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Abstract
Understanding and being able to quantify sitting postures is a central asset in car safety evalu-
ations. This is due to the fact that passengers can choose a range of different sitting positions.
Studying and understanding how passengers choose to sit to obtain some comfort is important
for increased safety in futures cars and is particularly challenging facing a heterogeneous pop-
ulation. Data is also needed to improve the accuracy of virtual crash simulations. In addition,
more recently the development of autonomous cars has made it important to be able to quantify
how passengers choose sit as new behaviors may emerge when there is no responsible driver
in the car. The aim of this master thesis has been to find a measuring method that measures
the posture of a passenger in a car seat. Focus has been on the orientation of the passenger’s
pelvis as the interaction of this structure with the lap-belt is a central part of occupant restraint
system.
A literature review was conducted to gain knowledge of the ergonomic aspects of this project and
to review the different technologies that could be used to quantify passengers’ sitting postures.
The requirements of the measuring method were defined, different technologies were tested and
a few concepts were selected. The concept in focus was a 3D motion capture system developed
by Xsens. It was tested in three different experiments on a total of 30 test persons. In the first
experiment, the accuracy of the Xsens equipment was verified by comparing it to a recognized
method used to measure sitting postures statically in cars. Results showed that the two methods
corresponded well. In the second experiment, the possibility of determining the orientation of
the passenger’s pelvis when knowing the position of the shoulder and the knee was tested. Such
a connection would have facilitated the quantification of sitting postures but could not be found.
Results showed that the human body is interconnected in a complex way and that it is difficult
to draw general conclusions that apply to all body types. In the third experiment, the Xsens
equipment was tested during a drive. The equipment performed well in a dynamic environment
but a compensation for the movement of the car is needed.
To conclude, a measuring method that measures the posture of a passenger in a car seat was
found and evaluated. It can measure the pelvic orientation. It is a precise method if the cali-
bration is carefully done and the sensors stay in place.

Keywords: motion capture system, pelvic orientation, passenger, sitting posture, safety as-
sessement

iii



Sammanfattning
Att först̊a och kunna kvantifiera hur passagerare sitter i bilar är en viktig tillg̊ang vid säkerhets-
bedömningar. Detta beror p̊a det faktum att passagerare kan välja att sitta i en rad olika
sittpositioner. Att studera och först̊a hur passagerare väljer att sitta för att uppn̊a komfort är
viktigt för ökad säkerhet i framtidens bilar och är särskilt utmanande med tanke p̊a att människor
ser olika ut. Data behövs även för att förbättra noggrannheten i virtuella kraschsimuleringar.
Dessutom har utvecklingen av självkörande bilar gjort det viktigt att kunna kvantifiera hur pas-
sagerare sitter eftersom nya beteenden kanske kommer att framträda när det inte längre finns
n̊agon ansvarig bilförare. Syftet med detta examensarbete har varit att hitta en mätmetod som
gör det möjligt att mäta passagerares kroppspositioner i en bilstol. Fokus har legat p̊a passager-
arens bäckenbensorientering eftersom dess samspel med bältets höftband är en central del av
säkerhetsanordningen.
En litteraturstudie genomfördes för att f̊a kunskap om de ergonomiska aspekterna av detta
projekt och för att granska de olika tekniker som skulle kunna användas för att kvantifiera pas-
sagerares sittpositioner. Kraven för mätmetoden definierades, olika tekniker testades och n̊agra
koncept valdes ut. Konceptet i fokus var ett röresleinspelningssystem, även kallat motion capture
system, som utvecklats av Xsens. Det testades i tre olika experiment p̊a totalt 30 testpersoner.
Under det första experimentet verifierades Xsens-utrustningens noggrannhet genom att jämföra
det med en erkänd metod för att mäta statiska sittställningar i bilar. Resultaten visade att
de tv̊a metoderna stämde väl överens. Under det andra experimentet testades möjligheten att
bestämma passagerarens bäckenbensorientering när axelns och knäets positioner var kända. En
s̊adan koppling skulle ha underlättat kvantifieringen av sittställningar men kunde inte hittas.
Resultaten visade att den mänskliga kroppen är sammankopplad p̊a ett avancerat sätt som gör
det sv̊art att dra allmänna slutsatser som gäller för alla kroppstyper. Under det tredje experi-
mentet testades Xsens-utrustningen under bilfärd. Systemet fungerade bra i en dynamisk miljö
men en kompensation för bilens rörelse behövs.
Sammanfattningsvis, hittades och utvärderades en mätmetod som mäter en passagerares posi-
tion i en bilstol. Den kan mäta bäckenbenets orientering. Det är en exakt metod om kalibreringen
görs noggrant och sensorerna sitter p̊a rätt plats.

Nyckelord: rörelseinspelningssystem, bäckenbensorientering, passagerare, sittpositioner,
säkerhetsbedömning
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1 Introduction

This chapter is an introduction to the thesis project Investigation of methods for quantifying
sitting postures in cars. It explains the background, the aim of the project, the delimitations
made and the approach used.

1.1. Background

Understanding and being able to quantify sitting postures is a central asset in car safety evalu-
ations. This is due to the fact that passengers can choose a range of different sitting positions.
Studying and understanding how passengers choose to sit to obtain some comfort is important
for increased safety in futures cars and is particularly challenging facing a population with many
different body types and preferences. In the process of quantifying passengers’ sitting postures,
it has shown to be particularly difficult to determine the orientation of the pelvis and the inter-
action between the pelvis and the lap-belt. This is mainly due to interference from the car seat
and the heterogeneity of the population. Factors such as abdominal fat affect the possibility
of achieving accurate measurements. The lap-belt fit is important from a safety perspective as
the pelvis is supposed to be the load-bearing structure where the restraining forces are applied
during an accident. If the seat belt is worn incorrectly the efficiency of the restraint system can
be reduced.

There is also a need to collect data on sitting postures to improve the positioning of Human
Body Models (HBMs) which are used during simulations in Computer-Aided Engineering (CAE)
environments. These models represent human bodies and they are useful tools with many po-
tential areas of application, noticeably for accurate crash simulations.

Experimental testings are done on Anthropomorphic Test Dummies (ATD) (also called crash
dummies) which are physical tools constructed to interact with the restraint systems during a
crash in a similar way that a human would. They are used in a controlled environment with
standardized positions and strict protocols. Hence, they might be too simplified for the safety
assessment in future crash situations. In addition, these represent only a limited part of the
population, a method that includes a larger part of the population is needed for safety assess-
ment.

Moreover, in a near future autonomous vehicles will be more common as the automotive in-
dustry is moving towards this technique to a greater extent. When all persons in the car
become passengers, it is important to examine how different sitting postures affect the safety of
the passengers. It is likely that the passengers will choose more relaxed positions during a car
ride as a shift of responsibility occurs when this new way of transportation is introduced on the
market.
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1.2. Project

This thesis project is a part of a bigger project named Assessment of Passenger Safety in Future
Cars (FFI 2017-01945) associated with SAFER, Vehicle and Traffic Safety Centre at Chalmers
in Gothenburg. It is a collaboration between Volvo Cars, Chalmers University of Technology and
the automotive safety supplier Autoliv Inc. This research project aims to assess the protection
of a heterogenous population of passengers in future vehicles. This master thesis, as part of this
larger research group, aims to answer the following question:

How can we quantify sitting postures in a car seat with focus on pelvic orientation during a
drive?

1.2.1. Aim

The aim is to find a measuring method that measures the posture of a passenger in a car seat,
with focus on the orientation of the pelvis. It should be a precise method, applicable in both
front and rear seats, that can be used during a drive without affecting the passenger’s natural
behavior. The measuring method should be easy to use and the data generated should be easy
to analyze.

1.2.2. Objectives

The objectives of this master thesis are:

� to evaluate two concepts suggested by Volvo Cars, a 3D motion capture system developed
by Xsens and an optimization method developed by Park et al. (2015) to quantify sitting
postures of passengers in cars.

The testing of this equipment should preferably be static in the first experiments in order
to evaluate the accuracy of the methods and thereafter (if the techniques seem reliable)
dynamic testing should follow. The aim is to be able to quantify sitting postures during a
drive which implies a dynamic scenario. A heterogeneous group of test persons (TP) will
be recruited to evaluate how the methods work on different bodies.

� to conduct a literature review of the technologies used today to assess passenger sitting
postures, focusing on methods that enable the estimation of the orientation of the pelvis.
This is done to investigate if there are other fitting solutions that have not been considered
at Volvo Cars yet. It could for instance be an emerging technology or a new way of applying
an existing technology.

If a technology seems to fulfill necessary requirements and is not too difficult to get a hold
of, the technology will be considered. If so, the technology will be tested through the same
procedure as the two concepts suggested by Volvo Cars.

1.2.3. Delimitations

Certain delimitations had to be made due to the time frame, access to laboratory equipment
and the well defined starting point in the project. These delimitations with motivations are
stated below.
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� Only limited research will be conducted to find and evaluate other suitable technologies.
Volvo Car has, as mentioned above, already two technologies that they wish to evaluate
and they will therefore be given priority. Due to a lack of time, limited research will have
to be conducted on other technologies.

� Only passenger postures in the front seat of a car will be studied.
As stated above, the driver is often in focus when assessing sitting postures in vehicles. In
this thesis, the passenger’s posture is studied as all persons in the car become passengers
in autonomous vehicles. The front seat was chosen since it has more settings than the rear
seat.

� Tests will be performed in one specific car model.
The vehicle used was chosen because it is elevated and spacious which makes it easier to
access certain anatomical points on a test person for a measurement technician. Moreover,
this vehicle features many seat settings which are easy to adjust. In a larger study, different
car models would have been used during testing.

� Only adults will be studied.
Children are not considered in this project because necessary safety measures vary with
the age of the child. In this limited project, no valid conclusions could be drawn regarding
children.

� The focus will be on the size of the test persons rather than age.
This is due to the fact that the effects of age on passenger posture in vehicle seats is the
focus of another master thesis within the project Assessment of Passenger Safety in Future
Cars.

1.3. Approach

1.3.1. Structure of the report

The report is structured like the methodology used during the project.

First the Introduction to the project was established. The background for the project and
aim etc. were clarified. A methodology was chosen to have support during the project and to
have predefined activities to implement.

A literature study was conducted to build a foundation of knowledge. The findings are pre-
sented in Theory. The theory concerns both ergonomics and technologies for capturing body
movement. Ergonomics was approached in order to understand how the pelvis is connected to
the rest of the skeleton and how these structures can be related to safety and comfort. State
of the art technologies were studied in order to see what equipments and techniques might be
suitable to this project.

Simultaneously to the literature review, a prestudy was conducted. The aim was to get a
clearer insight of the equipment and measuring methods used today and review the limitations.
The next step in the Method was to investigate one or a few suiting concepts to the measuring
method wanted. The activities are inspired from the methodology of Ulrich & Eppinger.

The most important step during the Method was the concept testing were a few concepts were
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tested and data was collected. Three different experiments with different focus were performed.
The data was then analyzed. To ensure the concepts’ performance one of the experiments was
dedicated to verification.

The Results address the results from the Prestudy, Concept development, Concept testing
and Verification of concept.

During the Discussion the different parts of the process were discussed.

Finally, the Conclusion of the project was determined.

In the Appendices further information about different activities conducted during the master
thesis can be seen.

1.3.2. Time plan

In the beginning of the project a time plan was established. It contains the different activities
and when they were scheduled to be accomplished, see Figure A.1. During the course of the
project, some of the activities were rescheduled, thus the project plan was slightly changed. A
revised time plan can be seen in A.2. This shows when the different activities actually were
performed.

1.3.3. Author’s contributions

The two authors of this master thesis come from different backgrounds. Mathilda Janson has
studied Biomedical Engineering with a master specialization within Biomechanics and Rehabil-
itation whereas Jessica Wedmark has studied Mechanical Engineering with a master specializa-
tion within Product Development. These different backgrounds have been a strength throughout
the project as the authors have been able to focus on different aspects and thus perform more
efficiently.

Mathilda Janson has been responsible for the ergonomic concepts used in the project and Jessica
Wedmark has been responsible for the development process in the project. The experiments were
thought out and performed together and during data analysis Mathilda Janson was responsible
for the calculations performed on the data collected by the Xsens equipment whereas Jessica
Wedmark performed the programming used for the method developed by Park et al. (2015). The
writing of the report was divided equally and collaboration and support was central throughout
the project.
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2 Theory

This chapter treats the theoretical knowledge necessary to understand the project and is a part
of the Planning phase. It concerns the ergonomic theory and reviews the different technologies
considered when attempting to find a suitable solution to the main question:

How can we quantify sitting postures in a car seat with focus on pelvic orientation during a
drive?

2.1. Ergonomics

Ergonomics is the science of work: of the people who do it and the ways it is done; the tools
and equipment they use, the places they work in, and the psychosocial aspects of the working
situation (Pheasant 1986).

In this definition the word ”work” takes a broad sense including almost any human activity.
Ergonomists generally adopt a user-centered design approach where the worker’s tools, skills
and efforts are analyzed in order to improve the user’s conditions. Ergonomics strives to fit the
tasks and the tools to the worker and not vice versa (Pheasant 1986).

In order to design for the user, one has to have knowledge of how the human body functions.
In this project, which aims to collect information about passengers’ postures with focus on the
pelvic orientation during a drive, an overview of the anatomy of the human body will be pre-
sented. To fit the project’s purpose, focus will lie on the description of the spine and the pelvis.

Just as any other system, the human body is affected by the laws of physics. A human body in
a still position is dynamically balanced through the use of muscular forces, creating continuous
balancing movements by contraction and relaxation of different muscles (Engström 1996). These
concepts are presented under the section called Biomechanics.

Under the same section, the biomechanical interactions between the passenger and the vehi-
cle will be explored. Biomechanics is defined as the study of how stress affects biological matter
using the physics laws of mechanics (Engström 1996). This provides information about how
safety equipment has been designed to fit the human need in this environment.

However, today there is a gap between how one is supposed to sit to be as safe as possible
in a vehicle and how passengers actually sit. Therefore, the fundamentals of sitting will be
presented and this will give an insight in how humans tend to sit to obtain some comfort. One
should keep in mind that even though it is possible to draw some general conclusions in this
matter, it is difficult to generalize when facing a heterogeneous population.
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Thereafter, the anthropometric aspects of this project will be explicated. Anthropometry is
a branch of ergonomics which focuses on body measurements (such as body size, shape and
body strength) and uses this information to adapt the tools and the equipment to the worker
(Pheasant 1986). As every human has different anthropometric data it is central to know what
body measurements to take into account when developing a new product.

Finally, the conflict between the passengers security and comfort will be evaluated. This is
done last as it involves knowledge about the biomechanics of the human body and occupant
restraint. It also requires insight in the fundamentals of sitting and anthopometrical aspects.

2.1.1. Anatomy

2.1.1.1 The spine

The spine or the vertebral column, see Figure 2.1, consists of 24 movable bony vertebrae sepa-
rated by intervertebral discs (indicated in blue in Figure 2.1). The top of the spine supports the
skull and the bottom of the spine is tightly linked to the hip bones through the sacrum (Putz &
Pabst 2001). The sacrum is the large triangular bone at the base of the vertebral column and
above the coccyx (the tailbone). Due to its shape, the parts of vertebral column can be grouped
as (Pheasant 1986):

� 7 cervical vertebrae (C1-7),

� 12 thoracic vertebrae (T1-12),

� 5 lumbar vertebrae (L1-5),

� a sacral bone formed by 5 vertebrae (S1-5).
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Figure 2.1: Vertebral column; ventral, dorsal and lateral left view (from left to right) (Putz &
Pabst 2001)

As shown in Figure 2.1, the cervical region is concave, the thoracic region is convex and the
lumbar region is concave. The spine has the shape of a sinous curve where the concave parts
are referred to as lordsis and the convex parts are known as kyphosis (Pheasant 1986).

2.1.1.2 The pelvis

The pelvis, also called the pelvic girdle, is the bony structure that links together the trunk and
the legs of the human body. Its main function is to provide attachment for muscles stabilizing
and supporting the trunk and moving the legs and the hips. The pelvic girdle is composed of
two hip bones that are attached at the pubic symphysis (anterior view of the body) and at the
sacrum (posterior view of the body). The pubic symphysis is a cartilaginous connection formed
between the public tubercle of two hip bones, see Figure 2.2 (Latin: Tuberculum pubicum) (Putz
& Pabst 2001).
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Each hip bone is composed of three different types of bones fused in the acetabulum to form a
Y-shaped cartilaginous junction, see Figure 2.2 (Latin: Acetabuli). The superior widened part
of the pelvic bone consists of the Ilium and the lower pelvic bones are the Ischium and the Pubis,
see Figure 2.2 (Latin: Ilium, Ischii and Pubis). The Ischium forms the posterior distal part of
the lower pelvic bone whereas the Pubis forms the anterior medial part of the lower pelvic bone
(Putz & Pabst 2001).

Figure 2.2: Hip bone; dorsolateral view (Putz & Pabst 2001)

The female pelvis has a more oval-shaped inlet than the male pelvis as can be seen when
comparing Figure 2.3 to Figure 2.4 (Putz & Pabst 2001).

Figure 2.3: Joints of the pelvis and of the lumbosacral region in the female; ventrosuperior view
(Putz & Pabst 2001)
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Figure 2.4: Joints of the pelvis and the lumbosacral region, in the male view (Putz & Pabst
2001)

The pelvis has two points that can be found through palpation and are therefore relatively easy
to measure:

� Posterior Superior Iliac Spine (PSIS), Figure 2.2 (in the image called Spina iliaca posterior
superior)

� Anterior Superior Iliac Spine (ASIS), Figure 2.3 and Figure 2.4 (in the image called Spina
iliaca anterior superior)

Note that when referring to the hip, this implies the pelvic bone and the other surrounding
structures (such as muscles, fat etc.).

2.1.2. Biomechanics

2.1.2.1 The human body - Mechanical living system

As previously mentioned, the human body is, just as any other system or object, affected by
the laws of physics. To maintain a static posture, the human body must use muscular force to
dynamically balance the body. A dead system is balanced entirely by external forces whereas a
living system is balanced by both external and internal forces.

The fundamental interior mechanical principals affecting the human body are the following
(Engström 1993):

� The feet, the lower and the upper legs influence the pelvis.

{ Depending on how the feet (and the lower legs) are placed on the supporting surface
the pelvis are influenced.

{ The position of the pelvis is directly influenced by the tightening och slackening of
muscles linking the pelvis to the femur (thighbone).

� The sacrum influences the spine and the skull.
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{ Due to the connection of the pelvis to the spine through the sacrum, a movement of
the pelvis influences the sacrum which has direct impact on L5. A backward flexion,
a forward rotation and a sideways tilt of the sacrum result in a spine flexion, a spine
extension and a sideways movement of the spine respectively. When the sacrum
moves in space, the spine will counterreact in all directions in order to keep balance.

{ In order to analyze the position of the head, the position of the sacrum also has to
be considered as the spine links together the sacrum and the skull.

2.1.2.2 Mechanics of vehicle crashworthiness and occupant restraint

In this section, the mechanical principals used to keep a passenger as safe as possible during a
car drive will be explained. In a vehicle, the safety of a passenger is ensured primarily by:

� the crashworthiness of the vehicle,

� the occupant restraint.

The crashworthiness of the vehicle refers to the implementation of a strong occupant compart-
ment and the design of a crushable front and rear structure. In case of a crash, the occupant
compartment will then resist intrusion while the deformation of the front and rear structures
will perform work to dissipate the kinetic energy of the crash (Yoganandan et al. 2015). These
characteristics primarily depend on the construction of the car, in this study however occupant
restraint will be in focus.

Occupant restraint is the use of lap-shoulder belt, airbags, and other systems to provide ride-
down of the vehicle deceleration, containment on the seat, and distribution of forces on the pelvis,
shoulder, chest and other designed anatomical structures to decelerate the occupant (Yoganandan
et al. 2015).

To illustrate the essential principles of crash energy management the example of a frontal crash
into a large obstacle such as a rigid barrier can be used. The kinetic energy of the vehicle must
be managed by the deformation of the vehicle whereas the kinetic energy of the passenger must
be handled by the application of forces on the occupant.

In order to maximize the safety of the passenger a restraint system should aim to:

� maximize the time over which restraint forces are applied,

� maximize the distance traveled by the occupant over the ground as restraint forces are
applied,

� minimize body deformations,

� apply restraint forces as soon as possible,

� distribute forces over the largest possible area and

� apply restraint forces on bony structures such as the pelvis, the femur, upper thorax,
shoulder and head while minimizing the forces applied to the soft tissues (Eppinger 1993).
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