discomfort. Such a normal behaviour of changing posture tends to be 
quite individual and may differ from case to case and from individual to individual. The 
posture variation may occur in form of changes in the leg posture and position or 
movement of the upper extremities. These normal postural changes occur independently 
with no regard to any comfort/discomfort judgment of the chair. Therefore, it is believed 
that the design of the chair has nothing to do with the biomechanical aspects of sitting, 
unless the chair user has a bad back (Michel and Helander, 1994) or unless the design of 
the chair severely violates basic design criteria (Helander and Zhang, 1997). One reason 
for this argument is that the human body is (as stated before in this chapter) flexible and 
surprisingly adaptive and not very sensitive to variations in chair design.  

As long as basic design criteria is respected and not violated, it would be difficult to 
justify a comfort/discomfort assessment of chairs. Much of the discomfort feeling of the 
chairs processed during sitting may relate to their period of use rather than their design 
aspects. 

To achieve a better understanding of the concepts behind feeling of comfort/discomfort, 
several seat studies were conducted employing electromyography (EMG) for monitoring 
the muscle activities. The results indicated a correlation between EMG data and 
subjective rating of comfort for a static seated test. In one study (Greiff, 1994) lower 
muscle activity levels were found while individuals were driving with the cruise control 
on, and concluded that the driver was more comfortable. 

The role of comfort or discomfort in driving posture has received considerable attention 
(Reynold, 1993 and Reed et al., 1994). Most researchers are prone to consider 
discomfort, rather than comfort, and to quantify the means by which discomfort can occur 
(Branton, 1969). The primary sources of discomfort can be divided into three interrelated 
categories, namely pressure distribution, joint angles and muscle activity. Posture has 
frequently been addressed as having a relation to discomfort, particularly with respect to 
joint angles (Rabiffe, 1980; Grandjean, 1980; Asano et al., 1989 and Seidl, 1994 in Reed 
diss. 1998). In various vehicle studies concerning seating postures selected by drivers, the 
main emphasis has been on describing how drivers respond to vehicle interior geometry. 
It has not however provided information on how comfortable the resulting postures 
would be or where vehicle components should be located to obtain optimal comfort 

On the basis of this short theoretical discussion on the conceptualization of human body 
characteristics and the comfort/discomfort judgments in relation to selection of sitting 
posture, a certain planning strategy for carrying out the present study was designed.  

The following chapter deals with this experimental setting in detail. Some points which 
should be highlighted here regarding the different stages of the present study are 
summarized. 
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4 Experimental procedures 
Despite the fact that a laboratory experiment does not contain the entire aspects of a field 
study and therefore may differ somewhat from reality, much effort has been made in the 
present laboratory experiment to minimize such discrepancies. A certain methodology 
with a specific experimental laboratory environment intended to represent the 
circumstances similar to the real world with respect to the above statement was designed 
and employed in order to achieve the research objectives. The following description 
discusses in more detail the different aspects concerning this issue.  

In the experimental setting the major effort made was to design and construct a laboratory 
vehicle mock up which is rather unique in the following respects:  

The selected mockup was in fact a real Scania truck (heavy duty vehicle mock up) 
of type CR19 normally used in everyday traffic. However this particular vehicle 
was recently taken off the production line in order to be used in the present study 
for experimental purposes. 

There was a strong argument and belief that a real cab mock up must be employed 
for the entire experimental procedure in the present research work. Otherwise the 
objectives of the study would be impossible or difficult to achieve by a simulator 
condition or artificial one such as only a simple mounted seat place on a platform 
with a steering wheel and pedal components. The author believed strongly that 
such a comprehensive study which involves a variety of measurement methods 
and a multi-dimensional discipline requires the data collection to be performed in 
a more realistic situation, one which could reflect more precisely the drivers’ 
behaviour and feelings. 

The recruited participants were both national and international truck drivers who 
represented their own group of workers with sufficient experiences and 
knowledge of truck driving activities. 

The experimental procedure and its environmental conditions were of such a 
nature that they aimed at capturing the drivers’ direct feedbacks and feelings on 
different test situations with less uncertainty. 

The measurement devices, technique and procedures were of high quality 
standards and they were used by the investigator who had adequate 
knowledgeabout using the apparatus, collecting, documenting and analyzing the 
data. 

4.1 Apparatus 

4.1.1 Experimental cab mock up 
An adequate experimental technique using the Scania truck cab mock-up (as noted 
above) as a major instrument was designed and reconfigured for performing different 
measurement procedures in accordance with a written test protocol. The original test 
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mockup prior to prototyping and installation of different components is illustrated in 
Figure 4-1. 

Figure 4-1. Scania truck cab mock-up used for the laboratory experiment in the study. 

Some major modifications of the truck mockup including the engine tunnel and the floor 
under the driver’s seat as well as components such as the pedal, steering wheel and seat 
were made to facilitate the measurement requirements. The modifications consisted of 
cutting and removing these parts and replacing them with the newly redesigned 
components. The mechanical and electrical modifications and the relevant assembly 
procedure required were carried out by a professional group of technicians and engineers 
from the Design and Prototype Division at Scania. The steering wheel, seat and pedal 
were the essential components for the experiment and they were removed from the cab in 
order to be redesigned and equipped with adjustability facilities. The following is a brief 
description regarding the modification procedure of the components: 

The seat track travel was obtained by mounting the seat on a motorized rigid 
frame attached to the platform, thereby allowing unrestricted fore-aft travel along 
a horizontal forward-backward path. The unrestricted vertical travel was 
performed by a powered winch installed on the back of the seat as shown in 
Figure 4-2. The Seat cushion angle and backrest angle were adjusted by pivoting 
the entire seat and backrest around a lateral axis and independently. 
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Figure 4-2. Seat travel obtained by mounting the seat on a motorized rigid frame attached to the platform. 

The pedal components were mounted on a motorized platform, thus allowing 
unrestricted fore-aft and height travel without any changes in the pedal angles (see 
Figure 4-3). 

Figure 4-3. Pedal components mounted on a motorized platform. 

The steering wheel was mounted on the instrument panel with two independent 
pneumatic axes which allowed a wide range of adjustments including tilting and 
moving along the sagittal plane for adjusting the height (see Figure 4-4).  
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Figure 4-4. Steering wheel mounted on the instrument panel by two independent pneumatic axes. 

The new rebuilt components, e.g. the driving seat, steering wheel (STW) and pedal/floor, 
were then remounted to their own position on the mockup. These redesigned components 
provided a wide range of adjustments in different directions and quite independently.
These new devices enabled each individual test subject to manipulate comfortably the 
adjustment components and find a desirable posture in all test conditions (see Figure 4-5). 
The pedal and seat track travel keys were mounted on a small board which was installed 
above the cab windscreen. The backrest and cushion angle of the seat were adjusted by 
the standard seat keys. The STW adjustment was performed by a separate key installed 
on instrument panel close to the STW. The testing procedures and measurements were 
conducted using standard reference points and dimension definitions (Figure 3.5 in 
Chapter 3) according to the Society of Automotive Engineers (SAE) and with respect to 
the definition of the three-dimensional coordinate system (see Figure 2.1 in Chapter 2). 
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Figure 4-5. Illustration of adjustable components on the experimental truck cab mock up (note switchers 
for seat and pedal adjustments).  

The final solution as a result of all modifications and replacements regarding the new 
reconfigured mock-up is shown in Figure 4-6.  
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Figure 4-6. The reconfigured cab mock-up with modified and replaced components. 

4.1.2 Anthropometer 
The anthropometer (see Figure 4-7) which is one of the most common devices used to 
measure the body dimensions was used to scan different test driver body dimensions.  

Figure 4-7. Anthropometer, as the measuring device for body measurements. 
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The measurements were carried out in a standing as well as a sitting position and most of 
them were taken from one side of the driver (the left side) since the segments were 
assumed to be symmetric. 

4.1.3 Faro-arm (a digital 3-D measurement device) 
The Faro-arm device used in this study was a portable multi-axis measurement arm with 
infinite positioning freedom. The device, a silver type 6 with spherical (reach) diameters 
of 1.8 m, was mounted on a tripod structure inside the experimental cab-mockup (see 
Figure 4-8). 

Figure 4-8. A schematic illustration of a portable multi-axis measurement arm (Faro-arm).  

The aim of using this device was to measure three dimensional coordinates of body 
landmarks for identifying the drivers’ postures and component locations.  
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4.1.4 Questionnaire 
A questionnaire contained questions in different categories including general or 
background information, symptoms of stress and musculoskeletal problems (see 
Appendix B). The results from symptoms of stress were collected and documented for 
later analysis in future studies. 

The background information included questions concerning driver’s age, stature, weight, 
type of driving license and experiences, etc. The other part of the questionnaire consisted 
of questions in three separate categories of symptoms of feeling pain, ache and trouble or 
discomfort. The contents of the questionnaire including the following figure for 
localization and identification of symptoms were designed and used according to the 
Nordic Standardized Questionnaire (Kuorinka et al., 1986). 

Figure 4-9. Approximate position of the body parts for localization of musculoskeletal symptoms 
(reproduced from Kuorinka et al., 1986). 

4.1.5 Subjective rating of comfort/discomfort 
The subjective rating of discomfort consisted of questions regarding STW, seat and pedal 
position. The drivers’ overall feelings of discomfort and their spontaneous answers to 
questions regarding the component locations (vertical, horizontal, and aligned distances, 
as well as angles) were determined either separately or interactively by user defined 
numerical values. The ratings of discomfort were labled on seven scale questions from 1 
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through 7. Scale 1 indicated “Very good”, Scale 4 “Moderate” and number 7 was 
regarded as “Very bad” feeling. The questions were written in Swedish and for those who 
needed it they were translated into English (see Table 4-1 as well as Appendix C). 

Table 4-1. Subjective rating scale for comfort/discomfort assessments regarding the component locations. 

Component Position Very 
good 

Moderate Very 
bad

Distance 1 2 3 4 5 6 7 

Height 1 2 3 4 5 6 7 STW 

Angle 1 2 3 4 5 6 7 

Height 1 2 3 4 5 6 7 

Cushion angle 1 2 3 4 5 6 7 Seat

Seatback recline 1 2 3 4 5 6 7 

Floor level 1 2 3 4 5 6 7 

Accelerator 1 2 3 4 5 6 7 Pedal

Clutch 1 2 3 4 5 6 7 

Overall 
feeling 

1 2 3 4 5 6 7 

4.2 Methodology 
The methodology employed in the present research work was a multi-dimensional 
measurement technique performed in several specific trials which were designed in a way 
to answer the objectives of the study. The measurements were carried out separately in a 
pilot study as well as the real one according to the following description: 

4.2.1 Pilot study-preliminary adjustment, localization and installation of 
FARO-arm

The identification and prediction of the driver’s posture and components position is 
essential for vehicle interior design and this requires a detail knowledge and 
understanding of how drivers will select their own sitting characteristics. An adequate 
selection and utilization of the measurement equipment, technique and procedure which 
leads to a more reliable and precise result is needed to achieve this objective. 

The promotion of accuracy of the measurement method which is intended to lead to more 
adequate and reliable results has been achieved by practicing and performing various 
tests in the prototyped mockup under different circumstances. In this way familiarity with 
the measurement complexity was obtained during a pilot study prior to the main 
investigation. This pilot study provided the opportunity to test and understand the 
experimental setting and to experience the theoretical as well as the practical problems 
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during measurements. The other aim of the pilot study was to discuss the functionality 
and validity of the reassembled components in new conditions with colleagues and 
expertise from different disciplines at R&D and design departments as well as 
professional drivers. Discussions and collaborations brought a collection of adequate data 
and sufficient information all of which was essential for carrying out the main study.  

The following is a brief description of the major aspects of the pilot study which assisted 
the execution of the main comprehensive laboratory investigation:  

The reconfigurable truck cab mockup was built up and completed gradually, step 
by step (the procedure is described in detail earlier in this chapter) during the pilot 
study (see Figure 4-1 through 4-6). One of the major changes in the mock-up was 
on the floor and engine tunnel which were removed from the cab. The floor was 
replaced by a new, fixed platform which was mainly used for installation of the 
driver seat and the Faro-arm device.  

The accurate measurements of body posture on the driver seat is a complicated 
procedure, especially when it is aimed at measuring the entire landmark points of 
the drivers within the cab at once and in a short period of time. During this period, 
drivers were not supposed to move until all the measurements were taken. In 
contrast to the present study, as it was observed in the literature review, the results 
of the posture prediction in some similar studies were a combination of the 
measurements taken in two separate conditions, partly inside and the remaining 
part outside the driver seat. This would increase the uncertainty and create doubts 
on the results and therefore increase the risk for inaccurate collected data. In the 
present research work, the effort was made to perform all the measurements at 
one sitting condition (inside the cab), in order to minimize any uncertainty or 
doubt about the accuracy of the results. Furthermore, it effectively reduced the 
time consumption and eliminated unexpected and undesirable measurement 
procedure complexities. To achieve this target, especially, regarding measuring 
the landmarks of the spinal column together with the other landmarks, some major 
changes and modifications on the Faro-arm and its installation as well as the 
backrest of the driver seat were required. 

The Faro-arm was mounted on an approximately 60 cm high tripod structure for 
easier access and better reach. This structure was later on mounted on a platform 
inside the cab for easier and more convenient measurements.  

The probe of the device which is located on the far end of its arm and is used for 
pointing out an object and measuring its coordinate data was not suitable for the 
study purposes (being too short and not able to reach some landmarks). It was 
replaced by a longer probe. This new probe which was approximately 25 cm long 
and built in workshop in the Scania, provided much better and adequate usability 
and convenience for different body landmarks to be reached and measured. 

The other aspect which is important to explain is the changes on the backrest of 
the seat. Since the spinal column which consists of a number of landmarks to be 
measured would be impossible to be reached when drivers were in a normal 
sitting posture, some holes were made on the backrest of the seat. These holes 
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which were in different places close to and in direction to the spinal column 
(vertebrae) made it possible to reach and measure the corresponding landmarks. 

Different measurements on human subjects as well as the SAE’s manikin were 
performed in various circumstances during the pilot study. The objective was to 
find the optimal installation location for the device and to see if any other changes 
or modifications on the mock-up were required before carrying out the real study. 
It should be noted that this phase of the study was judged to be less crucial and 
therefore, the preliminary installation of the device was performed irrespective of 
the mockup’s original coordinate system. More details regarding the installation 
of the Faro-arm and its optimal location are discussed in the following section.  

4.2.2 Final adjustments of reconfigurable cab mock-up 
The measurement of vehicle interiors and of the drivers within the cab is a complicated 
procedure of access and alignment issues. The Faro-arm (silver series with a 244 cm 
reach) was first mounted on top of a 60 cm high tripod structure and then together on a 
specially designed fixed platform inside the cab almost at the midpoint and on the right 
side of the driver. For optimal access during the measurements, the experimenter stood 
beside the Faro-arm device and on the right side of the driver inside the cab for 
measuring the component location within the vehicle as well as the driver’s body 
landmarks. Several aspects were taken into account as necessary operations during the 
pilot study and they are summarized as follows: 

Finding the optimal location for the installation of the Faro-arm as one of the 
major aims of the pilot study was rather complicated and required a great deal of 
work with many tries. Due to some technical restrictions and practical limitations 
in using the device (the range of extension, etc) and the need for accuracy in 
measurements, it was of great important to localize and find out the optimal 
installation position for the Faro-arm. On the other hand, the measurement 
procedures were strictly under control and did not allow any single body 
movement during the entire period of measurement. In the beginning, it was 
decided to take the landmark measurements from outside the cab close to the 
driver seat. This would also have required the Faro-arm to be installed outside the 
mockup on the left side of the driver. This alternative was rejected since it was 
impossible to reach some of the landmarks in the extreme position and far beyond 
the probe’s range of motion and reach. All these limitations and difficulties 
required the device to be positioned and installed on a fixed optimal location 
inside the cab and on the right side of the driver. This optimal and almost ideal or 
unique location point for the installation of the device was finally achieved 
through testing a number of different alternatives with many varieties and changes 
on the measurements as well as on the driver’s body or the SAE manikin. The 
final solution was found to be a point near to and on the right side of the driver 
seat inside the mock-up, since all other places in the cab mock-up failed to fit the 
measurement requirements. 

Prior to performing any measurement, the Faro-arm was calibrated directly after 
the installation procedure on the mock-up according the standard description. 
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4.2.3 Identification of the experimental cab mock-up 3-D coordinates and 
adjustment of the FARO-arm accordingly 

The three dimensional coordinate system of the mock-up was one of the most significant 
aspects of the experiment which needed to be identified before carrying out any 
measurements. This would make it easier to relate the obtained data to the original 
coordinate system of the cab and thereby make any necessary comparisons. The 
information regarding this coordinate system was found and documented in collaboration 
with the Scania technical division which was responsible for such information. The 
concept of this three dimensional coordinate system can be seen in Figure 2.1 in Chapter 
2 which illustrates the truck with three coordinate (sagittal, coronal and transverse) 
planes. All body landmark measurements were performed in relation to Scania’s mockup 
coordinate system X, Y and Z at zero point. 

4.2.4 Calibration with H-point manikin and identification of standard 
(neutral) position of the components 

The SAE J826 3-D manikin has been used to adjust and find the H-point of the seat and 
thereby its neutral or normal driving posture (as will be discussed later in this Chapter) 
according to the standards. The identification of the H-point confirmed that the interior 
seating geometry established in the reconfigured vehicle package is in agreement with the 
standards used in Scania vehicles. In addition to the H-point location, the vertical distance 
between this point and the occupant heel surface (seat height or H30 dimension) as 
another important parameter was also confirmed. The preparations for the measurements 
in different test conditions (Trials) were provided by calibrations, identification and 
adjustments of the neutral seat position. 

4.2.5 Carrying out the reliability test and control of the adjustable 
components and measurement device on test drivers 

A test must not only be reliable to be useful. It must also be valid. That is, the instrument 
must measure what it is intended to measure. There are several ways to assess both 
reliability and validity. 

The technical solution and functionality for the components of the present experimental 
truck mock up were designed and made by professional resources available at Scania. A 
reliability test was conducted in order to eliminate or minimize any uncertainty about the 
new reconfigurable components functioning correctly. The reliability of the experimental 
procedures and the subjects’ conviction regarding selection of an optimal seating position 
were tested using a simple reliability test-retest conducted on 3 truck drivers in two 
consecutive days, three tests per day. 

The rearward and forward seat track travel was restricted to its most extreme (both 
rearmost and foremost) positions. The seat back angle and cushion angle were restricted 
to a reclination of approximately 15 degrees and 4 degrees respectively according to 
typical industrial practice. The drivers entered the vehicle and were asked to adjust the 
seat to a preferred driving position in both cases. The horizontal and vertical position (X 
and Z coordinates) of the seat in each test was measured and the resul was documented. 
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The recorded results of the drivers’selected positions were studied and compared to each 
other. The recorded data were found to be very similar to each other (see Appendix D), 
thus confirming the reliability of both the experimental procedure and the drivers’ 
convictions. 

4.3 Experimental procedure 
The selected measurement technique is an application of methods originally developed 
for the study of passenger car occupant postures to the truck driver postures. This study is 
conducted in a laboratory environment which facilitates and provides the opportunity for 
observation and study of a driver’s posture selection under different conditions (see 
Figure 4-10).  

Figure 4-10. Body landmarks measurements using the Faro-arm. 

This phase of the study deals with a relatively complex measurement of the driver 
postures in the truck cab mockup. The measurements used the same technique as the pilot 
study, but were somewhat more comprehensive. Regarding the posture measurements 
inside the mockup, different sets of factors together with their ranges of variation were 
identified and put into a matrix of test alternatives that could be obtained in a laboratory 
vehicle mockup (see Table 4-2). 
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Table 4-2. A matrix of test alternatives including different sets of factors together with  
their ranges of variation. 

Component Axis 

Seat

Height 
Fore-Aft
Back Angle
Cushion Angle 

Steering Wheel Position re its center 
Angle re vertical 

Pedal Height 
Fore-Aft 

4.3.1 Selection of volunteers and instructions 
A stratified sampling approach was applied, where drivers were recruited to fill in 
specific stature/gender and some other general information in a questionnaire. People at 
the extremes of the population were oversampled relative to their actual representation, 
providing greater efficiency in estimating the anthropometric effects on posture. 
Participants were recruited to span a large range of body weight and stature, in particular 
to ensure adequate representation of both the extreme as well as the normal group of 
drivers. The test plan called for 55 volunteers, almost all highly experienced heavy truck 
drivers. Some of the drivers worked as distributors in different enterprises and the 
remaining part worked as long haulage drivers. 

The selection of the distribution drivers who worked in shifts was made through different 
contacts with their organizational managers and in accordance with a certain time 
protocol which was matched to their availability on shifts. 

The selection of long haulage drivers took place in a quite different way. Long haulage 
drivers usually wait in a cue in front of the Scania delivery department for their loading 
and unloading turn. This presented opportunities for the investigator to get in touch with 
drivers who were from different countries by encouraging and convincing them to 
participate in the study. This was followed by a short presentation of the aim of the study 
and some details regarding the measurements. The drivers were presented with a Scania 
cap and T-shirt as a thank-you gesture for their participation after the measurements were 
completed. 

In the experimental cab mockup the investigator briefed the drivers on the test procedures 
on all of the available test components and their relative adjustments. These adjustments 
included steering wheel tilt and movements, seat height, seat cushion angle, seat back 
angle, seat track travel, as well as pedal height and pedal track travel. The volunteers 
were then asked to sit in a normal stabilized posture during which the pelvis was not 
allowed to rotate or tilt sideways to obtain a comfortable position. Then the participants 
were allowed to adjust the components in a wide range of trajectory according to a certain 
written protocol. Throughout the entire measurement procedure, the drivers were asked to 
keep their right heels on the floor panel at the AHP and the BOF on the depressed 
accelerator pedal, tangent to the pedal. Although in a normal driving posture- a “ten 
minute to two” position of hands is required for manipulating the steering wheel, drivers 
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were allowed to grasp the device in whatever position they preferred and felt more 
comfortable. In other words, they were allowed to change the position of their hands and 
grasp the steering wheel in order to obtain comfort during whole procedure of 
experiments. It is worth noting that drivers were asked to remain still to maintain their 
own preferred driving posture during the whole period in which the landmark locations 
were measured. Otherwise there would be a risk for the subjects to shy away from the 
point probe or move to assist the researcher in capturing various trunk points. Since the 
head is more flexible compared to other body segments and the tendency for movements 
of the head is therefore higher than the other parts of the body due to circumstances, the 
landmarks on the head region were preferred to be digitized first. This would prevent the 
accuracy of the points from being affected by subsequent driver movements. 
Furthermore, it seemed to be more realistic and logical that the measurements preferably 
began at the head of the participants and went through the entire body down to the foot. 

4.3.2 Test procedures, sample trials and measurement techniques 
According to a written protocol, the experiment containing a subset of test conditions 
with five different trials was first presented with instructions to the participants. Since the 
systematic order of the trials in performing the scientific experiments is always risky and 
often criticized for influencing the results, a random selection sampling of the trials was 
used in order to: 

minimize the experimental effect or systematic error 

optimize the reliability of results. 

The participants were then asked to sit in the experimental mock up and adjust their 
posture and component locations according the contents of a random selected trial. 

The focus of the study was on measuring postures of the participants. However, a subset 
of conditions was presented with instructions to the drivers to adjust their posture and 
component locations without reference to the gear shift, instrument panel or vision tasks 
(viz. visual targets in the mirrors).  

Before explaining the experimental procedure of the study, it is necessary to clarify the 
concept of neutral or normal driving posture as defined by literature. A normal driving 
posture is sagittally symmetric, with the sagittal planed aligned with the vehicle or seat 
side-view (XZ) plane (Reed diss., 1989). This has been proven and supported by many 
investigations conducted in laboratory vehicle mockups which demonstrated that drivers, 
when asked to sit with a normal comfortable driving posture, tend to select a torso 
posture that mostly conforms to this definition. Another point worth noting is that 
asymmetric limb postures of the body are usually resolved by recording the posture of 
only the right side of the body since the right foot interaction with the accelerator pedal 
ensures that the right-leg posture is related to the driver’s adaptation to the workspace 
(Reed diss., 1989).  

The method employed in the present study is applied to either or both legs, arms and 
sides of the body, so that the sagittal symmetry requirement for the limbs can be relaxed 
if desired. With these instructions and clarification, the resulting kinematic constraints 
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can be exploited to avoid additional information regarding the body position to describe 
the posture. 

Regardless of the test order the trials were designed as follows (for more detail 
information see Appendix E). 

Trial ”N”- as neutral position- which means that all components of interest (seat, 
pedal floor and steering wheel) have been set to a neutral or standardized position 
(restricted to the 75th percentile of the expected components position 
distribution). Participants were asked to rate the comfort regarding the component 
locations in the existing position (no adjustments were allowed). 

Trial ”H”- which allowed the drivers to adjust the seat in a horizontal direction 
(Fore-Aft position), the cushion angle and the back angle. 

Trial ”V”- Drivers were asked to adjust the seat in both horizontal and vertical 
directions (seat height, Fore-Aft position, cushion angle and back angle). 

Trial ”R”- Participants had the opportunity to adjust the steering wheel in all 
directions (fore-aft, telescope and tilt) together with the seat adjustment as in Trial 
V.

Trial ”P”- Drivers were allowed to adjust all components in all directions together 
with pedal adjustments (vertical and Fore-aft position). 

The neutral position of the steering wheel refers to both its central X, Y and Z coordinate 
point and its specific angle according the standards from industry data. This neutral 
position of the steering wheel was localized and obtained during the course of the study 
and during the entire measurement procedure, using a specifically designed fixture.  

It should be noted that: 

Prior to performing each of the trials, all components were set to their respective 
nominal position. 

Each of the measurements consisted of a procedure in which a sparse set of body 
landmark locations were recorded and transferred into the computer software 
program to quantify the posture. 

Directly after each measurement, drivers were asked to rate the comfort of the 
posture and the suitability of the component locations in a questionnaire. 

The entire measurement period including responding to the questionnaire, 
anthropometrical measurements and each of the participants performing the five different 
trials took approximately two hours to complete.  

4.3.3 Body dimension selection and measurements (anthropometry) 
Body dimension selection and measurements of participants were made according to a 
standardized procedure consisting of dimensions of segments in the standing (see Figure 
4-11) as well as the sitting (see Figure 4-12) position. The measurements comprised the 
lengths, depths, breadths, heights, reaches, waist circumference and weights of the 
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drivers. More specific information regarding the anthropometrical measures can be seen 
in Appendix F.  

Figure 4-11. Anthropometrical dimensions in standing posture.  

Figure 4-12. Anthropometrical dimensions in sitting posture. 
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4.3.4 Body landmark measurement methods  
There are several different methods known which can be used to measure the rather 
complicated and precise three-dimensional geometry of both the driver’s work station and 
their body landmarks. Each of these methods has some advantages and disadvantages. 
One example is to use a simple measuring tape to take three-dimensional measurements 
of humans. However this is not sufficiently effective. In contrast, a coded-light projector 
is highly effective but it is very sensitive to any movements of the object. 
Photogrammetry of targets applied to the driver’s skin or clothing and automated marker 
tracking systems are other examples of such a method (Reed diss., 1989). PCMAN is a 
method based on an overlapping procedure developed by Weiss for use in ergonomics. 
This method involves photographing or filming a scene from different angles 
simultaneously with several cameras and then reconstructing the scene three-
dimensionally by identifying specific points on the individual frames. The Vehicle 
Interior Measurement System (VIMS) is a method which determines the relative position 
of marked points in the vehicle interior. The resulting list of coordinates is converted into 
a 3-D CAD model of the interior. The greater the number of measured points the more 
accurate the model will be. The CAD model can then be imported as geometry into an 
ergonomic evaluation program such as RAMSIS. 

A direct recording with a three-dimensional coordinate measuring device such as the 
FARO arm (portable multi-axis measurement arm for infinite positioning freedom) or the 
SAC (Science Accessories Corporation GP8-eD) sonic digitizer probe are two other 
popular methods.  

The method employed in the present study for measuring the body landmarks of the 
drivers was a direct recording technique using the FARO arm. The device is a silver type 
6 with spherical (reach) diameters of 1.8 m which was assembled on a tripod inside the 
experimental cab-mockup. 

Performing the measurements using this tool requires the experimenter first to identify 
and locate the landmarks by direct palpation. After the localization of the desired 
landmark, the measuring probe should be pointed and placed at the exact location of the 
landmark in order to record the location. To localize and perform the measurement of the 
pubic symphysis landmark, the drivers helped to palpate ok the midline of the abdomen 
until locating the symphysis. Assessment of the precision of pelvis landmark 
measurements by this technique suggests the sufficient reliability for characterizing 
pelvis location and orientation (Reed et al., 1995). 

4.3.5 Posture Prediction Models 
In vehicle design, the driver’s posture is one of the most critical aspects which can exert 
considerable influence on both performance and driver’s health. Posture determines the 
arrangement or positions of for instance the seat, STW, controls, etc. In general, it is 
believed that no optimal posture exists and there is a wide range of postures which drivers 
can select. These posture selections may be dependent on many different internal as well 
as external factors. The internal or driver related factors could be those such as driver’s 
anthropometry, behaviour and other personal characteristics. The external factors could 
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be the driving scenario, lighting, noise and vibration as well as other environmental 
factors or handling equipment and tools. 

The posture prediction models are integrated into the ergonomic evaluation program or 
human simulation tools. There is a variety of software program developments presenting 
different human modeling systems including Genicom SafeWork and Transom Jack. 
Among those commercial programs which include any significant prediction capability 
for vehicle occupant postures, the TecMath RAMSIS could be named. This program is 
designed on laboratory experiments on German vehicle mock-ups (Seidl, 1994). This 
technique simulates the joint-angle comfort trade offs that are empirically most likely 
within the specified kinematic constraints.  

There is another program, called the Cascade Prediction Model (CPM), which is based on 
laboratory experiments performed by American drivers in different specific vehicle 
package set-ups (Reed, 1998). This model is integrated in JACK and places the highest 
priority on accurate prediction of eye and hip locations, two of the most important posture 
characteristics for vehicle interior assessment. The Independent Prediction Model (IPM) 
is another tool which predicts the whole-body posture using multiple, independent 
regression predictions and is intended primarily as a contrast to the CPM. Another tool is 
the Optimization Prediction Model (OPM) which uses a modified version of the Seidl 
approach. Posture according this approach is identified as most likely among the 
kinematically feasible postures based on the observed distribution of joint angles (Reed 
diss., 1989). 

4.3.6 The procedure of body landmarks measurements 
The human body is commonly represented in various investigations as an open chain of 
rigid segments (Reed diss., 1989). The number of segments and joints between segments 
varies depending on the application of the resulting kinematic model. Dempster, 1955 
divided the body into thirteen planar segments from the hips to the top of the head. There 
are many different varieties of body segment classification in the literature which 
presented models from two-dimensional to multiple rigid, three-dimensional segments to 
simulate torso kinematics (Reed diss., 1989). 

Regarding automotive applications, two kinematic representations of the body have been 
commonly used. The Society of Automotive Engineers (SAE) J826 H-point manikin 
(SAE, 1997) represents a vehicle occupant’s posture using four articulating segments 
(foot, leg, thigh/buttocks and torso). A two-dimensional template is used with side-view 
design drawings. The joints of both the H-point manikin and the latter method have a 
single degree of freedom, pivoting in a sagittal plane (Reed diss., 1989) are intended for 
dynamic use (such as crash dummy simulation) instead of kinematic analyses. 

In the present study, the measurements of body landmark were performed in five 
different trials. Each of these five trials proceeded for a rather short period of time (most 
of them for less than one minute) as follows: 

According to the selected trial, the drivers were asked to manipulate and perform several 
different necessary adjustments on the components (seat, STW and pedal) in order to find 
an optimal seating posture. Immediately after he found his desire posture, the 
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measurement of his landmarks started to be recorded. Parallel to this, a data file was 
opened on the computer software which allowed for the entry of the obtained values. The 
entire landmark measurement consisting of twenty six body landmarks and a central point 
of STW lasted for about one minute (see Appendix G).  

The landmarks measurements were performed using the FARO-arm device by pointing 
its measuring probe to the desired point and then pushing a button on the probe handle 
(see Figure 4-8) to record the value. The achieved value was confirmed by pushing 
another button beside the first one on the probe handle. All recorded data was entered and 
saved on a specific program and was later transferred to the SPSS statistic software 
program for further analysis. 

In the following chapter, an argument regarding the collection and analysis of data is 
presented and discussed. This argument will help to understand the reason why the 
statistical analysis of data is judged to be essential. In the coming chapter, a 
comprehensive analysis of data is presented.  
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5 Statistical data analyses and modelling techniques 
The meaning of data analysis varies from individual to individual and from case to case. 
In some cases, it simply involves the display of descriptive statistics, a graph, or the 
results of a statistical computation. In other cases, it involves a series of steps, each of 
which may suggest further analyses and problems to be investigated.  

The statistical analysis of data collected in the present study was also of those types in the 
above description. Due to the objectives of the study this data required complex and quite 
detailed analyses. These analyses were designed and carried out using the SPSS as the 
comprehensive statistical software systems which provide the different levels of data 
analysis (tabulations, data listings, descriptive statistics, etc). The purpose of performing 
these data analyses was to summarize and interpret in mathematical form the output of 
the measurements, to provide an overview and highlight the findings of interest and to 
determine the relationship between the specific measures or variables. Different graphics 
which are integrated with the statistical procedures were also used in order to screen data 
as well as understand and interpret analyses in a clearer way.  

The first step of data analyses in the present research work included identification and 
presentation of data in different ways such as a general statistic method (Descriptive 
statistics), plotting the observations and visualization of variables. These analyses helped 
to obtain a general understanding and an overview of data distribution as well as to see 
how the observations behave among all of the variables.  

The second part of the statistical presentation consisted of analyses of variance 
(ANOVA) and some more similar analyses of variables such as Box plot demonstrations 
in order to compare the test conditions in different trials.  

The third procedure was the Data reduction or Factor analysis which was performed on a 
series of data collected from separate groups on each individual set of variables. These 
types of analyses were performed to ascertain whether or not some underlying pattern of 
relationship exists so that the data could be reduced to a smaller set of factors or 
components and used as source variables for the observed interrelationships in the data.  

The final section (the prediction of the statistical vs. the mathematical model) was the 
most significant part of the analyses of the results which were performed in a systematic 
process. This was discussed in more detail in order to clarify the whole procedure of the 
analyses and thereby answer the main aim of the study. 

The following procedures suggest several analyses methods which were found to be 
relevant for the collected data and emphasize the relationships most important to the 
analysis. The order of the below topics are arbitrary and do not necessarily reflect any 
order of importance: 

Descriptive analysis of subjects’ characteristics- SC (age, weight, stature, etc). 

Comparison between test procedures (N, H, V, R & P)  

Analyses of variance (ANOVA) 

Boxplot analyses 

Factor analyses 
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Relations between anthropometrical measures (AM) such as sitting height and 
stature, etc. 

Regression analyses between different body landmarks (BL)  

Correlations or regressions analysis between landmarks of some critical points 
(H-point, Ball Of Foot, Accelerator Heel Point, eye location and STW) and 
anthropometrical dimensions. 

Analysis of subjective rating of comfort (SRC). 

According to the above explanation, in summary, the statistical procedure regarding the 
collected data consisted of several analyses in two separate sections. The first section 
comprised several parts which could be categorized as the basic or general method which 
aimed to provide an overview of the distribution of data and to see their conditions, 
behaviours, differences, relationship and roles among the entire variables. Such a wide 
range of analyses would enable the detection and identification of some important 
characteristics of the drivers as well as the work related factors. The second section dealt 
with the procedure where the aim was to identify the most significant variables and 
parameters from their correlations which could later on be used to predict the model as 
the representative formula for drivers selected optimal postures. Regarding these 
objectives, the statistical analyses in two separate steps (the general method as step one 
and the method with a more specific process for presenting and proposing the 
mathematical model as step two) were carried out according to the following categories: 

5.1 General statistical methods for analysing data 
This part of the results consisted of the following methods:  

Frequencies and descriptive statistics 

Factor analysis 

Correlation/regression analyses 

5.2 Posture prediction method 
Mathematical determination and description of the created model contained 
comprehensive procedures such as another section of the results which is successively 
processed and explained in more detail. This will be discussed in the next chapter. The 
following strategies were necessary to be explained prior to these analyses. 

5.2.1 Data preparation 
The collected data from the body landmark measurements contained three dimensional X, 
Y and Z coordinate values for each of the landmark points. The three dimensional X, Y 
and Z coordinates are actually the parameters for the identification of a certain point in 
space (localization or position of a point). These points were measured with reference to 
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the mockup’s origin (coordinate system) which makes it easier to identify and relate each 
individual landmark separately and to find its position in relation to the mockup.  

5.2.2 Data transformation and joint location calculations 
The body posture description is actually made by kinematic model or exterior landmarks 
which have joints corresponding to anatomical locations inside the body. These are called 
interior joint locations. The interior joint locations could be obtained by translating and 
calculating the exterior landmarks using specific mathematical equation. The hip joint 
location, for instance, has been defined in a study carried out by Seidel et al. (in Reed 
diss., 1989), through identification of several dimensions of the pelvis as follows:  

Pelvis width (PW), as the inter-ASIS (anterior-superior iliac spine, left and right) 
distance 

Pelvis height (PH), as the length of a line perpendicular to the inter-ASIS linre to 
the pubic symphysis 

Pelvis depth (PD), which is the distance from the ASIS to the (PSIS) posterior-
superior iliac spine on the same side of the pelvis. 

The following figure illustrates the dimensions of PH and PD of the pelvis. 

Figure 5-1. Pelvis scaling dimensions including pelvis depdth (PD) and pelvis height (PH). 

The location of the hip joint of the pelvis is identified in X and Z coordinates as shown in 
Figure 5-2. The Y coordinate is measured perpendicular to the mid-sagittal plane. 
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Figure 5-2. Calculation of hip-joint position. Location of the hip joint in the sagittal plane relative to the 
ASIS and pubic symphysis landmarks (reproduced from Reed diss., 1998). 

Regarding these definitions, the translation and calculation of the hip joint was made by 
using the mean hip joint scaling relationships adapted from Seide et al., 1995. 

5.2.3 Determination and verification of the mathematical model 
This part consists of analyses and the relevant information on the whole procedure 
regarding the creation of the model. In the next chapter, the statistical analyses as well as 
the mathematical equations which were used to create the model will be discussed while 
a more detailed description is referred to in Appendix H and Appendix I.  
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6 Results 
The overall analysis of data collected by various measurement techniques resulted in a 
comprehensive and multi-dimensional figure concerning driver posture and position. 
These multi-dimensional characteristics are presented in this chapter in several parts. The 
first part contains a summary of statistics regarding the background information provided 
by the drivers themselves. The second part consists of anthropometrical data as one of the 
most significant parts of the measurements. This data deals with the measurement of 
body dimensions taken from the participants’ different body segments which were
documented for more detailed analysis. The third part presents data collected from the 
body landmarks for identifying how participants preferred to sit and select their own seat 
positions on the vehicle. The fourth part provides the information regarding comfort 
assessments (subjective rating of comfort) of the driver seat. This data consisted of 
several comfort questions on seat, STW and pedal components and was rated by 
participants themselves in relation to their selected optimal seating posture and position. 
The fifth part deals with factor analyses of different data collected from anthropometry, 
body landmarks and comfort variables. The final part (Part six) is devoted to a detailed 
mathematical description regarding the analyses and creation of the posture prediction 
model as the most significant part of the results. 

6.1 Results from questionnaire 
The background data from the questionnaire provided some brief information regarding 
the subjects’ individual characteristics. The results are summarized in Table 6-1 and 
contain mean, standard deviation and min/max of the age, weight and stature as well as 
Body Mass Index (BMI) collected from the 55 truck drivers. The response to the 
questions on musculoskeletal disorders and other symptoms was made by the participants 
themselves by writing down the answers at the experiment location. The results of this 
data were collected and documented by the investigator and are analyzed and presented 
elsewhere. A complete version of the questionnaire with all its detail can be found in 
Appendix J. 

Table 6-1. Background data collected from fifty five participants. 

Descrip. statistic Age Weight Stature Experiences BMI 

Mean 47.42 89.45 1779.38 22.72 28.16 
Std. Deviation 9.94 18.23 69.45 11.09 4.99 
Minimum 25.00 53.00 1655.00 2.00 18.86 
Maximum 65.00 150.00 1943.00 43.00 43.17 

The graphical displays regarding the frequency procedures of the participants’ age, 
stature, weight and BMI including the normal distribution curve are illustrated in Figure 
6-1: 
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Age distribution of the subjects. Stature distribution of the subjects. 

Weight distribution of the subjects. BMI distribution of the subjects. 

Figure 6-1. Frequency distribution of age, stature, weight and BMI. 

6.2 Anthropometric results 
The anthropometrical data including 37 different measurements of body segments was 
collected and analyzed. To start off, more attention was given to the analyses of some 
anthropometrical measures which according to the Scania Technical Centre of Research 
and Development, 2006, should be considered as the most critical dimensions when 
driver interface is involved. Such arguments on varieties of parameters have been given 
by the key persons who have the potentials and function as experts in this discipline. It is 
worth noting that daily activity processing by different members in the Division of 
Vehicle Ergonomics at Scania, particularly during the last few years, has accumulated a 
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wide range of practical experiences as well as theoretical knowledge on relative 
ergonomical principles of the vehicle. 

Based on these statements, the preliminary results of some important body segments such 
as sitting height, knee-height, arm length, foot length, waist circumference, etc. obtained 
from fifty five truck drivers are summarized and illustrated in Table 6-2. The second part 
of the anthropometrical analysis containing a comprehensive factor analysis is presented 
later in this chapter. 

Table 6-2. General statistic data on some anthropometrical measures. 

Varibles Mean St. Deviation Range Minimum Maximum 

Sitting height 930.1 35.7 164.0 863.0 1027.0

Eye-height 813.3 37.2 176.0 738.0 914.0

Seat-heigt 455.7 23.4 83.0 427.0 510.0

Knee-height 523.0 29.3 154.0 476.0 630.0

Butt-knee 618.4 36.8 222.0 549.0 771.0

Abdominal 294.6 56.3 267.0 175.0 442.0

Stature 1779.4 69.4 288.0 1655.0 1943.0

Grip-reach 773.0 38.6 183.0 690.0 873.0

Waist 1016.9 134.6 705.0 755.0 1460.0

Foot length 268.0 11.8 50.0 240.0 290.0

Foot breadth 102.9 5.1 25.0 92.0 117.0

Weight 89.4 18.2 97.0 53.0 150.0

6.3 Body landmarks and joint locations as representation of posture 
Body landmark measurements are known to be a relevant method for figuring out 
posture. The identification and measurements of body landmarks in the present study 
were carried out according to the following description: 

6.3.1 Measurement procedure  
With respect to a vehicle coordinate system (X, Y and Z) the drivers’ postures were 
recorded by measuring the three-dimensional locations of body landmarks which 
correspond to the specific and standardized anatomical points. In this coordinate system: 

The X-axis is defined as a horizontal and positive in reverse direction of vehicle 
forward movement

The Y-axis is a horizontal side ways and positive in the driver’s right hand 
direction 

The Z-axis is a vertical and in upward positive direction.  

It should be noticed that the collected landmarks data contained all three X, Y and Z axes, 
but analyses were performed with the focus on the “X” and “Z” coordinates only. The 
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“Y” coordinate was not primarily used for any data analyses in the present study. Instead 
it was saved and documented for later analyses.  

In general and with respect to the scientific references as well as industrial experiences, 
there are several specific body segments and their corresponding landmarks which are 
identified and assumed to represent the kinematic body posture. Out of twenty seven 
different landmark measurements collected during the experiments, several measures 
have been selected for the preliminary analyses. These points were identified and were 
supposed to represent their own group of landmarks. 

The analyses of the collected body landmarks data were performed according to two 
different alternatives. The first alternative was the analysis of the original raw data of 
landmarks which corresponds to a specific posture and position selected by drivers during 
different trials. In the second alternative, the same data as the first one was used, but this 
time the all Heel-points of subjects in various tests were calculated and transposed to only 
one specific Heel-point (new origin coordinate). This was followed by a calculation and 
transposition of the other landmarks towards their new locations in the same direction and 
parallel to the Heel-points movements. This means that body postures in fact remained 
unchanged and only the position of the bodies was moved towards a certain direction in 
order to match the common Heel-point. This new location of landmarks with a fixed AHP 
enabled the overview and analyses of new data on body posture to be detected better and 
to be more easily understood.  

The preliminary analyses of these original landmark points (Alternative one) were 
performed using ANOVA and the results were presented graphically using Error Bars (on 
X as well as Z coordinates). As mentioned earlier, according to the Scania technical 
division in particular and the vehicle industry in general, several significant body 
landmarks which were believed to play a key role in posture analysis were identified. 
These points consisted of the Corner of eye, L5 (in lumbar spine), Acromion (shoulder 
joint), Substernale (mitt chest point), H-point, Lateral Humeral Condyle (Elbow joint), 
Wrist, Lateral Fumeral Condyle (knee joint), BOF and central point of STW. The 
additional focuse on these variables resulted on selection of five different landmarks and 
their analyses are illustrated in the following figures. The remaining variables were 
considered and used in the Factor analyses and other statistical methods presented on the 
other part of the results. Note that some information regarding the exact location of the 
body landmarks (X and Z coordinates) are classified as confidential which would be in 
disagreement with the Scania policy and therefore are removed from the following 
figures. 
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Figure 6-2. Eye location (X/Z coordinates) variations on five different trials using Error Bars. 

Figure 6-3. L5 (in spinal column) location (X/Z coordinates) variations on five different trials using  
Error Bars. 
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Figure 6-4. H-point location (X/Z coordinates) variations on five different trials using Error Bars. 

Figure 6-5. STW (steering wheel) location (X/Z coordinates) variations on five different trials using Error 
Bars.
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Figure 6-6. Shoulder location (X/Z coordinates) variations on five different trials using Error Bars. 

6.3.2 The anatomical description of sitting 
Regarding the drivers’ selected specific sitting posture and position during the 
experimental procedure, and with respect to what has been discussed earlier in Chapter 2, 
on the anatomical description of the spinal column, the following argument can be made 
on these selected postures. 

As illustrated in Figure 6-7.a. (original data) and 6-7.b. (transposed data), the entire body 
landmarks data collected in all five different trials are plotted together and are shown in 
following scatterplot diagrams. These figures show that in general, drivers selected a 
posture in which their pelvises and the lumbar parts of their spines built up the ”Posterior 
posture” form of sitting according to the definition given in part “e” of Figure 3-3. 
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a. b.

Figure 6-7. Scatterplot on drivers’ selected sitting posture using the body landmarks original (Figures 6-
7.a.) as well as transposed (Figures 6-7.b.) data on five different trials. 

Allmost the same pattern of sitting posture can be seen in following diagrams which 
illustrate separately the plotted data on neutral test (Trial N) as well as the full 
adjustments test (Trial P). The body landmarks presented in these diagrams belong to 
both original data (Figure 6-8.a. and 6-9.a.) as well as transposed date (Figure 6-8.b. and 
6-9.b.).

a. b.

Figure 6-8. Scatterplot on drivers’ selected sitting posture using the body landmarks original (Figures 6-
8.a.) as well as transposed (Figures 6-8.b.) data regarding the neutral test (Trial N). 
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a. b.

Figure 6-9. Scatterplot on drivers’ selected sitting posture using the body landmarks original (Figures 6-
9.a.) as well as transposed (Figures 6-9.b.) data regarding full adjustments test (Trial P). 

6.4 Subjective rating of comfort/discomfort 
The analyses of the comfort/discomfort questions contained three categories of 
components (seat, STW and pedal each of which included three separate questions). The 
subjects were asked to answer all the questions in each of the five trials and finally to 
respond to the last question and assess their overall feeling of comfort/discomfort. A 
summary of these results is illustrated in the following figures using Boxplot. 

a. b. 

Figure 6-10. Feeling of comfort/discomfort regarding the STW distance (a) as well as STW height (b).  
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c. d.

Figure 6-11. Feeling of comfort/discomfort regarding the STW angle (c.) as well as sitting height (d). 

e. f.  

Figure 6-12. Feeling of comfort/discomfort regarding the seat angle (e) as well as back rest angle (f). 
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g. h. 

Figure 6-13. Feeling of comfort/discomfort regarding floor height (g) as well as accelerator (h). 

i. j.  

Figure 6-14. Feeling of comfort/discomfort regarding clutch pedal (i) as well as overall feeling (j). 

As these figures show, the drivers experienced a rather low range of comfort in the 
neutral position (Test N) where they had no possibility for adjusting the components. The 
comfort assessments were gradually increased when the drivers received more and more 
opportunities for adjusting the components.  

The following is an explanation regarding the structure of these boxes. 

Each of the boxes in this diagram contains 50% of the respective observations (cases) 
extending from its lower (25th percentile) to the upper (75th percentile) quartiles. The 
horizontal black thick line within each box determines the median of data distribution in 
respective observations. The vertical thin line indicates the entire distribution (the spread 
or range of variation) from the smallest to the largest observed values excluding the 
outliers. In these analyses the observations with values more than 1.5 box-lengths from 
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the 25th as well as 75th percentile (lower and upper quartiles respectively) are classified as 
outliers and are marked with “o”. Observations with values more than 3 box-lengths from 
these quartiles are classified as extremes and are marked with “*”. The annotated sketch 
of Boxplot is shown in the following figure. 

Figure 6-15. Annotated sketch of a boxplot (SPSS guide, 1999). 

6.5 Factor Analysis 
The recorded data from different measurements were further analyzed using the Factor 
Analysis method. Since each set of landmarks resulting from different study trials varied 
in values and locations from each other, the transmission of data was performed in order 
to study the data more easily. This meant that each set of landmarks was moved in a 
parallel direction towards a specific landmark (in this case the heel-point of the drivers). 
The results of Factor analyses on different measurements are described as follows: 
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6.5.1 Anthropometrical data 
The Factor Analysis on anthropometrical data resulted in several factors each of which 
contained a group of variables. The three most interesting factors with respect to the 
focus of the study can be classified as follows: 

Factor 1- contains those anthropometrical variables which mainly represent the 
length segments. 

Factor 2- consists of variables which may be categorized as the weight and 
volume characteristics of drivers. 

Factor 3- belongs to the variables which may represent the height of the segments. 

The following table summarizes the more detailed information on variables which are 
included in the Factor analyses. 

Table 6-3. Results from factor analyses on anthropometrical variables. 

Component 

Factor 1 Factor 2 Factor 3 Factor 4 

Poplit height Thigh clearance Sitting height Hand length (L) 

Knee height Hip breadth Eye height Hand length (R) 

Butt-pop length Bidel breadth Acromial height Foot breadth (L) 

Butt-knee lengt Chest depth Elbow height Foot breadth(R) 

Elbow finger Abdo depth     

Elbow shoulder Waist circum     

Shoulder grip Weight     

Elbow spine       

Span       

Foot length (L)       

Foot length (R)       

Stature       

Length Weight/volume Height Length 

Extraction Method: Principal Component Analysis. Rotation Method: Varimax with 
Kaiser Normalization. A Rotation converged in 17 iterations. 
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The visualization of these factors is presented in the following figures: 

6-16 A. (representing Lengths). 6-16 B. (representing Diameters, Volumes & Weight).

6-16 C. (representing Heights). 6-16 D. (representing Hand length & Foot breadth).

Figure 6-16. Illustration of different factors on anthropometrical data. 
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Analyses of this anthropometric data which was presented by the above factors clearly 
indicate the apparent dimension within the particular set of anthropometric variables. 
This would help to determine how many of the variables in that set possess the quality 
reflecting the dimension, how many do not, and which therefore is unique. The 
interpretation of the factors as an outcome of the factor analyses was used for the 
identification and classification of the variables. 

6.5.2 Body landmarks data 
In addition to the preliminary analyses of the body landmarks coordinates at the 
beginning of this chapter, the data was further analyzed using the Factor Analysis 
method. As mentioned earlier, each set of landmarks data obtained from the 
measurements of different study trials resulted in a separately observed whole body 
posture. The transmission of data was performed by overlaying the observed postures
onto each other in order to make it easier to detect and understand the posture variations 
or differences between relative landmarks. In other words, the observed heel point (AHP) 
of every single body posture was transposed to the mockup’s coordinate reference point 
(X, Y and Z on zero point as mentioned in Chapter 4 in section 4.2.3) and thereby the rest 
of the landmarks moved in the same transmission direction towards a new location. This 
new data was considered and used for further analyses including factor analyses. The 
factor analyses were performed on the X as well as the Z coordinates and the results were 
illustrated in several figures. The illustrations regarding the factor analyses of Trial five 
(Pedal Test) are presented here in Figure 6-17 as well as Figure 6-18. The analyses of the 
remaining trials (Trial 1 through 4) are presented in Appendix K. 
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Factor analyses on the X coordinate (PEDAL) 

A. xpfac1 (eye, neck, hand, U-L back, chest, hip, STW). B. xpfac2 (neck, shoulder, U-L back, chest, hip, knee).

C. xpfac3 (BOF).

Figure 6-17. Illustration of different factors on X-coordinate landmarks obtained in Trial 5 (Pedal). 
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The following illustrations belong to the factor analyses of the Pedal test regarding “Z” 
coordinates. 

Factor analyses on the Z coordinate (PEDAL) 

A. zpfac1 (according the figure). B. zpfac2 (according the figure).

C. zpfac3 (according the figure). D. zpfac4 (according the figure).

Figure 6-18. Illustration of different factors on the Z-coordinate landmarks obtained in Trial 5 (Pedal). 
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6.5.3 Factor analyses of subjective rating of comfort 
The drivers’ overall feeling of comfort/discomfort and their spontaneous answers to 
questions regarding the component locations (vertical, horizontal, and aligned distances, 
as well as angles) were determined either separately or interactively by user defined 
numerical values. 

Table 6-4. Different factors obtained from Factor analyses on five trials (n, h, v, r, p). 

6-4 A. Rotated Component Matrix(n) 
Component  1 2 
nratavs .888  
nrathöjd .835  
nratvink .878  
nsithöjd  .850 
nsitvink  .883 
nrygvink  .836 
ngolplac .678 .571 
ngasped .662  
nkopplin .535  
nhelhet .840  

6-4 B. Rotated Component Matrix(h) 
Component 1 2 
hratavs .757  
hrathöjd .853  
hratvink .816  
hsithöjd .766  
hsitvink  .937 
hrygvink  .934 
hgolplac .772  
hgasped .630  
hkopplin .750  
hhelhet .799  

6-4 C. Rotated Component Matrix(v) 
Component 1 2 
vratavs .901  
vrathöjd .885  
vratvink .865  
vsithöjd  .801 
vsitvink  .917 
vrygvink  .860 
vgolplac .702  
vgasped .666  
vkopplin .754  
vhelhet .850  

6-4 D. Rotated Component Matrix(r) 
Component 1 2 
rratavs .825  
rrathöjd .780  
rratvink .875  
rsithöjd .797  
rsitvink .761  
rrygvink .676  
rgolplac  .884 
rgasped  .842 
rkopplin  .815 
rhelhet  .724 

6-4 E. Rotated Component Matrix(p) 
Component 1 2 
pratavs .692  
prathöjd .890  
pratvink .859  
psithöjd .562 .657 
psitvink .842  
prygvink .760  
pgolplac .615 .634 
pgasped  .644 
pkopplin  .832 
phelhet .635  

Components in these tables are: 
Steering Wheel = STW 

Seat

Pedal 

Overall feeling of Comfort = OC  

6.6 Mathematical model  
The analyses of data regarding the posture prediction model were performed using 
statistical analyses as well as mathematical descriptions. The entire procedure of these 
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analyses will be reviewed and discussed in more detail in the following order and it 
proposes the following: 

The number of adjustability possibilities of components influences the range of 
the comfort assessments. 

The selection or the ranking order of those variables which are the most 
significant regarding the comfort assessments. This will be shown later in a 
graphical demonstration on comfort assessments 

The prediction of posture and position using biometrical data.  

6.6.1 Presentation of analyses on overall assessment of comfort  
The presentation of data analyses will be followed by a review of the results on the 
subjective rating of comfort/discomfort. As mentioned earlier. Participants responded to 
several questions and finally expressed their overall feeling of comfort/discomfort on a 1-
7 scale question, where 1 represented the best feeling of comfort and 7 the worst. 

 The responses to this question were collected from 55 truck drivers directly after their 
body landmarks and postures were measured in each of the five different trials. The 
results were analyzed and illustrated on a boxplot diagram earlier in this chapter (see 
Figure 6-19). In this diagram each boxplot contains the lowest as well as the highest level 
of comfort response together with quartiles and median in the empirical data distribution. 

The figure shows how the average rating of comfort in five different trials (test N through 
test P) improved and the span of data decreased as the adjustments of components 
increased (drivers received more possibilities for adjusting components). In other words, 
a successive pattern of comfort can be clearly seen in this figure which indicates that the 
feeling of comfort gradually increased as the possibility for adjustment of components 
also increased.  

Furthermore, it should be noted that with respect to the characteristics of the data, using 
the mean value as a representative measure of comfort seems to be irrelevant and not a 
correct method for illustrating the data distribution. Rather it would be more adequate to 
use the median (28th lowest vs. highest value in data distribution) instead of the mean. 
The consequences would be an average rating value of data which indicates that 27 
participants rated a lower or similar level of comfort and 27 others rated a higher or 
similar rating value. The median value could be completed by an uncertainty index. A 
confidence interval for the median with a confidence grade of 97% will be obtained if the 
interval value is given the 20th lowest as well as the 36th lowest (20th highest) judgment 
value. Regarding the characteristics of data having a discrete structure, the confidence 
interval will be at least 97% or more. 

In trials H. V and P. there were only 54 observations. If these observations (n=54) are 
used in the analyses then the confidence interval given by the 20th lowest as well as the 
36th lowest (20th highest) judgment value will be at least 96%. Therefore the obtained 
confidence intervals will be according to the following table: 
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Table 6-5. Confidence interval in different tests. 

Test No. of observation confidence interval 

N 55 (x(20) +x(36)) = (4.5) 

H 54 (x(20) +x(35)) = (2.4) 

V 54 (x(20) +x(35)) = (2.3) 

R 55 (x(20) +x(36)) = (1.2) 

P 54 (x(20) +x(35)) = (1.2) 

6.6.2 The number of adjustment possibilities 
The results from comfort assessments in test N (the neutral test) as well as in test P (the 
pedal test) in which all components were allowed to be adjusted, were obtained from 54
truck drivers (total number of participants was 55) and analyzed. Of these 54 respondents, 
50 drivers felt that their comfort improved or increased when they received more 
possibilities for adjustments of components. Therefore, a confidence interval with a 95% 
confidence grade for such a population of drivers is estimated to be about 82-98%. 

It should be taken into consideration that of the 4 truck drivers who did not feel any 
changes or improvements. 3 subjects gave the highest grade (number 1) already in test N. 
None of these subjects thought the feeling of comfort decreased when the adjustment 
possibility increased.  

6.6.3 The ranking of adjustment possibilities  
Correlation analyses regarding comfort assessment data on test P (full adjustment 
possibility of components) were performed. The main objective for doing correlation 
analyses between comfort assessment on components (STW. seat and pedal) and overall 
feeling of comfort (the final question) was to make a ranking order of adjustment 
possibilities. The method for doing these analyses is Kendall’s tau. If the overall feeling 
of comfort is a good and sufficient judgment tool, then it will be interesting to find out 
which one of the components may have a high correlation with this good tool. According 
to Kendall’s tau a high degree of correlation is an intimation showing that a similar factor 
is important for comfort. A low degree of correlation on the contrary, despite a high 
estimated level of overall feeling of comfort, indicates that any adjustment on that 
particular type of component has no direct influence and therefore no meaning for the 
drivers. 
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The ranking order of components STW, seat and pedal regarding the result of correlation 
analyses can therefore be classified as follows: 

Table 6-6. Table of Kendall’s tau. 

Components Variables Kendall’s tau 

STW STW distance 0.9430 

Pedal Floor height 0.9120 

Pedal Gas pedal 0.8631 

Seat Seat angle 0.8618 

STW STW angle 0.8173 

STW STW height 0.7987 

Seat Seat height 0.7908 

Seat Seatback angle 0.7783 

Pedal Clutch 0.6813 

According to this measurement the overall feeling of comfort has the highest degree of 
correlation with the value of the STW distance, while this correlation with the clutch 
component is lowest. It is worth noting that the value of STW distance in test “P” was 
constantly good. 

6.6.4 Prediction of driver posture using biometrical data 
The results of the factor analyses discussed earlier in this chapter indicated which 
anthropometrical dimensions may have a significant effect and be a main factor for 
further analyses. Among those dimensions, the statures as well as the weights of the 
subjects were supposed to be the most interesting. 

The following presents a summary of analyses of these factors (stature, weight as well as 
body landmarks) together with proposals regarding the prediction of drivers’ postures 
with a specific model describing how drivers select their preferred postures. Naturally 
other biometrical data may be used for this prediction depending on case and interest. 

Except in some extreme cases, in identifying the driver’s posture some of the BL data has 
similar patterns of movement since they are close to each other and belong to the same 
body segments such as eye, vertex and glabella which belong to head region. Therefore, it 
could be possible to select a representative group of landmarks which have the same 
characteristics regarding their movement pattern.  

Additionally, there are a certain body landmarks which play a central role with regards to 
the estimation of posture as well as their importance with respect to experiences from the 
vehicle industry. Because of these characteristics and with respect to specific 
circumstances, it would be reasonable to select these landmarks for further analyses 
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which are also in accordance with vehicle manufacturers and their related industries (seat 
production industry). 

These arguments can be shown by a scatterplot illustration of these landmarks. The 
correlation analyses on the X and Z coordinates of the vertex (x.1 and z.1) and eye 
location (x.3 and z.3) could be a good example for this argument (see Figure 6-19 and 6-
20). The strong relationship between variables on these coordinates shows that 
observations are very close to a linear direction with a correlation value of (0.868) on the 
Z coordinate. 

Figure 6-19. Two BL (z.1 and z.3) in trial P are often correlated with each other or in other words, the 
observations lie on a right line which means that it would be sufficient to select only one landmark as the 
representative of the other points with similar characteristics. 

The correlation value for these analyses regarding X coordinate would be 0.872 (see 
Figure 6-20). 
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Figure 6-20. Two BL (x.1 and x.3) in trial P are often correlated with each other and the observations lie 
on a right line. 

In order to understand the conception by which truck drivers can interpret and decide 
their own optimal position, the following argument can be presented for further analysis. 
An assumption would be that the eye landmark (x.3/z.3) for instance is a randomly 
selected variable with a particular standard deviation (SD.) which could be considered as 
a measure of uncertainty in determining the optimal seat position. An estimation of (sd) 
concerning the “z” coordinate of the eye landmark (z3) between test “R” and test “P” 
resulted in 18 mm. This would indicate that at least 75% and optimistically 95% of 
drivers would be able to find their optimal seat position within ± 36 mm. This result is in 
agreement with other BL except z.19 and z.20. 

In the following parts, the observations from trial “P” are used in order to develop the 
concept regarding the creation and proposal of the mathematical model. 

Analyses of scatterplot on drivers’ statures and BL of z.3 for fifty five drivers indicate 
initially an uncertainty correlation between these variables. Therefore it would be 
difficult to visualize an argument for any parametric regression model for this analysis 
(see Figure 6-21). 
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Figure 6-21. Scatterplot of stature as function of BL z.3.5 in trial P which shows moderate correlation. 

To eliminate this uncertainty, using a non-parametric regression model is preferred. 
These analyses would suggest a regression chart with several different integrated curves 
each of which with their own characteristics. The chart could later on be interpreted by 
imitating it with a parametric expression. In these analyses the non-parametric 
regressions suggest, at least piece by piece, a linear correlation between body landmarks 
and statures or in general the length segments of drivers. For example, a model with 
linear increasing for eye landmark (z.3), on average, as a function of stature up to a 
breaking point of approximately 1.80 meters (and constant after that) would be suggested 
as a solution (see Figure 6-22). 
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Figure 6-22. Scatterplot of stature as function of BL z.3.5 in trial P completed with non-parametric 
regressions’ curve. The curve suggests that a linear regression model would be sufficient. 

When such a sufficient parametric regression model is created, it should be necessary to 
investigate the residuals in order to see whether or not they are normally distributed. A 
more detailed description of these residuals will be discussed by further analyses which 
follow as well as by the mathematical expressions which can be seen in Appendix H and 
Appendix I.  

It should be also mentioned that the regression model (regression planes) can also be built 
up and created analogically and be presented in several dimensions for the average 
position of certain BL. In the following figure a three dimensional model (regression 
planes) as an example analysis between eye landmark (z.3), stature and weight is 
illustrated (Figure 6-23). 
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Figure 6-23. Scatterplot of stature and weight as a function of BL z.3.5 in trial P completed with non-
parametric regressions’ planes. 

6.6.5 The Mathematical model predictions using regression analyses 
The predictions of different posture alternatives were processed by performing a series of 
multiple regression analyses on selected body landmarks as well as anthropometrical 
measures. These processes were completed by performing some mathematical 
calculations on parameters obtained from these regression analyses. As discussed earlier 
in this chapter a non-parametric regression solution suggests a linear correlation between 
body landmarks and the length segments of drivers which in general can be determined 
by the following mathematical equation: 

Y = ß° + ß1 X + ß2 Z
This equation represents a linear correlation in which “Y” is a predicted location of the 
specific landmark (eye location or H-point selected as two dependent variables). The “X” 
stands for a body segment (length dimension of certain anthropometrical variables 
included in Factor 1 in Table 6-3) and “Z” for either weight or waist circumference of 
drivers included in Factor 2 in Table 6-3. The parameters“ß°, ß1 and ß2“are the constant 
values obtained from regression analyses. The detailed procedures on the regression 
analyses and calculation method are given in Appendix H. 

The anthropometrical segments selected for analyses were: 

Stature, Knee height, Buttock-knee length, Seat height and Sitting eye height as 
independent variables representing length segments. 
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Weight and Waist circumference as the other independent variables representing 
weight and volume respectively. 

The regression analyses of these selected anthropometrical segments as independent 
variables and body landmarks data (eye location and H-point) as dependent variables 
were performed on several alternatives (see Table 6-7).  

Table 6-7. Regression analyses alternatives. 

Alternatives Anthropometric 
Factor 1 

Anthropometric 
Factor 2 

Body
landmarks 

1 Length dimensions Weight Eye location 

2 Length dimensions Waist circumference Eye location 

3 Length dimensions Waist circumference H-point 

These regression analyses suggest several mathematical predictions for sitting postures 
which are calculated and presented in the following tables: 

Alternative 1 (Weight by Eye) would be according to the following table: 

Table 6-8. Mathematical prediction of posture using Multiple regression analyses on Weight by Eye 
landmark. 

No Eye ß° ß1 X ß2 Z

1 Yxklv = 1976.255 + 0.358 * Stature - 0.396 * Weight 

2 Yzklv = 1526.532 + 0.319 * Stature + 0.672 * Weight 

3 Yxkhv = 2296.109 + 0.563 * Knee height - 0.133 * Weight 

4 Yzkhv = 1912.466 + 0.279 * Knee height + 0.079 * Weight 

5 Yxbkv = 2323.133 + 0.460 * Butt knee - 0.323 * Weight 

6 Yzbkv = 1881.327 + 0.318 * Butt knee + 0.863 * Weight 

7 Yxshv = 2196.694 + 0.414 * Seat height - 0.039 * Weight 

8 Yzshv = 1614.549 + 0.496 * Seat height + 0.885 * Weight 

9 Yxbhv = 2202.102 + 0.474 * Eye height - 0.101 * Weight 

10 Yzbhv = 1647.575 + 0.531 * Eye height + 0.842 * Weight 
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Alternative 2 (Waist by Eye) would be according to the following table: 

Table 6-9. Mathematical prediction of posture using Multiple regression analyses on Waist by Eye 
landmark. 

No Eye ß° ß1 X ß2 Z

1 Yxklm = 2034.351 + 0.323 * Stature - 0.030 * Waist 

2 Yzklm = 1429.815 + 0.355 * Stature + 0.093 * Waist 

3 Yxkhm = 2309.293 + 0.551 * Knee height - 0.018 * Waist 

4 Yzkhm = 1812.517 + 0.424 * Knee height + 0.119 * Waist 

5 Yxbkm = 2349.790 + 0.447 * Butt knee - 0.047 * Waist 

6 Yzbkm = 1799.824 + 0.439 * Butt knee + 0.082 * Waist 

7 Yxshm = 2201.785 + 0.409 * Seat height - 0.003 * Waist 

8 Yzshm = 1489.085 + 0.591 * Seat height + 0.114 * Waist 

9 Yxbhm = 2212.233 + 0.458 * Eye height - 0.006 * Waist 

10 Yzbhm = 1538.661 + 0.617 * Eye height + 0.113 * Waist 

Alternative 3 (Waist by H-point) would be according to the following table: 

Table 6-10. Mathematical prediction of posture using Multiple regression analyses on Waist by H-point. 

No H-pt ß° ß1 X ß2 Z

1 Yxklm = 1898.893 + 0.393 * Stature - 0.145 * Waist

2 Yzklm = 1373.629 + 0.066 * Stature + 0.097 * Waist

3 Yxkhm = 2191.008 + 0.764 * Knee height - 0.138 * Waist

4 Yzkhm = 1426.093 + 0.120 * Knee height + 0.098 * Waist

5 Yxbkm = 2183.962 + 0.756 * Butt knee - 0.198 * Waist

6 Yzbkm = 1396.384 + 0.181 * Butt knee + 0.080 * Waist

7 Yxshm = 2032.460 + 0.577 * Seat height - 0.117 * Waist

8 Yzshm = 1474.369 + 0.007 * Seat height + 0.107 * Waist

9 Yxbhm = 2070.772 + 0.616 * Eye height - 0.119 * Waist

10 Yzbhm = 1443.116 + 0.049 * Eye height + 0.104 * Waist
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6.6.6 The residual analyses on mathematical models 
The comparison analyses were performed between original observed data on eye location 
vs. H-point and those of predicted postures obtained from different alternative analyses. 
The results of these comparison analyses are summarized in the following tables. 

Table 6-11. Comparison analyses of Observed Eye locations in Original data and the corresponding 
Predicted model (alt 1). 

Variables Stature Knee height Butt knee Seat height Sitting eye height 

Mean Eye X (mm) 
(Obs-Pred)

0.78 -0.06 -0.10 0.36 0.05 

S.D Eye X (mm) 
(Obs-Pred)

35.86 42.42 44.22 43.40 40.94 

Mean Eye Z (mm) 
(Obs-Pred)

0.74 0.09 -0.18 -0.03 0.25 

S.D Eye Z (mm) 
(Obs-Pred)

15.76 21.39 20.19 17.51 16.40 

Table 6-12. Comparison analyses of Observed Eye locations in Original data and the corresponding 
Predicted model (alt 2). 

Variables Stature Knee height Butt knee Seat height Sitting eye height 

Mean Eye X (mm) 
(Obs-Pred)

0.04 -0.56 0.18 -0.51 0.00 

S.D Eye X (mm) 
(Obs-Pred)

36.37 42.38 43.92 43.38 41.00 

Mean Eye Z (mm) 
(Obs-Pred)

-1.06 -0.30 0.30 0.31 -0.38 

S.D Eye Z (mm) 
(Obs-Pred)

15.18 22.80 21.96 17.34 15.94 
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Table 6-13. Comparison analyses of Observed H-point locations in Original data and the corresponding 
Predicted model (alt 3). 

Variables Stature Knee-height Butt-knee Seat height Sitting eye height 

Mean H-pnt X (mm) 
(Obs-Pred)

-0.40 0.05 0.18 0.19 -0.42 

S.D Eye X (mm) 
(Obs-Pred)

18.05 22.35 20.57 23.30 21.27 

Mean Eye Z (mm) 
(Obs-Pred)

-0.48 0.71 -0.45 -0.46 0.50 

S.D Eye Z (mm) 
(Obs-Pred)

16.78 17.17 16.40 17.44 17.40 

As shown in all of the above comparison analyses, the differences between the observed 
data and the corresponding predicted data are very small and almost nothing. This 
indicates that both the measurements and the analyses of data were ideal and strongly 
support the predicted mathematical model. 
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7 Discussion and conclusion 
The following is a brief description of the issues which have been considered to be the 
most significant points of the study and are presented and discussed here in a certain 
disposition form:  

The objectives of this research contained several aspects each of which of significant 
importance. All of the principal goals and the hypotheses of the study have been reached 
through the specific methodology employed in this research work as it was presented in 
the preceding chapters. Furthermore, different research questions of the study were 
answered by overall parts of the results presented in the relative sections. The first part of 
the discussion will therefore be a brief review of the objectives, hypotheses and the 
research questions in different tables as a check-list. This will help to identify and 
confirm that the relative answers to each single part of the objectives, hypotheses and 
thereby research questions have been achieved through the results of the study. 

A summary of arguments, comments and problems regarding the methodology including 
the recruitment of volunteers, the measurement technique, equipment and other facilities 
will be reviewed and highlighted. 

The main findings such as the general part of the results including anthropometry, body 
landmarks and comfort variables will be raised and discussed. This part will also include 
the discussion and focus on the Factor analyses 

In addition the elements of the most significant part of the results (the mathematical 
model) with respect to the aims which are central in this work together with the principal 
contributions of the study will be lifted up and discussed in more detail.  

A specific formulated strategy in the form of a certain designed model of drivers’ 
decision making procedures regarding the selection of the sitting posture will be 
presented and reviewed. 

And finally, the future research with respect to some prevailing concepts of seating 
procedure particularly concerning heavy duty vehicles needs to be revised. His should be 
reviewed and proposed. 

7.1 A review of the objectives and hypotheses of the study 
Different parts of the results in the present study which contained a comprehensive 
analysis and documentation of the collected data were presented in Chapter 6. In the 
following, there is a check list containing the summary of objectives and hypotheses of 
the study as well as their answers which are confirmed by the procedure of results in the 
respective sections. 
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Objectives 
1. To measure and analyze the anthropometrical variables. 

The measurements were carried out in a standing as well as a sitting 
position (section 4.1.2). 

2. To identify and measure the body landmarks. 

The whole procedures of measurements including Pilot study are 
presented in methodological aspects of the study (sections 4.2.1 through 
4.3.1).

3. To identify the type and pattern of sitting posture. 

Pelvises and the lumbar parts of drivers’ spines built up the ”Posterior
posture” form of sitting presented in The anatomical description of sitting 
in section 6.3.2. 

4. To analyze and link the subjective rating of comfort. 

The analyses of the comfort/discomfort questions contained three 
categories of components (seat, STW and pedal each of which included 
three separate questions) were presented in section 6.4. 

5. To ascertain whether or not some underlying pattern of relationship between 
different variables in each set of data exists (Factor analyses). 

The Factor analyses regarding the anthropometrical data are presented in 
section 6.5.1. 

The illustrations regarding the Factor analyses on body landmarks (Trial 
five, Pedal Test) are presented in Figure 6-17 as well as Figure 6-18 in 
section 6.5.2. The analyses of the remaining trials (Trial 1 through 4) are 
presented in Appendix K. 

The subjective rating of comfort in form of Factor analyses are presented 
in section 6.5.3. 

6. To create and construct a mathematical model. 

The analyses of data regarding the posture prediction model were 
performed using statistical analyses as well as mathematical descriptions 
presented in section 6.6. 

7. To compare and evaluate the mathematical model. 

The comparison analyses were performed between original observed data 
on eye location vs. H-point and those of predicted postures obtained from 
different alternative analyses presented in section 6.6.6. 

8. To build up and suggest a conceptualized model 

This part will be discussed in the end of this chapter under the heading of 
“A conceptual model of decision making” in section 7.7.  
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Hypotheses 
1. The length and the height characteristics of some body segments of the driver 

such as stature and buttock-knee as well as the measures of knee height and eye 
height have a great impact on the selection of a specific sitting posture and 
position. 

2. Body weights and waist circumferences like the other anthropometrical 
characteristics of the drivers are also hypothesized to have a significant impact on 
their selection of postures. 

These two parts of the hypotheses are discussed and can be find in the 
mathematical description of the model in section 6.6.5 

3. The STW positions as well as the pedal/floor locations. 

Correlation analyses between comfort assessment on components 
regarding test P (full adjustment possibility of components) using the 
Kendall’s tau method resulted on Table 6.6. in the section of 6.6.3. 
confirms the concept of this hypothesis.  

4. The effect of the seat position on posture selection and related comfort 
assessments is the final hypothesis of the study. 

This part of the hypothesis is presented and discussed in more detail in this 
chapter in section 7.4.  

7.2 Methodological aspects of the study 
The participants recruited to this study were both national and international professional 
truck drivers. Almost all of them were highly experienced in their own career. The 
drivers were recruited to span a large range of body weight and stature in particular to 
ensure adequate representation of both the extreme and the normal group of drivers. 

This procedure of selecting drivers from the normal as well as the extreme population 
could be judged as an adequate strategy which hopefully can support some critical factors 
such as the reliability and generality of the results. 

Regarding the selection and design of the experimental cab mockup as a prototype or 
simulator tool, effort was made to provide the facilities and the conditions which are 
required in a normal driving scenario. The mockup was a heavy duty Scania vehicle of 
type CR19, one which is normally used in everyday traffic. The prototype components 
and other facilities provided within the mockup for running the experiments were of high 
standards and functioned according to their nature of existence. 

As to the experimental condition and the measurement procedure, there are some points 
which need to be clarified in more detail. 

The procedures of the measurements were in accordance with a written protocol 
which was reviewed and practiced several times during the pilot study and were 
modified before executing the real tests. The modification of these procedures 
played a significant role regarding the convenience of performing the 



118 

measurements without any interruption both for the experimenter and the 
participants. Furthermore it provided a logical understanding for the procedure of 
data collection.  

According to some unstructured and short interviews with drivers as well as 
Scania experts from different disciplines, the mockup and its experimental setting 
used in this study were judged to be quite relevant and reliable for experiments. 
From these informal dialogues as well as initial observations it became obvious 
that the experimental procedure could provide circumstances in which the drivers 
felt confident in performing the tasks in real time without feeling any distractions. 
Such feelings and reaction helped the experimenter to accurately perform the 
measurements and thereby to collect more reliable data. 

Another significant point to be mentioned here is the procedure of the data 
collection of body landmarks. As it was explained previously in Chapter 4, the 
body landmarks data (three dimensional coordinate X, Y and Z) of every single 
point was collected using the FARO arm device which required the measurements 
to be performed professionally with high precision. Otherwise, there would have 
been a risk of creating large discrepancies between the real measures and the 
resulted measurements, thus leading to biased data and subsequent wrong 
conclusions. To avoid such undesirable and incorrect results the measurements 
were performed in accordance with the following procedures: 

o The external body landmarks were identified carefully by direct palpating 
the precise location of landmarks. 

o The entire body landmarks for each of the drivers, consisting of twenty six 
points and the central point of the STW as the last point, were measured at 
a rapid pace and in a systematic order continuously without any 
interruption.

o In contrast to other similar studies, the entire procedure of measurements 
of body landmarks in the present research work was performed within the 
mockup, whereas the collection of body landmarks data in other studies 
occurs differently and is based on a combination of the measurements 
taken in two separate conditions, partly inside and the remaining part 
outside of the driver seat. The selection of the latter strategy seems to 
increase the uncertainty and create doubts on the correct collection of data 
and makes it less reliable. In the present research work, the effort was 
made to perform all of the measurements at one sitting condition (inside 
the cab) in order to minimize any uncertainty or doubt about the accuracy 
of the data. Furthermore, it effectively reduced the time consumption and 
eliminated unexpected and undesirable complexity of the measurement 
procedure. To achieve more accurate data especially regarding measuring 
the landmarks of the spinal column as it was described earlier in Chapter 
4, some major changes and modifications on the Faro-arm and its 
installation were made. 

o The other aspect which is worth noting is the changes on the backrest of 
the seat. To reach and measure the landmarks of the vertebrae (spinal 
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column) which consist of a number of landmarks, some holes were made 
on the backrest of the seat in the vertical direction parallel to the vertebrae 
column. These holes made it possible to reach and measure the landmarks 
of the spinal column through the behind position of the drivers by the 
FARO arm’s probe. 

All of these methodological aspects of the study were judged to be sufficient for 
collecting the data and quite relevant with respect to the objectives. A summary regarding 
the major points of the results will now be presented in more detail.  

7.3 The characteristics of participants representing the normal as well as 
the extreme population 

The first part of the results included several findings related to the objective as well as the 
subjective measurements. 

Overall, the analyses of background data of the participants in this study included some 
anthropometric measures (age. weight. stature and BMI), which are illustrated in Table 6-
1. The results indicated that the drivers represent both the extreme and the normal group 
of their own population. The same conclusion can be drawn regarding the truck driving 
experiences of this group. This would confirm the generalization and consistency of the 
collected data and thereby promote the confidence grade of the results. 

The preliminary analyses of the anthropometrical data as the first aim of the study 
focused on some body dimensions such as sitting height, eye-height, seat-height, knee-
height, butt-knee length, abdominal width, stature, grip-reach, waist, foot-length, foot-
breadth and weight. Based upon experiences from vehicle industry, these dimensions 
were considered as the most practical anthropometrical variables and were identified and 
analyzed accordingly. 

Table 7-1. A summary of anthropometrical measures covering a wide range of dimensions (including 
extremes). 

Variables Mean St. Deviation Range Minimum Maximum

Abdominal 294.6 56.3 267.0 175.0 442.0 

Stature 1779.4 69.4 288.0 1655.0 1943.0 

Waist 1016.9 134.6 705.0 755.0 1460.0 

Weight 89.4 18.2 97.0 53.0 150.0 

As can be seen in Table 7-1 which is a summary of Table 6-2, some anthropometrical 
measures such as abdominal width, stature, waist and weight of the drivers included a 
wide range of dimensions which also covers the extremes. This is in line with the 
expectations and strategy of the present study which had aimed to consider not only the 
normal population but the extremes as well. 

The analyses of these selected anthropometrical measures together with the forthcoming 
analyses of the entire data in the form of Factor analyses were fundamental and the most 
critical part of the results which were used in the creation of the mathematical model. 
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The results of this Factor analysis as discussed earlier in Chapter 6 summarized the 
respective variables into a set of limited groups or factors, each of them containing a 
number of variables with similar characteristics. Regarding the anthropometrical data, the 
variables were limited to four separate factors. These factors were identified and 
categorized according to the specific characteristics so that they could represent general 
dimensions of the driver measures such as Lengths, Heights, Volumes and Weights.  

Similar to the anthropometrical dimensions, some important parts of the body landmarks 
data according to the experiences from vehicle industry were selected and focused on for 
additional study. The selected body landmarks were Corner of eye, L5 (in lumbar spine), 
Acromion (shoulder joint), Substernale (mitt chest point), H-point. Lateral Humeral 
Condyle (Elbow joint), Wrist, Lateral Fumeral Condyle (knee joint), BOF and central 
point of STW. The preliminary analyses on these landmarks are illustrated in Figures 6-2, 
through 6-6. Interestingly the analyses showed a significant increase of STW in Trial 4 
and Trial 5 compared to other Trials in horizontal as well as vertical dimensions (X/Z 
coordinates). This would clearly indicate that drivers preferred to adjust the STW to a 
significantly higher level compared to its neutral position. Regarding the horizontal axis, 
they also desired to adjust and bring the STW in a positive direction towards themselves. 
It is worth noting that this range of adjustablity is far from the standard and therefore not 
usually provided on vehicles. 

7.4 The effect of the seat position on posture selection 
Another important finding which is interesting to point out and high-light here is the 
comprehensive analysis as well as illustrative demonstration summarized and shown in 
the following diagram (Figure 7-1). This diagram symbolizes a seated truck driver in a 
normal driving posture simulating the driving task and manipulating the driving 
components. Furthermore, this figure illustrates the plotted H-point data in Trial 5 
collected from fifty five truck drivers within the range of the adjustable seat. The picture 
contains two types of squares (red and green). The red square illustrates the range of 
adjustability according to the vehicle standards while the area within the green square 
indicates the range of adjustability provided by the prototype mock up in experimental 
conditions. 
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Figure 7-1. Plotted H-point data representing the sitting posture selected by truck drivers divers on Trial 5.  

This figure clearly shows that despite a wide range of adjustability (green square) 
provided by the experimental mock up, drivers preferred to sit in the rearmost position 
and at a rather high level relative to the rest of the adjustable area. The red square in 
figure 7-1 is a combination of seat adjustment ranges provided by several vehicle 
manufacturers and it represents the outer boudries of the combined adjustment ranges. A 
normal adjustment range for a heavy truck seat is 80 mm vertically and 150 mm 
horisonatally. 

The observed H-point data in the present study lies in the upper right corner of this square 
and it might indicate a comfort problem in respect to the drivers selected position. It may 
also indicate that it’s not driver comfort that regulates adjustment ranges in existing 
vehicles today. 

The other point is the significant difference between the observation (plotted H-point 
data) and the black circle within the green area which represents the neutral H-point. 
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Additionally, and since some of the data lies almost on the border of the green square, it 
may indicate a reasonable tendency for even more seat adjustment in the backward 
direction. 

All these findings indicate that drivers do not seem to be satisfied with the small range of 
adjustability which is normally provided by majority of vehicle industry. Such feelings 
due to the limitations for adjusting the seat to a desirable area may have critical 
consequences. A very possible and immediate effect is the fact that drivers are unable to 
select any desirable and comfortable postures to fit their requirements. This inconvenient 
situation may in the long run lead to serious damages, muskuloskeletal injuries and other 
symptoms. 

7.5 The assessment of comfort/discomfort 
Another aim of the study considered the identification of comfort/discomfort assessments 
which contained the questions on three categories of components (seat, STW and pedal). 
The comfort assessments of these components were supplemented by the final 
judgements of the drivers and regarded as the overall feeling of comfort. 

The preliminary analyses of comfort/discomfort assessments indicated that in general the 
comfort index increased gradually as the drivers received relatively more opportunities 
for component adjustments. These phenomena were shown previously in Figures 6-10 
through 6-14.  

Since the assessment of comfort/discomfort is relatively complex and sometimes very 
difficult to identify, especially in a driving scenario consisting of many varieties of 
physical as well as mental activities, the following argument should be given in order to 
clarify in more detail the aspects surrounding these concepts.  

As mentioned earlier, there is a vast amount of commentary and discussions available in 
the literature regarding the assessment of comfort/discomfort. Relevant parts of these 
comments were reviewed in the literature study in Chapter 3. Combining these arguments 
with the findings in the present research work through measurements, observations, 
unstructured interviews, etc. may suggest schematic structures regarding these concepts 
which are presented in the following figures.  
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Figure 7-2. Feelings of discomfort associated with pain Tiredness soreness and numbness imposed by 
physical constraints. 

As can be seen in this figure, feelings of discomfort in a sitting task are associated with 
pain, tiredness, soreness and numbness resulting from physical constraints. Physical 
constraints play a link characteristic between these symptoms and biomechanical as well 
as physiological activities such as joint angles, tissue pressure, muscle contractions and 
blood pressure. The feeling of discomfort increases as the time of the workday proceeds. 
This means that the exposure to fatigue in the form of pain, tiredness and other symptoms 
increases gradually. 

Therefore it is essential to select a proper sitting posture in order to avoid or at least 
minimize the fatigue. This requires designers to provide facilities for ensuring a suitable 
proximity of the driver to the STW, pedal system, head and leg room and the driver field 
of vision.  

The assessment of comfort in sitting on a seat, on the other hand, may be considered to be 
based on feelings of well-being and the aesthetic (plush and luxurious) impression of the 
seat. The assessment of comfort regarding the circumstances of the present study is 
judged by considering some specific characteristics and facilities of the seating device. 
These characteristics encompass either manual or power seat adjusters such as reclining 
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seat backs, seat track travel, arm rests, lumbar supports and head restraints provided in 
the experimental mock up. 

The illustration of this phenomenon is proposed by following figure.  

Figure 7-3. Assessment of comfort in sitting on a seat based on feelings of well-being and the aesthetic 
(plushness and luxurious). 

7.6 The posture prediction and its mathematical concept  
The created mathematical model as discussed earlier in Chapter 6 suggested a linear 
correlation between different variables and is presented as a general equation expression: 

Y = ß° + ß1 X + ß2 Z
The prediction of posture using this model was not limited to only one single landmark. 
Rather it could propose several different alternatives by using a number of different well 
known anatomical landmarks such as Eye location, H-point, Knee point, etc. In the 
results section, only three alternatives out of several others were presented and discussed. 
All these alternatives in the form of predicted Eye location as well as Hip-joints were 
evaluated and shown to be very close to their corresponding observed values. The 
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residual values in almost all of the analyses were less than ten millimeters which is quite 
ideal. 

The comparisons between the predicted postures for each individual driver and his 
corresponding observed (measured) value were also shown to be very minimal and 
almost dispensable.  

7.7 A conceptual model of decision making on posture selection  
Finally and with respect to what has been discussed up until now, it would be of great 
importance to scrutinize and identify the factors behind the procedure of decision making 
regarding the selection of a desirable and comfortable driving posture. For this reason, the 
performance and competence of a driver as well as the other factors which seem to be 
critical issues in this concern should be studied in more detail separately. 

In contrast to what is generally believed, the selection of a certain desirable posture for 
the driving task is not only a simple physical action based upon a single factor which can 
be made by each individual driver. On the contrary, the selection appears to be a more 
complicated procedure which may occur in a complex and thoroughly compromising 
process consisting of several factors.  

The mathematical model outlined in the present study confirmed the fact that there are 
strongly coorelation between some physical characteristics of the drivers such as body 
dimensions which play a significant role on selection of comfortable sitting posture. 
Therefore the created model judged to be a powerful tool for determining the drivers’ 
sitting posture. On the other hand and beside the physical characteristics of the body, 
there would be some obscuring factors which could affect the result of this selection in 
driving posture. 

A fact that there is an internal, unconscious process controlling posture selection in 
driving activities has been confirmed in other similar empirical study carried out by 
(Reed diss., 1998). This means that in the selection strategy of driving posture, factors 
such as behavioural and environmental characteristics as well as the task and physical 
criteria of driving components are important and should not be paid less attention. 
Clarifying this procedure and adaptation process is of significant importance when 
identifying and evaluating the ergonomical issues and thereby improving driving comfort, 
safety and performance. 

It is vital to understand and realize that the identification and analysis of such a 
complicated and varying task with multi-factor characteristics require deeper analyses 
which ought to be performed in consultation with human factor experts. Human factor 
experts are regarded as the most relevant specialists having sufficient knowledge of the 
human component and they dominate this area. Human factor engineers specialize in the 
relationships between the human-machine environments from a behavioural perspective. 
In contrast to engineers who apply the laws of science and mathematics to the design and 
building of structures, machines, products, systems and processes, biomechanical 
engineers apply the same laws of science and mathematics to human systems. Their 
concern with the nature and characteristics of the human component varies depending 
upon their background and training. 
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Human performance and competence, the key parameters in the human factor discipline 
as a conceptualized element behind the process of decision making, are intended to play a 
significant role in the selection procedure for driving posture. In order to analyse such a 
decision making procedure for selecting a certain posture from a human performance 
perspective and thereby provide a scientific basis for discussion and evaluation it is 
essential to have an appropriate model. The analysis and evaluation procedure must 
include not only the biomechanical component but even a behavioural perspective of the 
human being as well. 

A simple example may clarify this concept and make it easier to understand. An 
individual involved for instance in an accident may be in a continuous or temporary 
active or passive state. In the passive condition, the person is acted upon by forces and 
his/her actions are determined mostly by the laws of physics. This is predominantly a 
biomechanics problem. Most accidents, however, also involve one or more individuals in 
an active state. They are doing something that causes the incident which may or may not 
be their fault. In many cases such as product liability, the premiss is that the actions of the 
customers were normal and predictable and that the manufacturer of the product should 
have foreseen the behaviour and provided the appropriate safety features (design and 
warning). In a more complex situation, such as in traffic accidents where both a driver 
and a pedestrian are involved and are active, it must be determined whose actions were 
inappropriate and to what extent. 

Considering the inappropriate selection of an action and interpretation of its 
consequences, it would be relevant to recal the terminology used by Rasmussen, 1983. 
He has discriminated between knowledge based and rule-based mistakes. Knowledge-
based mistakes are very similar to those kinds of errors made in decision making, in 
which incorrect plan of action is made due to misunderstanding of the situation. Rule-
based mistakes, on the other hand, occur when operators are more confidence on their 
own action. They know (or believe they know) the situation and they invoke a rule or 
plan to action to deal with it. According Rasmussen the choice of a rule follows an “if-
then” logic. If the patient shows a set of symptoms, the patient has a certain disease. 

The actions of all individuals, regardless of the situation, can and must be evaluated. This 
is a human performance problem and is far more complex than the passive biomechanics 
problem. It involves knowledge of how the various body systems function along with 
their contribution to action or activity. Generally, the human performance/action patterns 
are performed using a similar information processing procedure that is dependent upon 
the past experiences of the individual and their resulting expectations and perceptions. 
Past experiences in the same or similar environments influence the individual's 
expectations and the assumptions he/she makes regarding the environment and the task to 
be performed. These expectations/assumptions in turn influence the individual's 
attentiveness in detecting critical factors and in processing the relevant decision in order 
to select the appropriate behaviour and thereby successfully complete the task. Successful 
detection is also dependent upon unambiguous cues and the absence of distractions. 

The contribution regarding these statements will suggest a strategy in a specifically 
designed structure in which the procedure of decision making regarding the selection of a 
comfortable sitting posture occurs. This structure is presented here in the form of a model 
by which the recognition of some conceptualized parameters behind the selection process 
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of desired posture in a driving task could be made and identified. The construction of this 
model using various criteria is mostly based upon the data collected by subjective 
measurements in this study.  

These criteria contain various elements or parameters in this model and are believed to 
play a key role in the driver’s judgment and decision making as a whole in the selection 
of the desirable sitting posture. The detection and identification of these parameters 
which are linked together like a chain are essential for the clarification of the model. 

The criteria of these parameters, which may proceed as top down vs. bottom up 
processing in this model, could be identified and analyzed separately. The construction of 
the model contains four main areas (Task characteristics, Human factors, Vehicle 
perspectives, and Environmental perspectives). It should be noted that with respect to the 
contents of the present study only two elements (Human factors. Vehicle perspectives) 
out of four were discussed and the other two elements were considered outside the 
interest of the study. The detail information regarding these elements is presented as 
follows: 

7.7.1 Task characteristics 
Task characteristic is one important element of the model and contains three major areas; 
Task requirements, Driving duration and Type of driving, each of which consists of a 
number of different subjects which are designated within the model according to the 
following figure. 

Figure 7-4. Task perspective used as the first element which is linked to the model and representing the 
characteristics of driver’s task. 
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7.7.2 Human factors 
Human factors as the second important element of the model consisting of parameters 
such as anthropometrical issue were focused on and studied in detail in the present work. 
This element contains several areas such as Biomechanical perspectives, 
Psychophysiological conditions and Behavioural perspectives.  

Biomechanical and Psychophysiological perspectives 

This characteristic of a driver determines in more detail the physical as well as 
psychological capacity and capability of the driver as a human being. In other words it 
describes the driver’s functionality or ability (physical capability as well as the driver’s 
mental scenario). The driver’s health condition, mood, vigilance, etc. could be mentioned 
as other important aspects. 

Behavioural Features 

In the general model as a person approaches a task, he/she makes a perceptual evaluation 
of the current environment and task demands and his/her internalized image of the task 
acquired through past experiences with similarly perceived environments. The reliability 
of this test is dependent upon the person's perceptual mechanisms and the clarity of the 
cues presented. Following this evaluation and analysis, the person chooses either to 
proceed with the task by selecting an appropriate behavioural response or to modify 
his/her behaviour in accordance with the evaluation. He/she can successfully proceed 
with the task if an appropriate behavioural response has been selected. The selection of an 
inappropriate behaviour can result from a number of factors such as faulty expectations 
and assumptions, faulty analysis, limited information or knowledge, decreased vigilance 
and distractions or competing sensory data.  

As the individual proceeds with the task, adjustments due to changes in the task demands 
or environment would be necessary. The person's ability to adjust to these changes 
appears to be related to the extent that his/her perceptual image is confirmed. If he/she is 
still testing the image, then he/she will be more prepared for error and more likely to be 
able to make successful adjustments/modifications to the new task demands. On the other 
hand if the image has been confirmed (even if incorrectly), then he/she will be less likely 
to expect error and might be unable to respond successfully to the change. This could 
produce an inappropriate behavioural response that might result in an accident. A 
decrease in vigilance/ attentiveness effectively shortcuts part of the feedback loop 
resulting in the use of a previously selected behaviour that is inappropriate for the 
new/modified conditions. 

A critical aspect of this model/process is the recognition of the role of expectations and 
the resulting assumptions people make based upon their past experiences. Because an 
individual has successfully completed a task in the past, he/she may fail to recognize 
differences between the present situation and what he/she remembers from past 
experiences. In some instances, those experiences are so ingrained that the individual 
simply makes an assumption and does not even look for potential problems or 
differences. This of course can lead to an inappropriate behavioural response and 
subsequently a serious accident.  



129 

An additional factor which can alter or interfere with a behavioural response is a 
distraction. A distraction will cause or result in the individual focusing on incorrect 
stimuli relative to a specified task. A sudden change in the environment in the form of 
activity, people, events or space may unintentionally divert a person's attention away 
from the primary task increasing the potential for making a mistake (an accident in an 
extreme case). An intentional distraction could occur when competing attractors such as 
visual displays (i.e. advertisements) are intentionally placed in the environment similarly 
diverting an individual's attention away from the primary task.  

For a mistake to occur, an inappropriate behaviour must first be selected. Therefore, it is 
essential to determine why the inappropriate behaviour was selected. The primary causes 
of incorrect decision-making may be given as the most reasonable factor. The other factor 
in making a mistake involves the individual's inability to modify or attempt to modify 
his/her behaviour in time to prevent the mistake. A second critical aspect of the analysis, 
therefore, is to determine why the individual was unsuccessful in modifying his/her 
behaviour, i.e. was the problem sensory, physiological or for various unavoidable 
reasons. 

All of these factors play a key role in decision making and the selection of appropriate 
behaviour specifically in a driving scenario which contains an endless amount of decision 
making procedures including the adjustment and selection of the desirable seat. The 
following figure illustrates the third element of the conceptual model. 

Figure 7-5. Human factors perspective used as the second element which is linked to the model and 
representing the characteristics of the drivers’ physical as well as mental condition. 



130 

7.7.3 Vehicle perspectives 
The vehicle perspectives are the third element of the suggested model and it contains 
three major areas: Vehicle lay out Limitations and restrictions and Components 
functionality. Each of these elements consists of a number of different factors which 
together complete the entire aspect of Vehicle perspectives as illustrated in the following 
figure. 

Figure 7-6. Vehicle perspective used as the third element which is linked to the model and representing the 
characteristics of a vehicle. 

7.7.4 Environmental perspectives 
The environmental perspective is considered as the last elements of the model and 
consists of the physical aspects of an environment such as lighting, noise and vibration, 
temperature and chemicals, toxics and pollution of the environment. The other aspects to 
consider include legislation and disciplines such as traffic regulations which are 
controlled by local authorities and may vary depending on time, location, type of task, 
etc, the psychosocial atmosphere of the environment such as safety, security, risk and 
hazardous situation and many other factors which may directly or indirectly influence the 
driver’s decision making. Some of these aspects are summarized and illustrated in the 
following figure. 
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Figure 7-7. Environmental perspective used as the fourth element which is linked to the model and 
representing the characteristics of the environment and scenario in which vehicle is used. 

Each single parameter of the four different elements (Task characteristics, Human factors, 
Vehicle perspectives and the environmental issues) which are described above plays a 
significant role in the decision making procedure. Like links in a chain, all of these 
parameters can build up a specific structure called a conceptual model which makes it 
possible to identify and evaluate in detail the individual parts of the parameters and their 
role in this model. The following figure proposes this conceptual model.  
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7.7.5 The conceptual model in process of decision making 

Figure 7-8. The construction of the model on decision making process regarding the selection of sitting 
posture. 
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8 Future study 
Any eventual modifications and adjustments if needed for elimination or minimizing 
discrepancies biases or obscured factors affecting the quality of the model would be a 
case for future study. 

The investigation of a complete assessment of comfort should be supplemented with an 
analysis of how many truck drivers are satisfied with the comfort in the end. 

To study how the number of adjustability possibilities influences the experienced comfort 
would be an interesting case. It means that data can be collected where for each test 
subject either at random or according to a test schedule, it produced the number and the 
kinds of adjustability possibilities available for the test subjects. 

If 0 (zero) adjustability possibilities are given the trials are run in test status N. For each 
test subject the experienced comfort is measured. Then it can be obtained an 
understanding of how the grade distributions are dependent on the number of 
adjustability possibilities. 

In the analysis of the complete assessment of comfort and the ranking of comfort factors, 
it may be necessary to separate those having discomfort from those declaring to be free 
from discomfort. The discomfort-free can be said to communicate a general assessment 
while those with discomfort are perhaps searching for symptom relief for their 
discomfort. 

With the primary objective of reducing the number of adjustability possibilities the 
following proposal for ranking comfort factors can be perceived. It can be measured the 
complete assessment of comfort where test subjects can use all of the adjustability 
possibilities except one. The measurements can be repeated where even the last 
adjustability possibility is permitted measurements corresponding to test situation P. The 
adjustability possibilities which when taken away gave the greatest difference are those 
which are most important to retain. 

An estimation of how well-defined the drivers’ optimal placing of BL is, can be 
produced. The estimation made here in terms of standard deviations for BL positions 
between two unequal measurements has several dubious model assumptions. 

Interpretations and parameterings of the non-parametrical regression curves or regression 
areas should be redone if they are to be used in any future analysis. 
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Appendix A Subjective Rating of Comfort 
The General Comfort Rating (GCR) scale for assessment of chair comfort and discomfort 
based on a unidimensional 11-point scale with verbal anchors. 

The schematic illustration of GCR theory is suggested in the following Figure. 

Figure Appendix A-1. Illustration of General Comfort Rating (GCR) scale. 
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The Body Parts Discomfort (BPD) which may be suggested by the following figure. 

Figure Appendix A-2. A Body Parts Discomfort (BPD) applicable to all types of work. 
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Appendix B  Besvär från rörelseorganen: 
Denna bild visar ungefärliga läget av de kroppsregioner som finns med i nedanstående 
besvärsfrågor med sju svarsalternativ. Svara med hjälp av bilden om och hur starkt Du 
känner besväret nu.

Med besvär menas smärta, värk eller obehag 

B 1. Besvärsfrågor avseende smärta:  Namn:………………………… 
 Nacke Skuldror 

/axlar
Ryggens 
övre del 

Ryggens 
nedre del 

Armbågar Höfter Knän Handleder 
/händer 

Fotleder 
/fötter 

0 Ingen alls          

0.5 Extremt svag          

1 Mycket svag          

2 Svag          

3 Påtagligt          

4 Ganska stark          

5 Stark          

6           

7 Mycket stark          

8           

9           

10 Extremt stark          

* Maximal          
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B 2. Besvärsfrågor avseende värk:  Namn:………………………… 
 Nacke Skuldror 

/axlar
Ryggens 
övre del 

Ryggens 
nedre del 

Armbågar Höfter Knän Handleder 
/händer 

Fotleder 
/fötter 

0 Ingen alls          

0.5 Extremt svag          

1 Mycket svag          

2 Svag          

3 Påtagligt          

4 Ganska stark          

5 Stark          

6           

7 Mycket stark          

8           

9           

10 Extremt stark          

* Maximal          
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B 3. Besvärsfrågor avseende Obehag:  Namn:………………… 
 Nacke Skuldror 

/axlar
Ryggens 
övre del 

Ryggens 
nedre del 

Armbågar Höfter Knän Handleder 
/händer 

Fotleder 
/fötter 

0 Ingen alls          

0.5 Extremt svag          

1 Mycket svag          

2 Svag          

3 Påtagligt          

4 Ganska stark          

5 Stark          

6           

7 Mycket stark          

8           

9           

10 Extremt stark          

* Maximal          
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Appendix C Subjective assesment questionnaires 
Skattningsfrågor avseende komponenternas läge (avstånd, höjd och vinkel) i förhållande 
till din kropp 

Namn:………………………… 
Test 1. Neutral läge 
(test beteckning N) 

Svara på följande frågor genom att kryssa den svarsalternativ som kan bäst förklara hur 
Du upp lever avståndet mellan dig och olika komponenter. 
Ställningen av 
komponenter 

Mycket
bra 

Varken 
bra el. 
dålig

Mycket 
dålig 

Synpunkter om 
komponenternas 
närhet och position 

Rattens 

avstånd 

höjdnivå 

vinkel 

1.

1.

1.

2.

2.

2.

3.

3.

3.

4.  

4.  

4.  

5.  

5.  

5.  

6.

6.

6.

7.

7.

7.

Förarstolens 

sitthöjd 

sittvinkel 

Ryggvinkel 

1.

1.

1.

2.

2.

2.

3.

3.

3.

4.  

4.  

4.  

5.  

5.  

5.  

6.

6.

6.

7.

7.

7.

Pedalsystem 

golvets placering 

gaspedal 

kopplingspedal 

1.

1.

1.

2.

2.

2.

3.

3.

3.

4.  

4.  

4.  

5.  

5.  

5.  

6.

6.

6.

7.

7.

7.

Allmänt 

helhetskänsla 1. 2. 3. 4.  5.  6. 7.
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Namn:………………………… 
Test 2. Horisontal justering av stolen samt ryggstöd och sittvinkel 

(test beteckning H) 
Svara på följande frågor genom att kryssa den svarsalternativ som kan bäst förklara hur 
Du upplever avståndet mellan dig och olika komponenter.  
Ställningen av 
komponenter 

Mycket
bra 

Varken 
bra el. 
dålig

Mycket 
dålig 

Synpunkter om 
komponenternas 
närhet och position 

Rattens 

avstånd 

höjdnivå 

vinkel 

1.

1.

1.

2.

2.

2.

3.

3.

3.

4.  

4.  

4.  

5.

5.

5.

6.

6.

6.

7.

7.

7.

Förarstolens 

sitthöjd 

sittvinkel 

Ryggvinkel 

1.

1.

1.

2.

2.

2.

3.

3.

3.

4.  

4.  

4.  

5.

5.

5.

6.

6.

6.

7.

7.

7.

Pedalsystem 

golvets placering 

gaspedal 

kopplingspedal 

1.

1.

1.

2.

2.

2.

3.

3.

3.

4.  

4.  

4.  

5.

5.

5.

6.

6.

6.

7.

7.

7.

Allmänt 

helhetskänsla 1. 2. 3. 4.  5. 6. 7.
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Namn:………………………… 
Test 3. Horisontal & vertikal justering av stolen samt ryggstöd och sittvinkel 

(Testbeteckning V) 
Svara på följande frågor genom att kryssa den svarsalternativ som kan bäst förklara hur 
Du upplever avståndet mellan dig och olika komponenter.  
Ställningen av 
komponenter 

Mycket
bra 

Varken 
bra el. 
dålig

Mycket 
dålig 

Synpunkter om 
komponenternas 
närhet och position 

Rattens 

avstånd 

höjdnivå 

vinkel 

1.

1.

1.

2.

2.

2.

3.

3.

3.

4.  

4.  

4.  

5.  

5.  

5.  

6.

6.

6.

7.

7.

7.

Förarstolens 

sitthöjd 

sittvinkel 

Ryggvinkel 

1.

1.

1.

2.

2.

2.

3.

3.

3.

4.  

4.  

4.  

5.  

5.  

5.  

6.

6.

6.

7.

7.

7.

Pedalsystem 

golvets placering 

gaspedal 

kopplingspedal 

1.

1.

1.

2.

2.

2.

3.

3.

3.

4.  

4.  

4.  

5.  

5.  

5.  

6.

6.

6.

7.

7.

7.

Allmänt 

helhetskänsla 1. 2. 3. 4.  5.  6. 7.
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Namn:………………………… 
Test 4. Justering av ratt tillsammans med alla justeringar som Test 3 

(Testbeteckning R) 
Svara på följande frågor genom att kryssa den svarsalternativ som kan bäst förklara hur 
Du upplever avståndet mellan dig och olika komponenter.  
Ställningen av 
komponenter 

Mycket
bra 

Varken 
bra el. 
dålig

Mycket 
dålig 

Synpunkter om 
komponenternas 
närhet och position 

Rattens 

avstånd 

höjdnivå 

vinkel 

1.

1.

1.

2.

2.

2.

3.

3.

3.

4.  

4.  

4.  

5.  

5.  

5.  

6.

6.

6.

7.

7.

7.

Förarstolens 

sitthöjd 

sittvinkel 

Ryggvinkel 

1.

1.

1.

2.

2.

2.

3.

3.

3.

4.  

4.  

4.  

5.  

5.  

5.  

6.

6.

6.

7.

7.

7.

Pedalsystem 

golvets placering 

gaspedal 

kopplingspedal 

1.

1.

1.

2.

2.

2.

3.

3.

3.

4.  

4.  

4.  

5.  

5.  

5.  

6.

6.

6.

7.

7.

7.

Allmänt 

helhetskänsla 1. 2. 3. 4.  5.  6. 7.
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Namn:………………………… 
Test 5. Justering av alla komponenter 

(Testbeteckning P) 
Svara på följande frågor genom att kryssa den svarsalternativ som kan bäst förklara hur 
Du upplever avståndet mellan dig och olika komponenter.  
Ställningen av 
komponenter 

Mycket
bra 

Varken 
bra el. 
dålig

Mycket 
dålig 

Synpunkter om 
komponenternas 
närhet och position 

Rattens 

avstånd 

höjdnivå 

vinkel 

1.

1.

1.

2.

2.

2.

3.

3.

3.

4.  

4.  

4.  

5.  

5.  

5.  

6.

6.

6.

7.

7.

7.

Förarstolens 

sitthöjd 

sittvinkel 

Ryggvinkel 

1.

1.

1.

2.

2.

2.

3.

3.

3.

4.  

4.  

4.  

5.  

5.  

5.  

6.

6.

6.

7.

7.

7.

Pedalsystem 

golvets placering 

gaspedal 

kopplingspedal 

1.

1.

1.

2.

2.

2.

3.

3.

3.

4.  

4.  

4.  

5.  

5.  

5.  

6.

6.

6.

7.

7.

7.

Allmänt 

helhetskänsla 1. 2. 3. 4.  5.  6. 7.
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Appendix D Reliability test 
Horisontal & vertikal justering av stolen samt ryggstöd och sittvinkel  
Namn:  Datum: 260326 Nummer: 1 
Avdelning:   Tel:  Klockslag: 14:30 

Test nr. 1. 

Benämning Hor Ver Dyna Rygg Vinkel

Ratt   X X 

Pedal   X X 

Stol 590 283 4 15 X 

Test nr. 2. 

Benämning Hor Ver Dyna Rygg Vinkel

Ratt   X X 

Pedal   X X 

Stol 587 293 4 15 X 

Test nr. 3. 

Benämning Hor Ver Dyna Rygg Vinkel

Ratt   X X 

Pedal   X X 

Stol 611 293 4 15 X 
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Horisontal & vertikal justering av stolen samt ryggstöd och sittvinkel  

Namn:  Datum: 260326 Nummer: 2 
Avdelning:   Tel:  Klockslag: 14:30 

Test nr. 1. 

Benämning Hor Ver Dyna Rygg Vinkel

Ratt   X X 

Pedal   X X 

Stol 647 322 4 15 X 

Test nr. 2. 

Benämning Hor Ver Dyna Rygg Vinkel

Ratt   X X 

Pedal   X X 

Stol 636 317 4 15 X 

Test nr. 3. 

Benämning Hor Ver Dyna Rygg Vinkel

Ratt   X X 

Pedal   X X 

Stol 640 322 4 15 X 
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Horisontal & vertikal justering av stolen samt ryggstöd och sittvinkel  

Namn:  Datum: 260328 Nummer: 3 
Avdelning:   Tel:  Klockslag: 14:00 

Test nr. 1. 

Benämning Hor Ver Dyna Rygg Vinkel

Ratt   X X 

Pedal   X X 

Stol 611 410 4 15 X 

Test nr. 2. 

Benämning Hor Ver Dyna Rygg Vinkel

Ratt   X X 

Pedal   X X 

Stol 628 405 4 15 X 

Test nr. 3. 

Benämning Hor Ver Dyna Rygg Vinkel

Ratt   X X 

Pedal   X X 

Stol 627 404 4 15 X 
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Horisontal & vertikal justering av stolen samt ryggstöd och sittvinkel  

Namn:  Datum: 260328 Nummer: 4 
Avdelning:   Tel:  Klockslag: 14:15 

Test nr. 1. 

Benämning Hor Ver Dyna Rygg Vinkel 

Ratt   X X 

Pedal   X X 

Stol 612 267 4 15 X 

Test nr. 2. 

Benämning Hor Ver Dyna Rygg Vinkel 

Ratt   X X 

Pedal   X X 

Stol 633 290 4 15 X 

Test nr. 3. 

Benämning Hor Ver Dyna Rygg Vinkel 

Ratt   X X 

Pedal   X X 

Stol 607 272 4 15 X 
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Horisontal & vertikal justering av stolen samt ryggstöd och sittvinkel  

Namn:  Datum: 260328 Nummer: 5 
Avdelning:   Tel:  Klockslag: 14:30 

Test nr. 1. 

Benämning Hor Ver Dyna Rygg Vinkel 

Ratt   X X 

Pedal   X X 

Stol 619 312 4 15 X 

Test nr. 2. 

Benämning Hor Ver Dyna Rygg Vinkel 

Ratt   X X 

Pedal   X X 

Stol 638 328 4 15 X 

Test nr. 3. 

Benämning Hor Ver Dyna Rygg Vinkel 

Ratt   X X 

Pedal   X X 

Stol 626 312 4 15 X 

Test nr. 4. 

Benämning Hor Ver Dyna Rygg Vinkel 

Ratt   X X 

Pedal   X X 

Stol 637 292 4 15 X 



166 

Horisontal & vertikal justering av stolen samt ryggstöd och sittvinkel  

Namn:  Datum: 260328 Nummer: 6 
Avdelning:   Tel:  Klockslag: 15:00 

Test nr. 1. 

Benämning Hor Ver Dyna Rygg Vinkel 

Ratt   X X  

Pedal   X X  

Stol 615 375 4 15 X 

Test nr. 2. 

Benämning Hor Ver Dyna Rygg Vinkel 

Ratt   X X  

Pedal   X X  

Stol 634 380 4 15 X 

Test nr. 3. 

Benämning Hor Ver Dyna Rygg Vinkel 

Ratt   X X  

Pedal   X X  

Stol 632 391 4 15 X 

Test nr. 4. 

Benämning Hor Ver Dyna Rygg Vinkel 

Ratt   X X  

Pedal   X X  

Stol 617 395 4 15 X 
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Appendix E Subject Adjustments 
In order to have a better controll over the situation, the subjects will be asked to remain 
seated while looking at a special target hanging on a distance of about four meters in 
front of the cab during the measurement procedures. After seating for awhile in the test 
cab with: 

1. (Test 1) standard position (seat, pedal and steering wheel in already determined 
levels), the subjects will be asked to rate the comfort and the suitability of the 
component locations, at the beginning of the experiment. The judgment shouldn’t 
be necessarily an immediate response to the questions, rather it may take some 
minutes in order to allow the subjects to find their desired position before they 
make their final decision on the comfort.  

Body landmark locations will be recorded to quantify the posture. The subjects should 
climb down the cab in the end of every single test and be prepared for the next step.This 
woud protect the subjects from the eventual effect of previous test. 

2. (Test 2) the subjects will be asked to adjust the seat fore-aft position and seat back 
angle to obtain comfort. 

Rate the comfort of the posture and the suitability of the component locations again. 

Body landmark locations will be recorded to quantify the posture. 

3. (Test 3) adjust the seat height along with the fore-aft position, seat back angle and 
seat cushion angle to obtain more desirable posture. 

Subjective rating along with measurements of a sparse set of landmarks will be judged. 

4. (Test 4) Adjust the steering wheel fore-aft, telescope and tilt. 

Adjust again the seat height along with the fore-aft position, seat back 
angle and seat cushion angle. 

Subjective rating together with body landmarks measurements will be performed and 
documented. 

5. (Test 5) Finally, it will be allowed to adjust the all components of interest 
including seat, steering wheel and the pedal fore-aft position and height to obtain 
the absolute desirable comfort. 

Final posture and subjective assessments of comfort will be recorded. 



168 

Resume of the protocol: 

1. Adjust the seat fore-aft position and seat back angle to obtain comfort 

2. Adjust the seat height along with the fore-aft position, seat back angle and seat 
cushion angle.  

3. Adjust the steering wheel fore-aft, telescope and tilt. 

4. Adjust the all components of interest including seat, steering wheel and the pedal 
fore-aft position and height to obtain the absolute desirable comfort.  

5. Standard position (seat, pedal and steering wheel in already determined levels). 

6. Adjust again the seat height along with the fore-aft position, seat back angle and 
seat cushion angle to obtain more desirable posture. 
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Appendix F Anthropometric measurements on test subjects
Nedan dokumenteras ursprungliga måtten på lastbilsförare som utgångspunkt för 
eventuella ändringar på sittställningen.  
Assistent: 

Namn:  Datum:    Nummer:  

Organisation:   Tel:   Klockslag:  

1. Sitthöjd Från sittytan till hjässans högsta punkt, lodrät rygg, höftled 
90 .

2. Blickhöjd Från sittytan till näsrotens vinkel (inner canthus/corner) mot 
pannbenet, lodrät rygg, höftled 90 .

3. Skuldrans höjd Från sittytan till skuldrans högsta punkt (acromion), lodrät 
rygg och överarm, höft- och armbågsled 90 .

4. Armbågs höjd Från sittytan till armbågsknölens lägsta punkt (radiale), 
höft- och armbågsled 90 .

5. Lårets tjocklek Från sittytan till lårets högsta punkt, höft-, knä- och 
ankelled 90 .

6. Sittytans höjd Från golvet till sittytan. 

7. Popliteal height Från knäveckets innersta punkt till fotens undersida, knä- 
och ankelled 90 .

8. Knäskålens höjd Från knäveckets översta kant (oftast på quadriceps muscle) 
till fotens undersida, knä- och ankelled 90 .

9. Inre sittdjup (Buttock-
popliteal length) 

Från stussens bakre punkt till knäveckets innersta punkt, 
höft- och knäled 90 .

10. Yttre sittdjup (Buttock-knee 
length) 

Från stussens bakre punkt till knäskålens främre punkt, 
höft- och knäled 90 .

11. Armbåge-långfers topp Från armbågsknölens bakre punkt till långfingers topp, 
höft- och armbågsled 90 .

12. Skuldra-armbågs längd  Från skuldrans högsta punkt till armbågsknölens lägsta 
punkt, lodrät överarm, armbågsled 90 .

13. Vertikal grepphöjd sittande 
(Grip reach2) 

Vertikal avståndet mellan sittytan och mittpunkten av en 
greppad cylinder. 

14. Höftbredd Maximalt horizontellt bredd över höften vid sittande 
position. 

15. Axelbredd (bideltoid) Maximalt horizontellt bredd mellan skuldror (protrusions of 
the deltoid muscle). 

16. Axelbredd (biacromial) Horizontellt avstånd mellan skuldror (acromia/bony points). 

17. Huvudbredd 
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18. Huvuddjup 

19. Bröstdjup Maximalt horizontellt avståndet från det vertikala 
referensplanen till den främre delen av bröstet.  

20. Abdominaldjup Maximalt horizontellt avstånd från det vertikala 
referensplanen till främre punkt av abdomen (buk, mage). 

21. Kroppslängd Från fotens undersida till hjässans högsta punkt (vertex or 
crown of the head). 

22. Vertikal grepphöjd stående 
(Grip reach1) 

Vertikal avståndet mellan fotens undersida och 
mittpunkten av en greppad cylinder.  

23. Greplängd framåt 
(Grip reach3) 

Horizontellt avståndet mellan bakre delen av 
skulderblad och mittpunkten av en greppad 
cylinder. 

24. Skuldra-grepplängd Horizontellt avstånd från acromion till mittpunkten av en 
greppad cylinder.  

25. Överarms längd Horizontellt avstånd från acromion till långfingertoppen, 
armbåge och handled rakt och utsträckt.  

26. Midjaomkrets (midjemått) 

27. Armbågsspännvidd 
(Elbow span) 

Avståndet mellan armbågsknölarna när båda 
överarmarna är fullt utsträckta och armbågarna är 
fullt spända. 

28. Spännvidd (Span) Maximalt horizontellt avståndet mellan 
fingertopparna när båda armar är fullt utsträckta. 

29. Handlängd Från handledsknölen (crease of the wrist) till 
långfingertoppen, handled 180 .

30. Handbredd Maximalt bredd på handflata (palm of the hand at the distal 
ends of the metacarpal bones). 

31. Fotlängd Avståndet, parallell till långaxel av fot, mellan 
fotens bakre helpunkt till stortåns spets. 

32. Fotbredd Maximal horizontell bredd på fot, vinkelrätt mot 
långaxel av fot. 

33. Vikt 
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Figure Appendix F-1. Anthropometrical dimensions in standing posture.  

Figure Appendix F-2. Anthropometrical dimensions in sitting posture. 
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Appendix G Body landmark data for calculating the joint 
locations  

Landmark Definition 

1. Vertex 

2. Glabella (smoth 
prominence betw.eye 
brows) 

Undepressed skin surface point obtained by palpating the most 
forward projection of the forehead in the midline at the level of the 
brow ridges (the smoth prominence between the eye brows).

3. Corner of eye Undepressed skin surface point at the lateral junction of the upper and 
lower eyelids.

4. Infraorbitale 
(around the eye) 

Undepressed skin surface point obtained by palpating the most inferior 
(lower) margin of the eye orbit (eye socket).

5. Tragion Undepressed skin surface point obtained by palpating the most 
anterior (upper) margin of the cartilaginous notch just superior to the 
tragus of the ear (located at the upper edge of the external auditory 
meatus=passage).

6. Occiput (back of 
the head) 

Undepressed skin surface point at the posterior inferior occipital
prominence. Hair is lightly compressed. 

7. (C7), 8. (T4), 9. 
(T8), 10. (T12), 11. 
(L5)

Depressed skin surface point at the most posterior aspect of the 
spinous process on corresponding points. 

12. Posterior-superior 
iliac spine* (PSIS; 
right and left) 

Depressed skin surface point at the posterior-superior iliac spine, 
located by palpating posteriorly along the margin of the iliac spine 
until the most posterior prominence is located, adjasant to the sacrum
(last bone of the spine, lit., holy bone. The part of the vertebral column 
that is directly connected with or forms a part of the pelvis consists of 
5 fused vertebra ).

13. Suprasternale 
(manubrium) 

Undepressed skin surface point at the superior margin of the jugular
(throat) notch of the manubrium on the midline of the sternum
(breast bone).

14. Acromion Undepressed skin surface point obtained by palpating the most 
anterior portion of the lateral margin of the acromial process of the 
scapula (either of a pair of large triangular bones lying one in each 
dorsal lateral part of the thorax, being the principal bone of the 
corresponding half of the shoulder gridle- called shoulder blade).

15. Substernale 
(xyphoid process) 

Undepressed skin surface point at the inferior margin of the sternum 
on the midline. 
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16&17. Anterior-
superior iliac spine 
(ASIS; right and left) 

Depressed skin surface point at the anterior-superior iliac spine,
located by palpating proximally on the midline of the anterior thigh 
surface until the anterior prominence of the iliac spine is reached 
(illium: the dorsal, upper and largest one of three bones composing 
either lateral half of the pelvis).

18. Pubic symphysis Depressed skin surface point at the anterior margin of pubic
symphysis, located by participant by palpating inferiorly on the 
midline of the abdomen until reaching the pubis. The participant is 
instructed to rock his/her fingers around the lower margin of the 
symphysis to locate the most anterior point. 

19. Lateral humeral 
condyle  

Undepressed skin surface point at the most lateral aspect of the 
humeral (the long bone of the upper arm or forelimb extending from 
the shoulder to the elbow) condyle (an articular prominence of a 
bone).  

20. Wrist Undepressed skin surface point on the dorsal surface of the wrest 
midway between the radial and ulnar styloid processes. 

21. Suprapatella 

22. Lateral femoral 
condyle 

Undepressed skin surface point at the most lateral aspect of the lateral 
femoral condyle, measured on the skin surface or through thin 
clothing (the proximal bone of the hind or lower limb; thighbone).

23. Shoe heel contact 
point 

Point on the floor at the center of the right shoe heel contact area with 
the foot in normal driving position contacting the accelerator pedal. 

24. Lateral malleolus Undepressed skin surface point at the most lateral aspect of the 
malleolus of the fibula [the outer and smaller of the 2 bones between 
the knee and ankle (joint between foot and leg ) in the hind or lower 
limbs of vertebrates]. 

25. Medial shoe point Point on the medial aspect of the right shoe medial to the first 
metatarsal-phalangeal joint (approximately the ball of the foot).

26. Toe Point 



175 

Figure Appendix G-1. Body landmarks positions. 
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Appendix H Formulation of mathematical model 
(MATEMATISK FORMULERING AV ANALYSEN) 

H.1 Konfidensintervall för median 
Medianen för en fördelning, med fördelningfunktion F(t), definieras som en lösning m0

till F(m0)  0.5, F(m0 ) 0.50. Om fördelningen är kontinuerlig är lösningen unik. Om 
fördelningen är diskret kan det existera flera lösningar och medianen är inte entydig utan 
kan väljas godtyckligt från ett intervall. 

Låt X(1),…,X(n) vara de stokastiska variabler som beskriver uppgett betyg för n oberoende 
observationer ordnade i storleksordning så att X(1) X(2)  …  X(n)

Låt Y1, Y2, Y3 vara antalet personer som gav ett betyg mindre än, lika med, respektive 
större än medianbetyget. Då är (Y1, Y2, Y3) multinomialfördelad med parametrar (n, (p1,
p2, p3)) där p1  0.5, p1+ p2  0.5, p3  0.5 och p3+ p2  0.5 

Händelsen att X(r) m0 är händelsen Y1 + Y2 r. Alltså är 

Pr {m0 X(r)} = Pr {Y1 + Y2 r} = Pr {Bin(n, p1 + p2) r}  Pr {Bin(n, 0.5) r}.
På samma sätt är 

Pr {m0 X(s)} = Pr {Y1 s – 1} = Pr {Bin(n, p1) s – 1}  Pr {Bin(n, 0.5) s – 1}.

Detta medför i sin tur att 

Pr {X(r) m0 X(s)} = 1 – [Pr {m0 < X(r)} + Pr {m0 > X(s)}] 

= 1 – [1 – Pr {m0 X(r)} + 1 – Pr {m0 X(s)}] 

  = Pr {m0 X(r)} + Pr {m0 X(s)}] – 1 

 Pr {Bin(n, 0.5) r} + Pr {Bin(n, 0.5) s – 1} – 1 

  = Pr {r  Bin(n, 0.5) s – 1} = 1/2n
k=r

s – 1 (n
k)

Med r = 20, s = 36 fås för n = 55 observationer att 

Pr{X(20) m0 X(36)} = ½55
k=36

35 (55
k) = 0.97 

För n = 54 observationer är motsvarande sannolikhet 96% med valet r = 20, s = 35. 

H.2 Konfidensintervall för andel 
Modellen är att andelen p av chaufförerna i populationen anser att en förbättring sker när 
antalet inställningsmöjligheter ökar från testfall N till testfall P. Av n = 54 undersökta 
chaufförer svarade x = 50 att en förbättring skett. Med modellen att x är ett utfall av en 
binomialfördelad stokastisk vaiabel med parametrar n och p, ges ett konfidensintervall 
(kofidensgrad 95%) för p av p0 p p1 där p1 är lösningen till 

Pr {Bin(n, p1) x} = 0.025 

och p0 är lösningen till 
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Pr {Bin(n, p0) x – 1} = 0.975 

Med n = 54 fås att 

Pr {Bin(54,0.9794)  50} = 0.0250 and Pr {Bin(54,0.8211)  50 – 1} = 0.9750 

så konfidensintervallet för p blir 0.8211 p  0.9794. 

H.3 Beräkning av Kendall’s tau 
Det mått på samvariation mellan två dataserier x1,…,xn och y1,…,yn som här använts är 

Kendall’s tau, här betecknat .

För i, j  {1, 2,…, n}, i < j, sägs paret (i, j) vara konkordant om 

(xi – xj)(yi – yj) > 0,

det vill säga ifall en positiv (negativ) förändring av xåterspeglar en motsvarande positiv 
(negativ) förändring i y, och diskordant om 

(xi – xj)(yi – yj) < 0.

Av de (n2) möjliga paren som kan bildas av datamängden, låt c vara antalet konkordanta 
par och d antalet diskordanta par. Kendall’s tau för datamängden definieras då som 

 = (c – d)/(c + d), då c + d  0.

H.4 Skattning av standardavvikelse 
Låt Xi = µi + Zi beskriva uppmätt position för ett givet BL i testfall P och Yi =  + µi + Z’i
motsvarande i testfall R, där µ1,…, µn är de optimala positionerna för chaufför 1,…,n. Vi 
ansätter modellen att Z1,…, Zn och Z’1,…, Z’n är oberoende och likafördelade stokastiska 
variabler med standardavvikelse som beskriver avvikelsen från den optimala positionen 
av ett givet BL när chaufför 1,…,n använt tillgängliga inställningar. Parametern antas 
kompensera för ett systematiskt fel som eventuellt uppstår när en av 
inställningsmöjligheterna saknas (testfall R) och antas vara densamma för samtliga 
chaufförer.

Skillnaderna yi  xi är då utfall från oberoende stokastiska variabler med väntevärde 
och standardavvikelse 2. För BL z.3 erhålls med de n = 55 mätningarna det 
aritmetiska medelvärdet 

y- - x- = 1/n i=1
n (yi – xi) = 2.4396 

och skattningen av 2 är 
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s = {1/n – 1 i=1
n ((yi – xi) – (y- - x-))2} = 25.6258 

det vill säga skattas med s/ 2 = 18.12 mm. 

Enligt en känd olikhet är en stokastisk variabel med sannolikhet åtminstone 75% inom 2 
standardavvikelser från sitt väntevärde och tillämpat här får man att en chaufför har 
sannolikhet åtminstone 75% att hamna inom  ± 2 . 18.12 = 36.24 mm från sin optimala 
position. Om felen kan antas vara normalfördelade är sannolikheten större än 95%. 

H.5 Icke-parametrisk regression 
Vid vanlig linjär regression anpassar man en parametrisk funktion till sina mätdata 
genom att finna den funktion med minsta kvadratiska avstånd till observationerna, det vill 
säga finn det värde  och som minimerar 

i=1
n (zi – (  + xi))2.

Då bestäms kurvans värde i punkten x0 av  + x0.

I denna variant av icke-parametrisk regression vill man bestämma kurvans värde i 
punkten x0 som  + x0, men där  och är det parameterval som minimerar 

i=1
n wi(zi – (  + xi))2.

Vikterna w1,…,wn väljs för varje punkt x0 så att endast observationer med närliggande 
kroppslängder (x-värden) påverkar regressionskurvan. 

Låt (x1, z1),…,( xn, zn) vara de n = 55 par av mätningar där x1,…, xn är uppmätta 
kroppslängder och (z1,…, zn) är BL för respektive chaufför. Fixera N, där N 1 är antalet 
observationer som skall påverka regressionskurvan i varje enskild punkt x0. I den analys 
som presenteras valdes N = 27, dvs knappt hälften av de 55 observationerna. 

Vid en kroppslängd x0 bestämmer man först vilka mätningar som har närliggande 
kroppslängder. 
Låt d1,…,dn vara skillnaderna | x1 – x0|,. . . ,| xn  x0| sorterade i storleksordning så att d1

d2  … dn.

Ansätt sedan 

wi = { 1  | x0 – xi |/dN om | x0 – xi | dN, 1, . . . , n 
0                                       annars. 

och bestäm sedan det val av (x0) och (x0) som minimerar 

q( (x0), (x0)) = i=1
n wi(zi – ( (x0) + (x0)xi))2.

Man finner sedan z0 som z0 = (x0) + (x0) x0. Detta upprepas sedan för ett tätt gitter av 
värden på x0 vilket ger en regressionskurva till scatterplotten. 
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Notera att med detta val av vikter w1,…,wn avtar inflytandet av de N 1 närmaste 
observationerna linjärt med avståndet mellan deras kroppslängder och punkten x0.

H.6 Högre dimensioner 
Om man vill ta in fler förklarande variabler i sin regressionsmodell kan man tänka sig att 
konstruera additativa modeller, dvs inga samspelseffekter, där regressionsytans värde i 
punkten (x0, y0) ges av  + 1x0 + 2y0, där , 1 och 2 är det parameterval som 
minimerar 

i=1
n wi(zi – (  + 1xi + 2yi))2.

Vikterna w1,…,wn väljs för varje punkt (x0, y0) så att endast observationer med 
närliggande kroppslängder (x-värden) och vikter (y-värden) påverkar regressionsytan. 
Avståndet mellan (x0, y0) och (xi, yi) är ri = ( x1 – x0)2 + (y1 – y0)2, så låt d1,…,dn vara 
avstånden r1,…, rn sorterade i storleksordning så att d1 d2  … dn och ansätt sedan 

wi = { 1  ri /dN om ri dN, 1, . . . , n 

0             annars. 

Lös minimeringsproblemet för att bestämma , 1 and 2 hörande till punkten (x0, y0) och 
beräkna z0. Detta upprepas sedan för ett tätt lattice av värden på (x0, y0) vilket ger en 
regressionsyta till scatterplotten. 
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Appendix I Mathematical model evaluations 

Alternative 1 (Weight by Eye) would be according to the following table: 

Table Appendix I -1. WeightEye. Mathematic1 (SPSS-original data): Y = ß° + ß1 X + ß2 Z 
No Eye ß° ß1 X ß2 Z

1 Yxklv = 1976.255 + 0.358 * Stature - 0.396 * Weight

2 Yzklv = 1526.532 + 0.319 * Stature + 0.672 * Weight

3 Yxkhv = 2296.109 + 0.563 * Knee height - 0.133 * Weight

4 Yzkhv = 1912.466 + 0.279 * Knee height + 0.079 * Weight

5 Yxbkv = 2323.133 + 0.460 * Butt knee - 0.323 * Weight

6 Yzbkv = 1881.327 + 0.318 * Butt knee + 0.863 * Weight

7 Yxshv = 2196.694 + 0.414 * Seat height - 0.039 * Weight

8 Yzshv = 1614.549 + 0.496 * Seat height + 0.885 * Weight

9 Yxbhv = 2202.102 + 0.474 * Eye height - 0.101 * Weight

10 Yzbhv = 1647.575 + 0.531 * Eye height + 0.842 * Weight

Table Appendix I -2. WeightEye. Mathematic2 (SPSS-transposed data): Y = ß° + ß1 X + ß2 Z 
No Eye ß° ß1 X ß2 Z

1 Yxklv = 93.975 + 0.326 * Stature - 0.525 * Weight

2 Yzklv = 323.752 + 0.415 * Stature + 0.601 * Weight

3 Yxkhv = 376.624 + 0.531 * Knee height - 0.301 * Weight

4 Yzkhv = 772.632 + 0.480 * Knee height + 1.040 * Weight

5 Yxbkv = 459.917 + 0.318 * Butt knee - 0.321 * Weight

6 Yzbkv = 781.242 + 0.421 * Butt knee + 0.838 * Weight

7 Yxshv = 258.673 + 0.419 * Seat height - 0.235 * Weight

8 Yzshv = 455.312 + 0.625 * Seat height + 0.894 * Weight

9 Yxbhv = 272.198 + 0.469 * Eye height - 0.289 * Weight

10 Yzbhv = 522.288 + 0.635 * Eye height + 0.869 * Weight
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Alternative 2 (Waist by Eye) would be according to the following table: 

Table Appendix I -3. WaistEye. Mathematic1 (SPSS-original data): Y = ß° + ß1 X + ß2 Z
No Eye ß° ß1 X ß2 Z

1 Yxklm = 2034.351 + 0.323 * Stature - 0.030 * Waist 

2 Yzklm = 1429.815 + 0.355 * Stature + 0.093 * Waist 

3 Yxkhm = 2309.293 + 0.551 * Knee height - 0.018 * Waist 

4 Yzkhm = 1812.517 + 0.424 * Knee height + 0.119 * Waist 

5 Yxbkm = 2349.790 + 0.447 * Butt knee - 0.047 * Waist 

6 Yzbkm = 1799.824 + 0.439 * Butt knee + 0.082 * Waist 

7 Yxshm = 2201.785 + 0.409 * Seat height - 0.003 * Waist 

8 Yzshm = 1489.085 + 0.591 * Seat height + 0.114 * Waist 

9 Yxbhm = 2212.233 + 0.458 * Eye height - 0.006 * Waist 

10 Yzbhm = 1538.661 + 0.617 * Eye height + 0.113 * Waist 

Table Appendix I -4. WaistEye. Mathematic2 (SPSS-transposed data): Y = ß° + ß1 X + ß2 Z 
No Eye ß° ß1 X ß2 Z

1 Yxklm = 170.297 + 0.289 * Stature - 0.057 * Waist 

2 Yzklm = 237.365 + 0.445 * Stature + 0.085 * Waist 

3 Yxkhm = 407.735 + 0.513 * Knee height - 0.047 * Waist 

4 Yzkhm = 676.970 + 0.624 * Knee height + 0.111 * Waist 

5 Yxbkm = 482.856 + 0.336 * Butt knee - 0.062 * Waist 

6 Yzbkm = 700.115 + 0.556 * Butt knee + 0.072 * Waist 

7 Yxshm = 292.951 + 0.397 * Seat height - 0.034 * Waist 

8 Yzshm = 328.914 + 0.723 * Seat height + 0.113 * Waist 

9 Yxbhm = 308.739 + 0.438 * Eye height - 0.036 * Waist 

C Yzbhm = 410.918 + 0.726 * Eye height + 0.113 * Waist 
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Alternative 3 (Waist by Eye) would be according to the following table:  

Table Appendix I -5. WaistH-point. Mathematic1 (SPSS-original data): Y = ß° + ß1 X + ß2 Z 
No H-pt ß° ß1 X ß2 Z

1 Yxklm = 1898.893 + 0.393 * Stature - 0.145 * Waist 

2 Yzklm = 1373.629 + 0.066 * Stature + 0.097 * Waist 

3 Yxkhm = 2191.008 + 0.764 * Knee height - 0.138 * Waist 

4 Yzkhm = 1426.093 + 0.120 * Knee height + 0.098 * Waist 

5 Yxbkm = 2183.962 + 0.756 * Butt knee - 0.198 * Waist 

6 Yzbkm = 1396.384 + 0.181 * Butt knee + 0.080 * Waist 

7 Yxshm = 2032.460 + 0.577 * Seat height - 0.117 * Waist 

8 Yzshm = 1474.369 + 0.007 * Seat height + 0.107 * Waist 

9 Yxbhm = 2070.772 + 0.616 * Eye height - 0.119 * Waist 

C Yzbhm = 1443.116 + 0.049 * Eye height + 0.104 * Waist 

Table Appendix I -6. WaistHpoint. Mathematic2 (SPSS-transposed data): Y = ß° + ß1 X + ß2 Z
No H-pt ß° ß1 X ß2 Z

1 Yxklm = 175.305 + .318 * Stature - .077 * Waist 

2 Yzklm = 90.480 + .216 * Stature + .022 * Waist 

3 Yxkhm = 375.727 + .698 * Knee height - .077 * Waist 

4 Yzkhm = 228.102 + .471 * Knee height + .023 * Waist 

5 Yxbkm = 456.383 + .504 * Butt knee - .103 * Waist 

6 Yzbkm = 234.205 + .444 * Butt knee - .011 * Waist 

7 Yxshm = 289.078 + .461 * Seat height - .054 * Waist 

8 Yzshm = 227.058 + .245 * Seat height + .042 * Waist 

9 Yxbhm = 300.833 + .517 * Eye height - .057 * Waist 

C Yzbhm = 240.697 + .265 * Eye height + .041 * Waist 
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Table Appendix I -7. 
Mathem Residu Mathem Residu Mathem Residu Mathem Residu 

Variables Mean Mean SD SD Variables Mean Mean SD SD

xklvdif3 .7774 .7774 53.53389 53.53389 zklvdif3 .7442 .0922 34.67486 33.23872 

xkhvdif3 -.0641 -.0641 55.79974 55.79974 zkhvdif3 .0927 .7254 38.90503 35.32514 

xbkvdif3 -.1012 -.1012 56.26882 56.26882 zbkvdif3 -.1824 1.0188 38.60468 34.86115 

xshvdif3 .3642 .3642 56.05781 56.05781 zshvdif3 -.0289 .5744 36.15377 33.98125 

xbhvdif3 .0515 .0515 55.36632 55.36632 zbhvdif3 .2496 .1141 35.24243 33.35665 

xklmdif3 .0441 .0441 53.75188 53.75188 zklmdif3 -1.0591 1.6045 34.24144 33.27679 

xkhmdif3 -.5639 -.5639 55.79132 55.79132 zkhmdif3 -.2962 1.2053 39.79278 36.04166 

xbkmdif3 .1844 .1844 56.19191 56.19191 zbkmdif3 .2973 .6117 39.24846 37.37938 

xshmdif3 -.5142 -.5142 56.06012 56.06012 zshmdif3 .3119 .0517 36.01645 32.76207 

xbhmdif3 .0002 .0002 55.38617 55.38617 zbhmdif3 -.3751 .3751 34.88996 32.95688 

xklmdif18 -.3987 -.5805 36.65226 34.09682 zklmdif18 -.4789 -.1152 28.11451 26.40586 

xkhmdif18 .0510 -.3126 39.63058 35.64240 zkhmdif18 .7128 1.0765 28.25395 26.59656 

xbkmdif18 .1758 .3576 38.47997 34.65527 zbkmdif18 -.4469 -.2651 27.90445 25.87913 

xshmdif18 .1944 .0126 40.16608 37.69439 zshmdif18 -.4598 -.0961 28.44921 26.86598 

xbhmdif18 -.4197 -.2378 38.93006 36.91725 zbhmdif18 .5026 .8662 28.39338 26.78273 
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Mathematic1 (original) 

Table Appendix I -8. 

Variable 
Observed 
Mean

Predicted
Mean 

Residual 
Mean

Observed 
SD

Predicted 
SD

Residual 
SD 

x.3.5 x.3.5 

1 xklv3 2578.6271 2577.8497 .78 57.90799 22.04934 35.86 

2 xkhv3 2578.6271 2578.6913 -.06 57.90799 15.48682 42.42 

3 xbkv3 2578.6271 2578.7283 -.10 57.90799 13.68543 44.22 

4 xshv3 2578.6271 2578.2629 .36 57.90799 14.50778 43.40 

5 xbhv3 2578.6271 2578.5756 .05 57.90799 16.96575 40.94 

x.3.5 x.3.5 

1 xklm3 2578.6271 2578.5830 .04 57.90799 21.53483 36.37 

2 xkhm3 2578.6271 2579.1910 -.56 57.90799 15.53246 42.38 

3 xbkm3 2578.6271 2578.4427 .18 57.90799 13.98694 43.92 

4 xshm3 2578.6271 2579.1413 -.51 57.90799 14.53105 43.38 

5 xbhm3 2578.6271 2578.6269 .00 57.90799 16.90464 41.00 

x.18.5 x.18.5 

1 xklm18 2450.3342 2450.7330 -.40 46.28723 28.23975 18.05 

2 xkhm18 2450.3342 2450.2832 .05 46.28723 23.93580 22.35 

3 xbkm18 2450.3342 2450.1584 .18 46.28723 25.72179 20.57 

4 xshm18 2450.3342 2450.1398 .19 46.28723 22.98401 23.30 

5 xbhm18 2450.3342 2450.7539 -.42 46.28723 25.01881 21.27 

z.3.5 z.3.5 

1 zklv3 2155.0124 2154.2683 .74 46.08210 30.32392 15.76 

2 zkhv3 2155.0124 2154.9197 .09 46.08210 24.68998 21.39 

3 zbkv3 2155.0124 2155.1948 -.18 46.08210 25.17524 20.91 

4 zshv3 2155.0124 2155.0414 -.03 46.08210 28.57632 17.51 

5 zbhv3 2155.0124 2154.7629 .25 46.08210 29.68497 16.40 

z.3.5 z.3.5 

1 zklm3 2155.0124 2156.0715 -1.06 46.08210 30.89878 15.18 

2 zkhm3 2155.0124 2155.3086 -.30 46.08210 23.28547 22.80 

3 zbkm3 2155.0124 2154.7151 .30 46.08210 24.11934 21.96 

4 zshm3 2155.0124 2154.7005 .31 46.08210 28.73732 17.34 

5 zbhm3 2155.0124 2155.3875 -.38 46.08210 30.14200 15.94 

z.18.5 z.18.5 

1 zklm18 1589.2330 1589.7119 -.48 31.89245 15.10849 16.78 

2 zkhm18 1589.2330 1588.5202 .71 31.89245 14.72610 17.17 

3 zbkm18 1589.2330 1589.6799 -.45 31.89245 15.49613 16.40 

4 zshm18 1589.2330 1589.6928 -.46 31.89245 14.45619 17.44 

5 zbhm18 1589.2330 1588.7305 .50 31.89245 14.49440 17.40 
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Appendix J Questionnaire 
Allmänt:

Namn: Datum:                         Klockslag: 

1. Kön: 1.     Man  

2.     Kvinna 

2. Vilket år är Du född? 19…...… 

3. Är Du vänster/eller högerhänt? 1.     Vänster  

2.     Höger 

4. Hur länge har Du haft vanlig körkort? 1.........år 

2.        Mindre än ett år 

3.      Jag har inte vanlig körkort 

5. Hur länge har Du haft buss eller lastbils körkort? 1.........år 

2.        Mindre än ett år 

3.         Jag har inte lastbils körkort. 

6. Hur länge har Du kört buss eller lastbil? 1.........år           

2.        Mindre än ett år 

3.         Jag har inte kört lastbil. 

7. Typ av körning: 1.      Distribution 

2.      Långfärd 
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Appendix K Factor analysis 

Factor analyses on X coordinate (NEUTRAL) 

A. xnfac1 (eye, neck, hand). A. xnfac2 (U-L back, knee, BOF).

C. xnfac3 (chest, hip). D. xnfac4 (elbow, wrist).

Figure Appendix K-1. 
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Factor analyses on X coordinate (HORIZONTAL) 

A. xhfac1 (eye, neck, U back, hand, chest). B. xhfac2 (U-L back, knee).

C. xfac3 (BOF, STW).

Figure Appendix K-2. 
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Factor analyses on X coordinate (VERTICAL) 

A. xvfac1 (eye, neck, shoulder, U-L back). B. xvfac2 (U-L back, knee).

C. xvfac3 (BOF, STW). D. xvfac4 (elbow, wrist).

Figure Appendix K-3. 
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Factor analyses on X coordinate (STW) 

A. xrfac1 (eye, neck, hand, U- back). B. xrfac2 (U-back, chest, hip, knee).

C. xrfac3 (STW).

Figure Appendix K-4. 
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Factor analyses on Z coordinate (NEUTRAL) 

A. znfac1. B. znfac2.

C. znfac3. D. znfac4.
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E. znfac5. F. znfac6.

Figure Appendix K-5. 
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Factor analyses on Z coordinate (HORIZONTAL) 

A. zhfac1. B. zhfac2.

C. zhfac3. D. zhfac4.
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E. zhfac5. F. zhfac6.

G. zhfac7. H. zhfac8.

Figure Appendix K-6. 
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Factor analyses on Z coordinate (VERTICAL) 

A. zvfac1. B. zvfac2.

C. zvfac3. D. zvfac4.
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E. zvfac5.

Figure Appendix K-7. 



198 

Factor analyses on Z coordinate (STW) 

A. zrfac1. B. zrfac2.

C. zrfac3. D. zrfac4.

Figure Appendix K-8. 
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