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Abstract
The common 3-point safety belt usually has some anchor points on the car body. 
However, it is also possible to mount all anchor points on the seat structure. In 
general, different studies show some advantages with seat integrated safety belts. 
Thus, further investigations are motivated. One safety advantage appears in the 
case of so-called small overlap crashes. Also, the ride-down distance of the 
occupant may be increased by allowing controlled energy absorbing deformation 
of the seat structure. Further, methods that can be used to minimize the weight of 
seat structures with integrated safety belts are of interest.

A complement to full scale crash tests is the use of numerical models and 
numerical simulation, typically finite element (FE) analysis. Research and 
development of numerical models are constantly improved. In general, any type 
of numerical model needs to be evaluated to physical tests in order to make it 
behave as realistic as possible.

The purpose of the present thesis was to study seat structures with integrated 
safety belts with a design that may intentionally deform and absorb energy during 
a crash. The approach was to use numerical models and numerical simulation and 
to investigate both biomechanical and mechanical responses. The aim is to create 
a basis for future research in the design of seat structures with integrated safety 
belts.

In Paper A and B, parametric studies comparing integrated 3- and 4-point safety 
belt configurations relative to common 3-point configurations are presented. A 
number of mechanical parameters were varied. Biomechanical responses of the 
Hybrid III (HIII) FE-dummy model used as occupant were studied. In Paper C, 
the creation and evaluation of a human FE-model of a 50th percentile male is 
presented. The evaluation was made to results from studies with post mortem 
human subjects (PMHS). In Paper D, a conceptual methodology for mass 
minimization of a property based model (PBM) of a seat structure with an 
integrated 3-point safety belt configuration and with a HIII FE-dummy model 
used as occupant is presented. Both mechanical and biomechanical constraints 
were used as well as different start values of the design variables. In Paper E, the 
evaluation of FE-models of simplified seat structures with integrated 3-point 
safety belt configurations to a number of full scale experiments in the form of sled 
tests with a HIII crash test dummy used as occupant is presented.  
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The studies in Paper A and B reveals that with an adequate combination of 
mechanical properties of the seat structure it should be possible to achieve equal 
or lower biomechanical responses of the occupant with a seat integrated safety 
belt configuration compared to a common. The seat integrated 4-point 
configurations in these studies performed poorer than the corresponding 3-point in 
general. An important issue is that belt-webbing distribution between lap and 
torso belt parts is allowed. The study in Paper C showed that the created and 
evaluated human FE-model could be used to further explore injury producing 
mechanisms. However, in order to achieve a fully evaluated human FE-model 
there is a need for both further development and more reference tests with PMHS. 
In Paper D, the study showed that the presented methodology may be used in a 
concept phase of a design process. The optimization runs with different start 
values of the design variables found a number of different local minima instead of 
one global minimum. The dynamics of the system was highly non-linear. To find 
an optimal combination of mechanical properties and biomechanical responses, a 
compromise appears to be needed. The evaluated FE-model in Paper E may be 
used in simulations that consider both biomechanical and mechanical responses. 
The majority of the simulated responses showed good agreement with or slightly 
underestimated the experimental responses. Some issues of the FE-model suggest 
areas for further development. The FE-model could be used as a base for further 
studies.
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Thesis
This thesis consists of the following papers;  

Paper A
Gavelin, A., Lindquist, M., Oldenburg, M., Modelling and simulation of seat 
integrated safety belts including studies of pelvis and torso responses in frontal 
crashes, International Journal of Crashworthiness, Volume 12, Issue 4, 2007, 
pages 367-379.

Paper B
Gavelin, A., Lindquist, M., Oldenburg, M., Numerical studies concerning upper 
neck and head responses in frontal crashes with seat integrated safety belts,
International Journal of Crashworthiness, Volume 12, Issue 5, 2007, pages 465 - 
479

Paper C
Lindquist, M., Iraeus, J., Gavelin, A, Multi-scale human FE-model validated for 
belted frontal collisions, Accepted for publication, International Journal of 
Vehicle Safety.

Paper D

Gavelin, A., Häggblad, H.-Å., Lindquist, M., Oldenburg, M., Methodology for 
mass minimization of a seat structure with integrated safety belts constrained to 
biomechanical responses on the occupant in frontal crashes, To be submitted for 
journal publication.

Paper E
Gavelin, A., Iraeus, J., Lindquist, M., Oldenburg, M., Evaluation of finite element 
models of seat structures with integrated safety belts using full scale experiments,
To be submitted for journal publication.  
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Division of work  
The appended papers were prepared in collaboration with co-authors. The work 
performed in each paper was jointly planned by the authors. The author of this 
thesis has participated in the work performed in each paper according to the 
following;

Paper A
The present author did the background research, developed the FE-models and 
carried out the simulations. The present author wrote the major part of the paper.  

Paper B
The present author did the background research, developed the FE-models and 
carried out the simulations. The present author wrote the major part of the paper.  

Paper C
The present author investigated and suggested statistical methods to analyse the 
results and gave suggestions regarding the description of the FE-modelling. The 
present author wrote a minor part of the paper. 

Paper D

The present author did the background research and carried out the optimizations. 
The FE-models were jointly developed. The present author wrote the major part 
of the paper.

Paper E

The present author did the background research. The physical models and the FE-
models were jointly developed. The sled tests and the simulations were carried out 
jointly. The present author wrote the major part of the paper.  
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1 Introduction  
The work conducted in the present thesis has been carried out at the Division of 
Solid Mechanics, Department of Applied Physics and Mechanical Engineering at 
Luleå University of Technology (LTU)1. The studies in the present thesis are part 
of a collaboration project including representatives from the Division of Solid 
Mechanics at LTU, SAAB Automobile AB2 and Emergency and Disaster Medical 
Centre (AKMC), Department of Surgical and Perioperative Science at Umeå 
University (UmU)3. Previous work in the project has been published in [1 - 5].

The contribution to the project from LTU is the experience in the field of solid 
mechanics, finite element (FE) analysis and the use of computer aided 
computation and simulation. The present thesis summarises the research work 
made by the author at LTU. The appended papers present the results and 
conclusions considered to be of most interest of the research work.  

2 Research question and aim  
The research question of this thesis is; How can automotive restraint systems be 
improved by considering the interaction between “classic” mechanics and 
biomechanics?  

The purpose of the present thesis was to study seat structures with integrated 
safety belts with a design that may intentionally deform and absorb energy during 
a crash. The approach was to use numerical models and numerical simulation to 
perform the study and to investigate the biomechanical responses of the occupant 
as well as the mechanical responses of the seat structure. The aim is to create a 
basis for future research in the design of seat structures with integrated safety 
belts.

1 Luleå University of Technology, Department of Applied Physics and Mechanical Engineering,  
  Division of Solid Mechanics, SE-97187 Luleå  
2 SAAB Automobile AB, SE-46180 Trollhättan  
3 Emergency and Disaster Medical Centre, Department of Surgical and Perioperative Science,  
  Umeå University, SE-90185 Umeå  
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3 Information search  
The field of traffic safety in general is enormous and deals with a large number of 
different subjects. In the present study the focus has been safety belt concepts in 
vehicles. Hence, the information search has also focussed on safety belt concepts.  

A lot of sources have been studied during the work of the present study. The 
sources considered as most interesting are referred to throughout the text. Apart 
from literature there is a lot of information to be found on the Internet. Some of it 
will be commented on. One of the most comprehensive sources of information is 
the website of the National Highway Traffic Safety Administration4 (NHTSA) in 
the USA. This website contains information concerning all kinds of traffic safety. 
One part contains Research & Development including a huge database of material 
regarding crash test information of vehicles, components and biomechanics as 
well as a selection FE-models available for downloading.  

4 Brief history
A summary of the history and development of occupant protection and safety 
belts can be found in e.g. [6 - 8]. The history of traffic safety in general and in 
Sweden in particular can be found in [9]. A brief summary follows here.  

The interest of traffic injury prevention began to spire in the late 1930s and early 
1940s. Nonetheless, it was not until the mid 1950s that studies of accidents and 
their consequences started to generate results. During the 1950s engineers and 
physicians started to cooperate in order to understand the primary causes of injury 
and death. The 1950s also meant research and development of safety belts in 
different configurations. Some manufacturers introduced safety belts in 
production cars. In the early 1960s three point safety belts were gradually 
introduced. The research and development of safety belts have since then 
continued. However, in the 1960s the numbers of fatalities and seriously injured 
people due to traffic related accidents reached alarmingly high levels. Sweden 
switched to right-hand side traffic in 1967 and the transition was accomplished 
smoothly. The transition was preceded by a massive information campaign and 
the fatal accidents in 1967 dropt with about 18% compared to the previous year. 
This gave a boost to traffic safety research, development and legislation. The 

4 www.nhtsa.dot.gov 

http://www.nhtsa.dot.gov
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work has paid off and since the early 1970s the numbers of fatalities and seriously 
injured people involved in traffic related accidents in Sweden have decreased 
practically every year. Further, this has been achieved despite a huge increase of 
cars in traffic. A graph that compares fatalities and number of cars in traffic in 
Sweden from 1950 to 2006 [10] is shown in Figure 1.  

Some examples of traffic safety legislation in Sweden is; safety belts available in 
all seating positions from model year 1970 (1969), obligatory use of seat belts in 
frontal seats (1975), obligatory use of dipped-lights for cars and motorcycles 
(1977) and obligatory use of seat belts in rear seat (1981) [9].

5 Background  
Vehicle safety is steadily increasing due to the industry response to customer 
demands and legislation as described above. Nevertheless, a large number of 
people are still killed or seriously injured in automotive accidents. In 2005, over 
40 000 people were killed in motor vehicle accidents in the EU member countries 
(41274) and the USA (43510) respectively according to [11, 12]. Thus, there is 
still a lot of work that needs to be done in the field of automotive safety.  

The state-of-the-art safety restraint systems available in modern cars are important 
safety devices with sophisticated and advanced functions. At present, it is fair to 
say that the most important safety device in cars is the 3-point safety belt. The 
common 3-point safety belt usually has anchor points on the car body. Typically, 
the belt retractor, the slip-ring (or D-ring) and often also the outboard anchor 

Figure 1. Fatalities in traffic related accidents and number of cars 
in traffic in Sweden 1950-2006 [10].  
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point of the lap belt are mounted on the B-pillar. Other anchor points of the belt 
system are either mounted on the floor or on the lower seat structure. However, it 
is also possible to mount all safety belt anchor points on the seat structure. It 
should also be mentioned that the terminology concerning seat integrated safety 
belts vary, e.g. seat integrated restraints, belt-in-seat and integrated structural seat. 
Fully seat integrated 3-point safety belts can already be found in production cars, 
typically in sport coupe and convertible models where the B-pillar has been 
excluded. They can also be found in cars and vans with removable seats.  

A number of different studies concerning various configurations of both 3- and 4-
point seat integrated safety belts have been made, e.g. in [8, 13 - 20]. In brief, the 
results and conclusions vary and there are still some issues that need further 
investigation. In general, the studies show that there are some advantages with 
seat integrated safety belts. For example, the belt anchor points are independent of 
the seat’s position and thus give a better fit and an increase in comfort. Thus, 
further investigations seem motivated.  

Other studies, e.g. in [21, 22] show that seats with integrated safety belts put 
different demands on the physical properties of the seat structure and of the 
anchor points than on seats in combination with common 3-point safety belts. 
Both seat structure and anchor points must withstand higher loads and need to be 
reinforced or designed in a different way. An increase in weight, size and cost 
compared to a common seat structure is usually the consequence in these cases. 
An increased weight usually increases the fuel consumption and this in turn is in 
conflict with environmental concerns. Thus, it is therefore of interest to develop 
seat structures with integrated safety belt systems that add as little extra weight as 
possible before introduced in volume production cars. Furthermore, safety belt 
restraint system must be optimized towards biomechanical responses of the 
occupant. The biomechanical responses of the occupant and the mechanical 
responses of the seat structure must be kept below specified limit values. Hence, 
methods that can be used to minimize the weight of seat structures with integrated 
safety belts and also consider the biomechanical responses of the occupant are of 
interest.

One possible safety advantage with seat integrated safety belts appears in the case 
of so-called small overlap crashes i.e. a frontal crash when 30% or less of the 
front of the car is involved. Studies made in the present project [2] indicate small 
overlap crashes as being the most common crash type in Sweden resulting in 
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belted occupant fatalities. One consequence of a small overlap crash can be that 
the colliding cars strike each other’s sides hitting both the A- and B-pillar. Hence, 
both the A- and B-pillar are pushed inwards and backwards. This scenario of a 
small overlap crash is schematically described in Figure 2.  

In this case, belt anchor points on the B-pillar may also be pushed backwards and 
the belt will be stretched over the occupant. This may be avoided with seat 
integrated safety belts. An example of a car that was involved in a fatal small 
overlap crash is shown in Figure 3.

Figure 2. Schematically description of a possible scenario of a small 
overlap crash where the colliding cars strikes each others sides.

Figure 3. Car involved in a fatal small overlap crash. 
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Also, the common 3-point safety belt with a single torso belt is not symmetrical. 
Hence, the upper body and head of the occupant tend to rotate around the torso 
belt in a crash. When this happens in a small overlap crash as described above, the 
occupant on the same side as the colliding car (i.e. the driver in the case of left-
hand side drive car and right-hand side traffic) rotates towards the A-pillar and the 
zone where the colliding car strikes [3]. Thus, the colliding car may hit the upper 
body and the head of the occupant. In a case like this, a 3-point safety belt with 
the upper torso belt anchor point on the inboard side would cause the upper body 
and the head of the occupant to rotate towards the centre of the car instead. A 
symmetrical 4-point safety belt would prevent the upper body to rotate at all.  

In the event of a car collision the very impact with another object is often referred 
to as the first impact. In the case of a frontal impact with a relatively rigid object 
the car is brought to a standstill at usually a little more than 100 ms. During that 
time the front of the car has deformed about 0.6 m [23]. An unbelted occupant 
will continue to move forward at approximately the same speed as that of the car 
before the collision. The occupant will then hit the interior and windscreen at 
about the same time as the car has stopped. This is often referred to as the second 
impact. Obviously, a belted occupant usually avoids hitting the interior and 
windscreen. However, the safety belt acts in two ways to slow down the occupant 
in the event of a collision. 1) The belt itself stretches. 2) The occupant is actually 
tied to the car and some of the crushing distance of the car is therefore added to 
the stretch of the belt. The latter is often referred to as the ride-down distance 
[23]. One extreme of this would be with a non-stretch belt and with the occupant 
completely tied to the car structure. Hence, no relative motion between the 
occupant and the car structure. In this case the ride-down distance of the occupant 
and crushing distance of the car would be equal. As described in [24], 100% of 
the occupants mass would become a part of the car and all of the kinetic energy 
associated with the occupant would contribute to the car structural crush. The 
other extreme is an unbelted occupant as described above. In this case the interior 
and windscreen would have to absorb 100% of the kinetic energy of the occupant 
[24]. Hence, basically no kinetic energy associated with the occupant would 
contribute to the car structural crush. Thus, an increase in ride-down distance will 
decrease the (negative) acceleration of the occupant. According to Newton’s 
second law this will also reduce forces transmitted to the occupant. Different ride-
down distances are schematically shown in Figure 4.  
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The initial velocity of both the car and the occupant travel is v0. The first collision 
happens at t0 and the car has stopped at t1. The occupant is caught by the belt at tc.
This is when the occupant-restraint coupling phase starts. The gap between t0 and 
tc is due to factors such as the stretching of the belt, the belt slacking due to 
looseness in wearing or compression of clothing and wind up of the belt in the 
retractor (the so-called film spool effect). As described above, an unbelted 
occupant will continue to move forward at about the same speed as that of the car 
prior to the collision. Thus, the acceleration will be very high when the occupant 
hits the interior and windscreen. If the deformation is relatively limited, i.e. a 
“stiff” system, a belted occupant will come to a stop at about the same time as the 
car. On the other hand, if a larger deformation is possible, i.e. a “soft” system, the 
ride-down distance will increase and a belted occupant will come to a stop after 
the car, at t2. This will also reduce the acceleration as well as the forces 
transmitted to the occupant. The focus of research work in general is on how to 
minimize the time between t0 and tc and thus increase the occupant-restraint 
coupling. One example of this is the belt pretension function that tightens the 
safety belt to the occupant in the event of a crash. This is basically a standard 
feature in all modern cars. However, in order to increase ride-down distance it is 
desirable to “allow more” energy absorbing deformation. This may possibly be 
achieved with seat structures with integrated safety belts and by allowing 
controlled deformation of the seat structure.  

As stated by [6], any study concerning safety belt configurations must consider 
the risk of occupant submarining. Lap-belt ride-up and submarining can occur 
with any safety belt configuration. If the lap belt is allowed to ride up over the 
iliac crests of the pelvis it may compress the abdomen. Also, mitigation of neck 

Figure 4. Schematic presentation, different ride-down distances.  
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and head injuries is critical in occupant protection. There are many studies 
concerning neck injuries in rear-end collisions. However, according to [25] a 
number of neck injuries occur in frontal collisions and they can be associated with 
safety belt use. Hence, these issues should be considered when studying seat 
structures with integrated safety belts.

In motor sports multipoint harness style safety belts can be found in practically all 
kind of race cars. An example is shown in Figure 5.  

These safety belt configurations have performed excellently concerning protection 
of drivers and co-drivers for a long time. Over the years many race car drivers’ 
lives have been saved. However, the same conclusions can not be drawn 
regarding seat integrated multipoint safety belts in general since the two concepts 
are not really comparable. In general, the safety belts used in race cars are not 
attached to the seat structure. Instead they are attached to parts of the car structure 
which of course is much more rigid than a seat structure. In a race car the 
multipoint safety belts do not usually have four but five or six anchor points. 
Besides torso and lap belts there are one or two relief belts between the legs of the 
occupant. These relief belts prevent the lap belt from riding up and also tie the 
occupant tighter to the seat. A fifth or sixth belt between the legs of the occupant 
in a production car is probably not an option for a number of reasons. They are 
uncomfortable and difficult to put on just to mention two. Safety belts in race cars 
are also strapped on very tightly to the occupant. Thus, the slack in the belts is 
minimal and therefore the ride-down efficiency is very good. However, such a 

Figure 5. Multipoint harness style safety belts in a race car. 
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tight belt fit is not very comfortable for the occupant. Besides the belts, seats in 
race cars are often tailor made to fit tightly around the occupant. Hence, with the 
tight belt fit the occupant is pretty much tied to the car. A study concerning this 
subject has been made in [26]. Furthermore, in recent years many race car drivers 
have started to use special head and neck supports with positive results 
concerning injury. A number of studies have been made that confirm this, e.g. in 
[27]. Thus, these aspects must be accounted for when comparing seat integrated 
safety belts in production cars to multipoint safety belts in race cars.  

6 Computer aided computation and simulation  
A complement to full scale crash tests is the use of numerical models in computer 
aided computation and simulation. The studies conducted in the present thesis 
have been completed by the use of computer aided numerical analysis methods. 
The performance of computer hardware and software is steadily increasing. 
Concerning engineering applications the use of computer aided tools can be seen 
in all sectors, e.g. computer aided design (CAD), computer aided manufacturing 
(CAM) and computation and simulation with FE-analysis. Explicit FE-codes for 
crashworthiness engineering applications have been developed since the 1960s. 
The first full vehicle car crash models were built and analysed in the mid 1980s. 
In the field of vehicle design and crashworthiness engineering, FE-analysis is 
today a fully integrated tool in the product development process and widely used 
in computation and simulation. Another advantage of the use of more 
sophisticated models is that the need of full scale development prototypes is 
reduced. Since full scale prototypes are relatively expensive, a lot of money and 
time is saved in the development process [28]. Due to the steady increase in 
hardware and software performance, it is possible to use more and more detailed 
models and still keep the calculation times at reasonable levels.  

In comparison to full scale crash tests, numerical models offer a fast way to model 
car occupant’s motion with a quality and resolution that allow designers to make 
rough decisions on how to proceed. This can in turn minimize the number of full 
scale crash tests needed to establish the performance of different protective 
systems. Another quality in this respect is the complete repeatability by which 
models can resolve effects of infinitely small changes to a system. As stated in 
[16], this makes numerical models very well suited for parametric studies. Thus, 
the use of numerical models makes it possible to perform simulations over and 
over with equivalent circumstances, e.g. in order to perform crash test 
simulations.  
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7 Software  
The explicit LS-DYNA FE-analysis software (LS-DYNA) [29] was used to carry 
out the simulations in the present study. The LS-DYNA software was originally 
developed in the 1970s by John Hallqvist at Lawrence Livermore National 
Laboratory and later at Livermore Software Technology Corporation5 (LSTC) and 
has since been constantly developed over the years. The LS-DYNA software 
today is a versatile FE-tool and comes with a large number of features especially 
developed for crashworthiness analysis. The LS-DYNA software is used by the 
automotive industry and by universities all over the world.  

The LS-DYNA software also includes an optimization application, the LS-OPT 
optimization software (LS-OPT) [30] with its graphical user interface LS-OPTui. 
LS-OPT can be used in combination with a number of FE-analysis software 
besides LS-DYNA. Also, LS-OPT include a number of different optimization 
methods. However, in this study metamodel-based optimization with LS-OPT was 
used in combination with LS-DYNA.  

The Oasys6 brand is a part of the Arup Group7. The Oasys software has a number 
of different applications with one specifically for LS-DYNA. Oasys and Arup 
have been working closely with LSTC for a number of years and the Oasys 
software is fully compatible with the LS-DYNA code. The Oasys software 
includes both pre-processing and post-processing tools and is used by a number of 
companies in the automotive industry and by universities. The pre-processor 
Oasys Primer [31] used in the present study has features, among many others, that 
are especially developed for the analysis of crashworthiness and occupant 
protection, e.g. dummy positioning and safety belt positioning. The Oasys T/HIS 
and the Oasys D3PLOT [32] post-processing tools were also used in the present 
study.

5 www.lstc.com  
6 www.oasys-software.com  
7 www.arup.com/dyna  

http://www.lstc.com
http://www.oasys-software.com
http://www.arup.com/dyna
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8 Biomechanics
The mechanical characteristics of the human body can be specified in terms of 
physical parameters in the same manner as any mechanical structure. The 
behaviour of human body parts such as muscles, tendons and bones can be 
described with material models just as metals and plastics. This special field of 
mechanics is referred to as biomechanics. As defined in [33]; Biomechanics is 
mechanics applied to biology. Biomechanics seek to understand the mechanics of 
living systems. Biomechanics is a key factor in understanding accidental injury 
and healing. Further, as defined by [34]; Biomechanics uses laws of physics and 
engineering concepts to describe motion undergone by various body segments and 
the forces acting on these body parts. The biological world is a part of the 
physical world around us and is naturally an object of inquiry in mechanics. Thus, 
biomechanics is a part of automotive safety research and traffic injury prevention 
simply because human beings are always involved in automotive accidents one 
way or another. The human body is a very complicated “machine” with a lot of 
parts that can sustain injury. An example of the complexity can be seen in Figure 
6 where sections of the upper body of a human at different levels show the body 
muscles, rib cage, lungs and heart.  

Figure 6. Sections of the upper body of a human. From left, 
top to bottom; body muscles, rib cage, lungs and heart. 
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A number of different injuries with various degrees of severity can occur on the 
same body part or organ depending on the type of force it is exposed to. The type 
of force can be e.g. acceleration or compression. Some deformation of human 
body parts and organs is allowed and injuries will not occur. However, injuries 
occur when the deformation of human tissue exceeds certain tolerance levels. In a 
typical crash situation, a number of different factors such as level of force, 
direction of force and time of exposure act together. Also, biological variations 
such as age influence the tolerance levels. Thus, it is complicated to determine 
adequate tolerance levels [9].  

Injuries are often categorized and graded according to the level of severity. A 
number of different injury scales are available. Two examples of well established 
injury scales are the Abbreviated Injury Scale (AIS) and the Injury Severity Score 
(ISS) [9].

Injuries are usually divided between penetrating and non-penetrating injuries. 
Typically, penetrating injuries occur when a body part is exposed to sharp objects 
such as glass splinter or ripped pieces of metal. In a case like that the energy is 
concentrated to a small area, the tolerance level of the tissue in question is 
exceeded and injury occurs. Non-penetrating injuries are more complex and the 
injury mechanisms are not always easy to understand [9].  

In general, for the same force, the stress induced into the body is the smallest if it 
applied very slowly. The stress will generally be larger when the rate at which the 
load is applied is increased [35]. Non-penetrating injuries basically occurs from 
three main types of injury mechanisms; elastic deformation, viscoelastic 
deformation, and inertia forces [9]. Elastic deformation leads to injury when the 
elastic tolerance level is exceeded, e.g. when the rib cage is compressed so much 
that one or more ribs break. Viscoelastic deformation is time dependent and an 
increased deformation rate will increase the stress induced to the organ. Injuries 
from viscoelastic deformation usually occur at relatively high deformations rates 
and are typical in body organs that contain relatively large amounts of fluid such 
as blood and water. When a human body is exposed to acceleration the internal 
organs will move in relation to the skeleton due to inertia. This is often referred to 
as the third impact. The inertia forces can generate injuries to the organs and 
linear and angular accelerations can generate different injuries to the same organ.  
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Further, when stress is induced to the body by an applied load it can cause wave 
propagation phenomena in the body. As described by [35], the impact load that 
may cause injury frequently comes as a moving mass or as an obstruction to a 
moving person. The impact causes the material of the human body in contact with 
the load to move in relation to the rest of the body. The initial velocity induced in 
the body material in contact with the load has a decisive influence on the stress 
distribution in the body. If a load comes like a bullet from a gun, it sets up a shock 
wave in the body. The shock wave will move with a speed faster than the speed of 
sound in the body. At supersonic speed, the shock wave carries energy that is 
concentrated to the shock wave front. Thus, in a thin layer in the body a great 
concentration of energy exists which has a high potential for injury. However, a 
fast moving blunt object that does not penetrate can cause shock wave damage. If 
the body material moves at a transonic or subsonic velocity, stress waves will 
move in the body at sonic speed. These stress waves can focus themselves into a 
small area and cause concentrated damage in that area. They can also be reflected 
at the border of organs and cause greater damage in the reflection process. These 
complex phenomena are made even more complex in the human body by the fact 
that different organs have different damping characteristics and different sound 
speeds.

The biomechanical responses used in the present study were a number of forces, 
moments, accelerations and deformations of the dummies used as occupants. 
Also, a number of kinematical responses of the dummies were studied. However, 
in order to obtain a satisfying integrated safety belt configuration the 
biomechanical responses of the occupant need to be at least equal or preferably 
lower compared to those of common 3-point configurations. Further, due to 
legislations a number of the biomechanical responses of the occupant must be 
kept below limit values such as specified in the Federal Motor Vehicle Safety 
Standard No. 208 (FMVSS208) [36].

9 Human models
The kinematical behaviour observed in full scale crash tests with belted post 
mortem human subject (PMHS) reveals that the upper body of the PMHS rotates 
due to the asymmetrical loading of a 3-point safety belt restraint system. An 
analysis of real life frontal crashes [3] suggests that the upper body rotation may 
contribute to the injury producing mechanisms of the upper body. However, the 
design of the Hybrid III (HIII) crash test dummy does not allow the upper body to 
rotate in relation to the lower body. Thus, a FE-model of the HIII crash test 
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dummy will of course show the same behaviour. Obviously, humans can not be 
used in full scale crash tests in order to study biomechanical responses and 
injuries. Therefore, some sort of human substitute is needed. In full scale crash 
tests, human cadavers or crash test dummies are used and sometimes also animals. 
At present, there are no numerical models that can completely replace tests with 
real cars and animals or cadavers. However, research and development of 
numerical models are constantly in progress.  

A study concerning the development of a numerical human model for crash test 
simulations is presented in Paper C. The human FE-model presented in Paper C 
had a human like upper body with a rib cage, muscles, lungs and heart. A 
sequence from a simulation of a frontal crash with the human FE-model presented 
in Paper C belted with a 3-point safety belt configuration is shown in Figure 7. 
The human FE-model is shown both with and without skin and muscles.  

The deformation of the rib cage and the chest deflection as well as the rotation of 
the upper body due to the asymmetrical loading of the 3-point safety belt can also 
be seen in Figure 7.

Figure 7. Belted human FE-model in a frontal crash simulation. Shown with 
skin and muscles (left) and without (right). The deformation of the rib cage 
and the chest deflection as well as the kinematics of the upper body can be 
seen.
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10 Optimization  
In a conventional design process the performance of the design is checked and 
changes are made until a satisfactory, or “optimized” design is found. The 
conventional design process is usually based on experience and skill. An 
alternative approach is to formulate the design problem in mathematical functions, 
design variables and constraint values. This is often referred to as numerical or 
engineering optimization. Engineering optimization is an iterative process. The 
design variables are changed for every iteration and the design is then changed 
using some sort of optimization method. The system is then analysed, the 
constraints are checked and the design is compared to some sort of convergence 
criteria. If the convergence criteria are satisfied the process is stopped. The 
engineering optimization process is schematically described in Figure 8 [37].  

Engineering optimization is based on a theory where a function f(x), referred to as 
the cost or objective function, identifies the quantity to be minimized or 
maximized. The function f(x) is subjected to inequality constraint functions g(x)
and equality constraint functions h(x). The variables collectively described by the 
vector (x) are often referred to as design variables or design parameters.  

Figure 8. The engineering optimization process [37]. 
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Solving an optimization problem requires an optimization algorithm. Most 
optimization algorithms are based on first order formulations, i.e. they require the 
first derivatives of the component functions in order construct the local 
approximations. These gradients can be computed either analytically or 
numerically. However, gradient-based methods are typically only used where the 
simulations provide smooth responses, such as linear structural analysis [30].  

In non-linear dynamic analysis the response functions are mostly severely 
discontinuous. The response may also be highly non-linear and therefore the 
gradients may not reveal much of the overall behaviour. Furthermore, the 
accuracy of numerical sensitivity analysis may also be adversely affected by 
round-off error [30]. In crash analysis the dynamic responses are usually highly 
non-linear.

An alternative approach is to use approximate techniques based on statistical 
methods. The basic approach is to construct approximations of the analysis codes 
that are more efficient to run and yield insight into the functional relationship 
between design variables (inputs) x and responses (outputs) y. The approximation 
creates a “model of the model”, often referred to as a surrogate model or a 
metamodel, of the analysis code [38]. Metamodelling methods allow the 
construction of surrogate design models of the real model for the purpose of 
design exploration such as optimization.  

Metamodelling methods are based on statistical theory and uses regression 
methods to construct the surrogate design models. A number of metamodelling 
methods exist. The theory of Design of Experiments (DoE) is the selection 
procedure for finding the experimental points in the design space that must be 
analysed. The problem of distributing the experimental points is known as 
selecting a DoE [30]. Each experimental point in the design space is analyzed by 
performing a simulation. Thus, since simulations can be very time consuming to 
run it is of interest to use as few experimental points as possible in order to limit 
the computational time. As stated by [39], the difficulty lies in the attempt of 
minimizing the number of simulations but at the same time achieve an 
approximation with a good quality.  

The metamodel is built from the responses of the experimental points. The 
optimization problem of the metamodel is then usually solved with a common 
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gradient based method. The optimization process using metamodelling methods is 
schematically described in Figure 9.  

The most common metamodel approach is to apply DoE to identify an efficient 
set of computer runs (x1, x2, …, xn) and then use regression analysis to create a 
polynomial approximation of the computer analysis code. These approximations 
then can replace the existing analysis code [38]. The quality of the approximation 
is checked by estimating the error of the approximation. This is obtained by 
evaluating the difference between the approximation and the evaluated response 
values at certain design points [39].

The literature regarding the theory of engineering optimization and numerical 
optimization methods is vast. See e.g. [37, 40]. For an overview of the use of 
metamodelling methods in engineering design, see [38], for more information 
about the theory of metamodelling methods and DoE, see e.g. [41, 42] and for 

Figure 9. The optimization process using metamodelling methods. 
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studies concerning optimization using various metamodelling methods and DoE, 
see e.g. [39, 43].

One of the major restrictions to use optimization processes in vehicle 
crashworthiness design is the extensive computational time for each crash 
simulation. Another issue is the difficulty to set up a parametric FE-model which 
is needed for the optimization process [43]. Thus, simplified models are often 
necessary in order to reduce and keep computational time at reasonable levels. 
Also, the results generated from a simple model are usually easier to interpret than 
from a complex one. One type of simplification is to use a property based model 
(PBM) instead of a model with complicated geometries and material 
characteristics. In general, the variable properties of a PBM are not defined by 
any special geometry or material. Hence, to be able to use the results of the PBM 
in a physical design the properties must first be transformed into physical data. 
That is, geometries and material characteristics. A PBM of a simplified seat 
structure was used in the optimization studies in Paper D.  

The metamodelling methods available in LS-OPT are polynomial Response 
Surface Methodology (RSM), Neural Networks (NN) and Kriging. Basically, 
these techniques differ in the regression methods that they use to construct the 
metamodells. There are also a number of point selection methods available, such 
as Factorial, Linear- and Qudratic Koshal, D-optimal, Latin Hyper Cube and 
Space Filling (SF) with different algorithms. The subproblem (i.e. the 
approximated optimization problem of the metamodel) is optimized by a gradient-
based algorithm called the dynamic leap-frog method that is based on first order 
formulations. There are also a number of error measures to determine the 
accuracy of the model, e.g. the Mean Square Error (MSE) [30].  

One advantage of using NN is the avoidance to choose a polynomial order and the 
adaptability of the response surface [30]. Another advantage with NN is that it 
uses relatively few experimental points. As mentioned above, simulations can be 
very time consuming to run. Because each experimental point is analyzed by 
performing a simulation it is of interest to use as few experimental points as 
possible in order to limit the computational time. A complete description of the 
NN metamodelling method and the SF point selection method is outside the scope 
of this study. A short description of the basic principles is presented below.



Anders Gavelin 
Doctoral Thesis 

Studies on structural and biomechanical responses in seat integrated safety belt configurations 
19

The NN method tries to simulate the neural network and the learning process of 
the human brain. As described in [44], NN are composed of simple elements 
operating in parallel. The network function is determined by the connections 
between the elements and can perform a particular function by adjusting the 
weights and bias values of the connections. Commonly, NN are adjusted, or 
trained, so that a particular input leads to a specified target output.

The principle of a single unit neuron is described in Figure 10. It has pi inputs and 
each input is weighted, wi. The sum v of the weighted inputs and the bias, b, is the 
input to the transfer function, f. The output from the neuron is then y = f (wp + b). 
Two or more single unit neurons can be combined into a layer of neurons and a 
network can contain one or more layers. The log-sigmoid transfer function is 
often used in multilayer networks. Other examples of transfer functions used are 
tan-sigmoid function, linear function or step function.  

A NN is created by assembling a number of neurons into an architecture with a 
number of layers. The number of neurons in a layer does not have to be equal to 
the number of inputs. An architecture of a NN is schematically described in 
Figure 11, where each circle represents a single unit neuron.

Figure 10. Single unit neuron with pi input variables, 
weights wi, bias b, sum v, transfer function f and output y.  
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A number of different NN architectures exist that are suited for different problem 
areas. The default setting for NN in LS-OPT is the Feedforward (FF) network 
architecture with the Backpropagation learning rule. The FF network had one 
hidden layer and used log-sigmoid transfer functions. The parameters in a 
Feedforward network, i.e. the values of weights and bias, are usually determined 
using standard non-linear gradient optimization algorithms. The gradient 
information is then obtained using the backpropagation technique. The default 
setting in LS-OPT was the Levenberg-Marquardt optimization algorithm. For 
further information concerning NN, different architectures and learning rules, see 
e.g. [30, 38, 44].

The SF method with the Simulated Annealing (SA) algorithm is the default point 
selection method for NN in LS-OPT [30]. The SF method with the SA algorithm 
basically tries to fill the design space uniformly with design points and maximise 
the distance between them. SF also considers previous points when positioning 
new points in the design space. For further information concerning SF, see e.g. 
[30, 38].

The NN metamodelling method and the SF point selection method were used to 
perform the optimization calculations presented in Paper D. The NN method was 
selected because it was considered to be appropriate for the type of problem in 
question and also because of the computer performance available. Finally, it 
should be stressed that the purpose of the optimization study in Paper D was not 
to evaluate different methods of optimization, metamodelling or point selection.  

Figure 11. Schematically described NN architecture with one input, two 
hidden and one output layer. Each circle represents a single unit neuron.  
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11 Evaluation
As mentioned above, full scale prototypes of vehicles are relatively expensive and 
a lot of money and time can be saved using numerical models and numerical 
simulation in the development process of a vehicle. However, as stated by [43], 
physical testing will always be a necessity to validate the product and to ensure 
that that the numerical model captures the behaviour of the product. In general, 
any type of numerical model needs to be evaluated to physical tests in order to 
make the numerical models behave as realistic as possible.  

A comparison of a seat’s structural response during dynamic sled testing is a very 
effective method of evaluating the accuracy of the FE-models employed, as 
concluded by [45]. Studies concerning structures with seat integrated safety belts 
and evaluation of FE-models to full scale experiments have been made in e.g [17, 
19, 20, 22] with good results. Another example is the human FE-model presented 
in Paper C which was evaluated to a number of suitable sled tests experiments 
with post mortem human subject (PMHS) in well defined environments.  

A study regarding evaluation of FE-models of a seat structure with a 3-point 
integrated safety belt configuration and a HIII FE-dummy model as occupant to 
full scale experiments in the form of sled tests is presented in Paper E. The sled 
with the belted HIII crash test dummy as occupant used in one of the full scale 
experiments is shown in Figure 12.  

Figure 12. Crash test sled with HIII crash test dummy as occupant.  
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The belted HIII crash test dummy in one of the full scale experiments as well as 
the corresponding FE-model with a belted HIII FE-dummy model of the study 
presented in Paper E is shown in Figure 13. 

The preparation of experiments is essential and also to keep record of as many 
parameters in the experimental environment as possible. This is important when 
the models are created but also when the results are being interpreted and 
evaluations are performed. As concluded by [45], the differences between the 
experimental setup and the modelling assumptions must be taken into account to 
produce a valid correlation.

12 FE-model development
The FE-models of seat structures and safety belt configurations used in the 
present study are thoroughly described in the appended papers. However, some 
additional background information to the models used in Paper A, B and D 
follows below.  

The model development started out with relatively simple configurations that 
were gradually improved. The initial models were also used to increase the 
knowledge of the software and the skill of using it. The model development was 
carried out by a number of test runs in order to find suitable and adequate material 
models, friction coefficients, contact algorithms, belt fits, positioning of the FE-

Figure 13. Full scale experiment set up with a belted HIII crash test dummy 
as occupant (left) and corresponding FE-model with FE-dummy model 
(right).
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dummy model, etc. The HIII FE-dummy model used in the studies in the 
appended papers was available via the distributor of the FE-analysis software8.
Literature was naturally also studied. In order to find fairly realistic values for the 
model, dimensions and geometries of real car seats, car interiors and safety belts 
were studied. Information from full scale crash tests was also used. One intention 
of the modelling was to limit the number of parameters allowed to influence the 
results from the simulations.  

Initially three different safety belt configurations where modelled; a common 3-
point, an integrated 3-point an integrated 4-point, as shown in Figure 14.

The dimensions of the seat and the slope angles of the seat top and the seat back 
rest were average values taken from a number of crash test protocols at the 
NHTSA Vehicle Database [46]. The common 3-point configurations consisted of 
a retractor and a slip-ring, both positioned on the B-pillar. That is, the slip-ring 
was equivalent to the upper torso belt anchor point. The integrated 3-point safety 
belt configuration consisted of the upper torso belt anchor point with a retractor 
positioned on the horizontal member of the seat back frame. The torso belt anchor 
point was positioned in order to get the belt geometry across the upper body as 
close as possible to the belt geometry of the common 3-point configurations. 
However, completely similarity was not achieved. The integrated 4-point safety 
belt configurations consisted of a lap belt and harness style torso belts with the 
buckle point at the front of the FE-dummy model. The upper torso belt anchor 
points were positioned with retractors on the horizontal member of the seat back 
frame. A number of simulations with wider gaps between the upper anchor points 

8 Engineering Research AB, ERAB, www.erab.se

Figure 14. FE-models with; a common 3-point safety belt (left), a seat integrated 3-point safety 
belt (middle) and a seat integrated 4-point harness style safety belt (right).  

http://www.erab.se
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were performed. However, in these simulations the torso belts tended to slide 
towards the arms of the FE-dummy model in various degrees depending on the 
initial size of the gap.  

A simulation series, series 1, was performed. In series 1 the belt material 
characteristics were used as a parameter with four different levels. The original 
belt material had the constitutive characteristics approximated from the studies in 
[47] while the other three were based on the same material but with different 
scaling. The scale factors were 0.8, 1.2 and 1.4 in order to get one “softer belt” 
and two “stiffer belts” compared to the original belt. The models in simulation 
series 1 did not have any belt load limit functions. The yield strength ( y) of the 
material of the seat back frame of in the 3- and 4-point configurations was varied 
from 250 MPa to 800 MPa in steps of 50 MPa. Thus, a total of 12 different levels 
were used. The cross section dimensions had an outer diameter of 28 mm and the 
wall thickness (t) was varied; t = 1, 2 and 3 mm. The material was modelled as 
steel. The rest of the material parameters were kept constant and with typical 
values for steel.

As the work progressed, it became clear that the selected different belt 
characteristics had limited influence on the studied responses. It was also noted 
that the studied responses differed relatively little between adjacent levels of y.
Therefore, it was decided to revise the models and reduce the number of 
parameters. This became simulation series 2, see below.  

The models in simulation series 2 used the belt material according to the 
constitutive characteristics approximated from the studies in [47]. Also, belt load 
limit functions were used and the load limit force was varied. Concerning the 3-
point configurations the load limit forces used were 4, 5 or 6 kN. Concerning the 
4-point configurations the load limit forces used were 2, 2.5 or 3 kN. Hence, the 
total load limit forces were equal in each of the corresponding configurations. 
Higher load limit forces were tested in a number of simulations, 8 and 10 kN in 
the 3-point and 4 and 5 kN in the 4-point configurations respectively. However, 
because of the fact that load limit forces in production belt retractors usually are 
around 4 kN it was decided not to use higher load limit forces than 6 and 3 kN 
respectively. Additionally, all configurations were also simulated with no load 
limit function.  
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The y of the material of the seat back frame of in the integrated 3- and 4-point 
configurations was varied in three different levels. Three different y were chosen 
in order to get a low-, a medium- and a high strength material in the seat back 
frame; y = 400, 600 and 800 MPa. As for series 1, the cross section dimensions 
had an outer diameter of 28 mm and the wall thickness (t) was varied; t = 1, 2 and 
3 mm. The material was modelled as steel. The rest of the material parameters 
were kept constant and with typical values for steel.

Both biomechanical and mechanical responses of the simulations in series 2 were 
studied. The responses showed that the selected variables generated reasonable 
variations of the results. Also, the models from series 2 proved to be robust. Thus, 
it was decided to use the model and the parameters for further studies. The models 
from series 2 were used in the studies in Paper A and B. A modified version of the 
model with the integrated 3-point configuration used in Paper A and B was used 
in the optimization studies in Paper D. Basically, the rigid mounting of the lower 
seat frame to the floor pan were replaced with deformable elements.  

13 Summary of appended papers
This chapter presents a summary of the studies performed in the appended papers 
of the present thesis.

13.1 Paper A
In Paper A, a study that compared the performance of different safety belt 
configurations is presented. The aim of the study in Paper A is to investigate how 
physical properties influence the interaction of the seat back frame and the safety 
belts. The purpose is to compare integrated 3- and 4-point safety belt 
configurations with anchor points on non-rigid seat structures with common 3-
point configurations with anchor points on the car body.

The method of the study and the modelling of the seat structure and the sled (i.e. 
the floor pan and the B-pillar) as well as the different safety belt configurations 
were described. The descriptions included dimensions, geometries, element types, 
constitutive characteristics and material models used. The different parameters 
that were varied were also described including yield strength and dimensions of 
the seat back frame as well as belt load limit forces. A 50th percentile Hybrid III 
FE-dummy model was used as occupant. The number of parameters was limited 
in order to simplify the models and the interpretations of the results without 
interference from other parts of the interior. Air bag, steering wheel, dashboard, 
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pedals and windshield were omitted. Further, no belt pretension functions were 
simulated. There was no intrusion of frontal parts of the floor pan towards the FE-
dummy model. Moreover, there was no vehicle pitch during the acceleration 
phase.

The 3-point configurations had a typical lay-out with a torso belt path across the 
torso and with the torso and lap belt parts interacting via a slip-ring at a buckle 
point positioned to the side of the occupant. The 4-point configurations consisted 
of two lap belts and harness style torso belts connected at a buckle point at the 
front of the occupant. The common 3-point configurations had the upper end of 
the torso belt connected to a slip-ring positioned on the B-pillar. The integrated 3- 
and 4-point configurations had the torso belt anchor points on the horizontal 
member of the seat back frame. In all configurations the lap belts had anchor 
points positioned on each side of the occupant of the lower seat frame.  

The performance of the different safety belt configurations were evaluated by 
studying the FE-dummy model’s biomechanical responses and kinematics such as 
chest deflection, change of pelvic angle, relative chest displacement of the T1 
vertebra and relative pelvis displacement. The mechanical responses studied were 
lap and torso belt forces, seat back frame deflection, ride-down efficiency and 
dynamic response of the seat back frame. Descriptions were also included of how 
the studied responses were measured and calculated as well as how the 
simulations were carried out. Only the occupant-restraint coupling phase was 
considered in the study and thus not the rebound phase.

The results of the study indicated that the occupant-restraint coupling was better 
with the integrated 3-point configurations compared to the integrated 4-point 
configurations. This is due to the fact that integrated 3-point configurations allow 
belt-webbing to move through the slip-ring at the buckle point. This distributes 
and evens out the belt loads of the pelvis and the upper body between the lap and 
torso belt parts and this also influenced the ride-down efficiency. Further, the 
ride-down efficiency of the integrated 3-point configurations showed better results 
compared to the integrated 4-point configurations in combination with a non-rigid 
seat structure. A comparison of the occupant-restraint coupling phase of 
integrated 3-point and 4-point configurations with equal parameters of the seat 
back frame is shown in Figure 15. The graphs show typical normalised curves of 
the accelerations of pelvis and the T1 vertebra as well as seat belt forces in torso 
and lap belts.
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The increase in both torso and lap belt forces as well as the acceleration of both 
T1 and pelvis were similar at the early initial part of the occupant-restraint 
coupling phase with the 3-point configuration. Thus, the ride-down efficiency was 
good. Regarding the 4-point configuration, the lap belt force and the pelvis 
acceleration were higher than the torso belt force and the T1 acceleration initially. 
The torso belt force and the T1 acceleration increased later. Hence, the occupant-
restrain coupling was later compared to the 3-point configuration and the ride-
down efficiency was poorer.

The results also suggest that the ride-down efficiency of an integrated 3-point 
configuration with an adequate belt load limit level and seat back frame is better 
than the corresponding common 3-point configuration. The dynamic response of 
the seat back frame affected the characteristics of the occupant-restraint coupling 
of the integrated configurations. The oscillations of the seat back made the torso 
belts alternately slacken and tauten. An unfavourable natural frequency of the seat 
back frame had a negative effect on the ride-down efficiency. Finally, no 
tendencies of pelvis submarining were observed.  

13.2 Paper B

The previous work made in Paper A is continued in Paper B. Thus, the aim and 
purpose of Paper B is the same as that of Paper A. The same method and models 
were used. Also, the same parameters were used. The performance of the different 
safety belt configurations were evaluated by studying the FE-dummy model’s 
biomechanical responses and kinematics such as relative chest displacement of 

Figure 15. Comparison of the occupant-restraint coupling phase (normalized curves). Seat 
integrated safety belt configurations, 3-point (left), 4-point harness style (right).  
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the T1 vertebra, relative head displacement as well as upper neck forces and 
moments. Further, three different neck injury criteria were evaluated. These were 
the NICmax, the NICprotraction and the Nijmax. Descriptions of how the studied 
responses were measured and calculated as well as how the simulations were 
carried out were also included. Only the occupant-restraint coupling phase was 
considered in the study and thus not the rebound phase.

The results indicated in general that the integrated 3-point configurations in 
combination with a proper seat back frame and with a suitable load limit force 
could equal or lower basically all the studied responses compared to those of the 
corresponding common 3-point configurations. The results of the study also 
indicated that the responses of the integrated 3-point configurations were in 
general lower compared to those of the corresponding integrated 4-point 
configurations. As concluded in Paper A, the occupant-restraint coupling was 
better with the integrated 3-point compared to the integrated 4-point 
configurations since the integrated 3-point configurations allow belt-webbing to 
move through the slip-ring at the buckle point. This also influences the loads of 
the upper neck and the different injury criteria in an advantageous manner in 
general. An example regarding the upper neck moments is shown in Figure 16. 
Typical normalised curves of upper neck moments (absolute values) and torso belt 
forces of an integrated 3-point and a 4-point configuration with equal parameters 
of the seat back frame are compared.  

Figure 16. Comparison of upper neck moments and torso belt 
forces. (normalized curves). Seat integrated 3-point (3pI) and 
4-point harness style (4pI) safety belt configurations.  
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It can be seen that upper neck moment of the 4-point configuration is higher 
compared to the 3-point due to the poorer occupant-restraint coupling as 
described above in Paper A.

Further, it was noted that that the belt path across the torso of the integrated 3-
point configurations was closer to the lower neck compared to the common 3-
point configurations. This leads to different kinematics of the head and bending of 
the cervical spine with the integrated 3-point configurations that can increase 
upper neck shear and tension forces and thus increase the risk of injury compared 
to the common 3-point configurations. Finally, the different seat back frame 
characteristics and load limit forces appeared to have less influence on the studied 
responses of the integrated 4-point compared to the integrated 3-point 
configurations.

13.3 Paper C
In Paper C, the creation and evaluation of a human FE-model of a 50th percentile 
male is presented. The purpose of the study in Paper C is to examine if the 
kinematical behaviour of a post mortem human subject (PMHS) can be 
reproduced by using a FE-model of a human body.  

The human FE-model was created using the upper body parts from an existing 
human FE-model as well the head and the lower body parts from a FE-model of a 
HIII crash test dummy. The upper body model, mainly the muscle system and the 
spine, were further improved in order to enhance the kinematical behaviour. The 
human FE-model was evaluated to a number of sled tests with common 3-point 
safety belt restraint systems. A review of existing sled tests with belted PMHS in 
literature and databases was performed in order to find suitable references for the 
evaluations. Two test series with PMHS were found that were performed in equal 
test conditions and in sufficiently well defined environments in both zero degree 
and oblique conditions. The output data included accelerometer signals as well as 
film sequences. A third test series with PMHS in equal zero degree conditions 
was used as statistical reference. The integrated acceleration of the T1 vertebrae 
in both x and y directions as well as the torso belt force all at two points in time 
were selected as control values for the evaluations.

The sled tests concerning the test series with PHMS used for the evaluations were 
modelled in the FE-environment and a number of simulations with the human FE-
model as well as a HIII FE-dummy model were carried out. Parameters were 
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adjusted and the responses of the simulations were compared with the responses 
of the sled tests.

The results show that the overall agreement of the responses between the sled 
tests with PMHS and the simulations in zero degree conditions was good. The 
typical characteristics of the sled tests with PMHS were reasonably well 
replicated. The differences in the control values were within the range of variation 
of the statistical reference test. Thus, the human FE-model could be used to 
further explore the injury producing mechanisms due to upper body rotation with 
a 3-point safety belt restraint system. However, in order to achieve a fully 
evaluated human FE-model there is a need for both further development and more 
reference tests with PMHS. These tests must be performed in environments that 
are very well defined. Also, for tissue-level injury study more development and 
evaluation of the human FE-model is necessary.  

13.4 Paper D

In Paper D, a concept methodology for mass minimization of a seat structure with 
an integrated 3-point safety belt configuration is presented. The aim of the study 
in is to develop a conceptual methodology for mass minimization of a seat 
structure with integrated safety belts using FE-modelling and FE-simulation. The 
purpose is to establish a methodology that considers both biomechanical 
responses of the occupant and mechanical responses of the seat structure while 
performing mass optimization calculations.  

The methodology used a property based model (PBM) of a seat structure. The 
weighted total mass of the seat structure of the PBM was minimized while the 
biomechanical responses of the occupant were constrained at minimized. A 50th

percentile Hybrid III FE-dummy model was used as occupant. Only frontal 
crashes were studied. The PBM was developed from the models used in Paper A 
and B. However, in this study the lower seat structure was anchored to the floor 
pan in the horizontal x-direction and in the vertical z-direction with discrete non-
linear spring elements with force–displacement characteristics.  

The methodology of the study and the modelling of the seat structure and the sled 
as well as the safety belt configuration were described. The descriptions include 
dimensions, geometries, element types, constitutive characteristics and material 
models used. The different parameters used as design variables as well as the 
constraints used were also described. The design variables were; the forces of the 
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non-linear spring elements, the outer diameter as well as the yield strength of the 
tubular beams in the seat back frame and the belt load limit force.  

The concept methodology consists of two steps. In Step 1, a number of 
optimizations were made with different biomechanical responses of the FE-
dummy model as objective functions. Each optimization also had a number of 
mechanical constraints. The biomechanical responses that were minimized were; 
chest deflection, chest displacement, restraint energy density and upper neck 
forces. The mechanical constraints were the displacement of the seat back frame 
in the x-direction and the non-linear spring elements that anchored the lower seat 
structure to the floor pan in the vertical z-direction. In Step 2, optimizations were 
made with the weighted total mass of the seat structure as objective function and 
with different start values of the design variables. The minimized biomechanical 
responses from Step 1 as well as the same mechanical constraints were used as 
constraints. Metamodelling techniques and the theory of Design of Experiments 
were used to carry out the optimization calculations.  

The four optimization runs in Step 2 each with different start values of the design 
variables generated, however close, but different results of the objective function 
as shown in Figure 17.

However, the majority of the optimized design variables differed significantly 
between the different optimization runs. This further underlines that the dynamics 
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of the system was highly non-linear and that a number of different local minima 
were found instead of one single global minimum.  

The presented methodology with a PBM may be used in a concept phase of a 
design process of a seat structure with integrated safety belts constrained to 
biomechanical responses of the occupant in frontal crashes. In order to find an 
optimal combination of mechanical properties and biomechanical responses of the 
occupant a compromise appears to be needed since the different responses 
contradict. Some issues concerning the FE-model suggest further improvement.  

13.5 Paper E
In Paper E, a study concerning the evaluation of a FE-model of a simplified seat 
structure with integrated safety belts to a number of full scale experiments in the 
form of sled tests is presented. The aim of the study in Paper E is to develop and 
evaluate a FE-model of a seat structure with integrated safety belts. The purpose 
is to establish a FE-model that can be used in simulations that considers 
biomechanical responses of the occupant as well as mechanical responses and 
material properties of the seat structure.  

The method including the experimental setups as well as the FE-modelling was 
described. Three experiments in the form of sled tests were performed with 
simplified seat structures with integrated 3-point safety belt configurations. A 50th

percentile Hybrid III crash test dummy was used as occupant. The seat back frame 
consisted of a simplified structure made of tubular steel beams with two vertical 
members and one horizontal member. The components of the lower seat were 
taken from a modern production seat and consisted of the complete lower seat 
frame including the anti submarine beam as well as the upholstery, springs and 
padding.

The dimensions and the yield strength properties of the seat back frame were 
varied among the experiments and in the same way in the corresponding 
simulations. The material characteristics were modelled with data from stress-
strain experiments. The stress-strain experiments were performed in quasi static 
loading conditions. However, in the dynamic experiments of the present study the 
strain rate had an influence of the characteristics of the material in the seat back 
frame. Thus, the material model was adjusted to account for the strain rate 
dependency.
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A number of responses were used to evaluate a corresponding FE-model with a 
50th percentile Hybrid III FE-dummy model used as occupant. The studied 
responses were; seat back frame displacement in the x-direction, belt forces in 
diagonal and pelvic parts, chest deflection, resultant accelerations in head, chest 
and pelvic, chest and pelvic displacements and upper neck loads.  

In summary, the results of the evaluations showed that the characteristics of the 
experimental responses during belt loading showed good agreement with the 
corresponding simulations except regarding chest deflections. Also, the responses 
of both experiments and simulations showed good agreement in time during belt 
loading. The experimental responses concerning belt forces and resultant 
accelerations showed good agreement or were slightly underestimated by the 
simulations. As an example, the belt forces of the diagonal belt are shown in 
Figure 18 and the resultant acceleration of the chest is shown in Figure 19.

The simulated responses regarding seat back frame displacements showed good 
agreement with two of the experiments but underestimated the third which can be 
seen in Figure 20.

Figure 18. Belt forces, diagonal belt, experimental responses (E), simulated responses (S).  

Figure 19. Chest resultant accelerations, experimental responses (E), simulated responses (S).  
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The experimental responses concerning upper neck loads were both over and 
underestimated by the simulations. As an example, the responses of the upper 
neck shear force are shown Figure 21.

The experimental responses concerning chest and pelvic displacements were 
underestimated by the simulations. The experimental responses regarding the 
rebound and belt unloading phase of resultant head accelerations and upper neck 
loads were not simulated well by the FE-model. The crash pulse as well as the 
integrated velocity and integrated displacement were quite equal among the 
different experiments and close to the predicted values. Hence, the experimental 
environment conditions as well as the repeatability concerning the crash pulse 
were good.

The evaluated FE-model may be used in simulations that consider both 
biomechanical and mechanical responses. The majority of the simulated responses 
showed good agreement with or slightly underestimated the experimental 
responses. Some inadequacies of the FE-model suggest areas for further 
development. The FE-model could be used as a base for further studies.  

Figure 20. Seat back frame displacements relative to floor pan, x-direction, experimental 
responses (E), simulated responses (S).  

Figure 21. Upper neck shear force, experimental responses (E), simulated responses (S).  
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14 Discussion and conclusions
The research question of this thesis is; How can automotive restraint systems be 
improved by considering the interaction between “classic” mechanics and 
biomechanics? The aim of the present thesis is to create a basis for future research 
in the design of seat structures with integrated safety belts.

The present study does indicate that there must be a certain combination between 
the geometric and constitutive properties of the material in the seat structure. With 
a common safety belt configuration with anchor points on the car body, 
practically all the kinetic energy of the occupant in a crash situation is dissipated 
by the belt and the load limit function. With an integrated configuration the 
kinetic energy may also be dissipated by the seat structure, the floor pan or by 
both if plastic deformation is allowed. The present study indicates that the 
combined use of different energy absorption mechanisms influence the 
biomechanical response as well as the structural response of an integrated safety 
belt configuration. With the adequate combination of mechanical parameters in 
the seat structure it should be possible to achieve an equal or a lower 
biomechanical effect on the occupant with a seat integrated safety belt compared 
to the common 3-point safety belt. However, the optimal solution with respect to 
multiple objectives requires an optimized combination of parameters. Beside the 
optimization of traditional biomechanical responses, the multiple objectives can 
be the minimization of weight or cost.  

The primary function of a safety belt restraint system in a crash situation is to 
apply forces on the occupant in order to reduce the initial velocity of the occupant 
to zero. The initial stage of the occupant-restraint coupling phase is critical. The 
coupling should be as early as possible to achieve good ride-down efficiency. The 
present study found that an important issue in order to achieve this is that belt-
webbing distribution between lap and torso belt parts is allowed. This distributes 
the loads of the pelvis and the upper body between the lap and torso belt parts.

The present studies indicate that it is possible to develop and evaluate FE-models 
with good agreement to experimental results. However, some issues suggest areas 
for further development and improvement.  

The present study may serve as a basis for future research. Possibly this study can 
be useful in designing seat structures with integrated safety belts.
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15 Additional comments
As described above, a major difference between the integrated 3-point and the 
integrated 4-point configurations used in the present study was the belt-webbing 
distribution. The integrated 3-point configurations allow belt-webbing to move 
through the slip-ring at the buckle point. This distributes the loads of the pelvis 
and the upper body between the lap and torso belt parts. This interaction evens out 
the belt loads and makes the occupant-restraint coupling and thus the ride-down 
efficiency better with the integrated 3-point compared to the integrated 4-point 
configurations studied. An integrated 4-point configuration that allows belt-
webbing distribution may perform better than the integrated 4-point 
configurations used in the simulations of the present study. One way to achieve 
belt-webbing distribution between the lap and torso belt parts would perhaps be to 
introduce slip-rings at the buckle point. However, this would also allow the 
buckle point to be moved relatively freely both sideways as well as up and down. 
This can lead to that the buckle and the belts will be positioned at an unfavourable 
position when the occupant put the belts on. Further, slip-rings at the buckle point 
might also lead to that the belts and the buckle moves when load is applied to the 
belt system by the occupant during a crash. Thus, the issue of introducing some 
sort of belt-webbing distribution to a 4-point configuration must be studied 
thoroughly.

The studies performed in Paper A, B and D used a simplified FE-model of the seat 
structure. The study in Paper E also used a simplified model of the seat structure 
but with the lower seat modelled according to the production seat used in the full 
scale experiments. Thus, the FE-models differed noticeably. Further, the 
parameters used were not the same concerning load limit force as well as 
dimensions and material states of the seat back frame. Also, the FE-dummy model 
used in Paper A, B and D was a simplified version compared to the one used in 
Paper E. However, it is still of interest to investigate how the results of the 
previous studies relate to the results in Paper E with the evaluated FE-model. A 
comparison of the configurations that were closest to each other concerning seat 
back frame characteristics and load limit of Paper A and B as well as Paper E was 
made. A number of max response values were compared. In brief, the comparison 
indicated in general that the response values differed considerably. Thus, the 
results in Paper A, B and D should only be used for comparison among 
themselves. The most significant difference between the FE-models appeared to 
by the characteristics of the lower seat. The FE-model in Paper A, B and D had a 
stiffer lower seat and that influenced a number of the studied responses.  
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16 Suggestions for future work  
In future studies, aiming to optimize seat structures with integrated safety belt 
configurations, the FE-model should include a steering wheel preferably with an 
air bag and also a dashboard with a knee bar. It is also reasonable to include belt 
pretension functions.

Only frontal crashes in zero degree conditions were concerned in Paper A and B 
as well as Paper D and E of the present study. However, as mentioned above, 
small overlap crashes and thus oblique conditions are common. Hence, simulation 
studies concerning oblique crash conditions with seat structures with integrated 
safety belts are of interest. These studies would preferably include an occupant 
with upper body characteristics such as the human FE-model studied in Paper C.  

Finally, a very important issue in the future work is of course thorough tests and 
experiments in order to evaluate the FE-models and to verify the results of the 
simulations.  
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ABSTRACT 
The aim of the present study is to investigate how the physical properties 
influence the interaction of the seat back frame and the safety belt. Seat integrated 
3- and 4-point configurations with both non-rigid and rigid seat back frames were 
compared with common 3-point configurations with anchor points on the car 
body. The LS-DYNA FE-analysis software was used in order to perform frontal 
crash simulations with a belted 50th percentile Hybrid III FE-dummy model as 
occupant. The belt-webbing distribution between the lap and the torso belts via a 
slip-ring and in combination with a non-rigid seat back frame increases the ride-
down efficiency compared to a system with no belt-webbing distribution. No 
tendencies of pelvis submarining were observed regardless of belt configuration. 
The dynamic response of the seat back frame has some influence on the ride-
down efficiency.

KEY WORDS 
3-point belts, 4-point belts, biomechanics, Hybrid III, FE-analysis  

INTRODUCTION
The most important safety device in cars is the 3-point safety belt. The common 
3-point safety belt usually has anchor points on the car body. Typically, the belt 
retractor and the slip-ring are mounted on the B-pillar. Other anchor points are 
either mounted on the floor or on the lower seat structure. However, it is also 
possible to mount the anchor points on the seat structure. Fully seat integrated 3-
point safety belts can already be found in production cars, typically in sport coupe 
and convertible models where the B-pillar has been excluded.  

One possible safety advantage with seat integrated safety belts appears in the case 
of so-called small overlap crashes, i.e. when 30% or less of the car front is 
involved in the crash. Studies in [1] indicate the small overlap crash as the most 

mailto:andgav@ltu.se
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common crash type resulting in belted occupant fatalities in frontal crashes in 
Sweden. One consequence of a small overlap crash can be that the colliding cars 
strike each other’s sides hitting both the A- and B-pillar. Hence, both the A- and 
B-pillar are pushed inwards and backwards. In this case, belt anchor points on the 
B-pillar may also be pushed backwards and the belt will be stretched over the 
occupant. This may possible be avoided with seat integrated safety belts. Thus, 
these conclusions are one incentive to further investigate and develop the concept 
of seat integrated safety belts.

In resent years a number of studies have been published concerning various 
configurations of both 3- and 4-point seat integrated safety belts, e.g. [2, 3, 4]. In 
general, the studies show that there are some advantages with seat integrated 
safety belts. However, these studies do not consider different deformation 
characteristics of the seat structure. Thus, further investigations of how a non-
rigid seat structure affects the performance of the seat belt system are required.  

The aim of the present study is to investigate how physical properties influence 
the interaction of the seat back frame and the safety belts. The purpose is to 
compare integrated 3- and 4-point safety belt configurations with anchor points on 
non-rigid seat structures with common 3-point configurations with anchor points 
on the car body.

METHOD
Finite element (FE) analysis was used in order to perform frontal crash 
simulations. The explicit LS-DYNA FE-analysis software (LS-DYNA) [5] was 
used in the simulations.  

Seat structure and sled
A generic finite element model (FE-model) including a seat structure and a sled 
(i.e. a floor pan and a B-pillar) was established (Figure 1). The lower seat frame 
and the sled were modelled as rigid material. The seat structure and the sled were 
modelled with shell elements. The lower seat frame was anchored to the floor pan 
with one rigid beam element in each corner. Each beam element had a length of 
100 mm. The dimensions of the lower seat frame were 350 mm long, 500 mm 
wide and positioned parallel to the floor pan.  
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The dimensions of the seat top were 450 mm long, 500 mm wide and with a 20° 
backward slope. The dimensions of the seat back rest were 700 mm high, 500 mm 
wide and with a 90° angle relative to the seat top. Both were 10 mm thick and 
modelled with under-integrated shell elements and an elastic material model ([5] 
MAT_001). The rest of the material parameters were; mass density ( ) = 785 
kg/m3, Young’s modulus (E) = 69 GPa and Poisson’s ratio ( ) = 0.3.

Seat back frame
The seat back frame (Figure 2) was modelled as both rigid and non-rigid.

Figure 1. FE-model of seat structure and sled. 

Figure 2. Seat back frame (highlighted). The outer 
diameter (Do) of the tubular beam elements was 28 mm. 
The wall thickness (t) was varied; t = 1, 2 and 3 mm.  
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The non-rigid seat back frame was modelled with tubular beam elements and with 
a piece-wise linear elastic-plastic material model ([5] MAT_003). The outer 
diameter (Do) of the tubular beam elements was 28 mm. The wall thickness (t) 
was varied; t = 1, 2 and 3 mm. The material was modelled as steel. The yield 
strength ( y) was also varied; y = 400, 600 and 800 MPa. The rest of the material 
parameters were kept constant and with typical values for steel;  = 7800 kg/m3, E 
= 210 GPa,  = 0.3 and Et = 300 MPa. The constitutive characteristics of the 
material are schematically described in Figure 3.  

By varying t, different levels of section modulus were achieved. Also, with 
different values of t, the mass of the seat back frame varies. Further, a round 
geometry has the same section modulus in all directions and therefore no 
consideration needs to be taken to the direction of the deformation. The 
simulations with rigid seat back frames used the same non-rigid seat back frame 
but in this case anchored to the floor pan with rigid elements.  

FE-dummy model
A 50th percentile Hybrid III (HIII) FE-dummy model available via the distributor 
of the LS-DYNA software1 was added to the FE-model and used as occupant 
(Figure 4). The Oasys Primer software [6] was used to position the FE-dummy 
model on to the seat. The static and dynamic friction coefficients between the seat 
and the FE-dummy model were 0.3 and 0.2, respectively.  

1 Engineering Research AB, ERAB, www.erab.se  

Figure 3. Schematically described constitutive 
characteristics, piece-wise linear elastic-plastic material. 

http://www.erab.se
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Belt configurations  
The safety belts in all configurations were modelled in combination with two 
types of elements. LS-DYNA includes special features to model seat belts, slip-
rings and retractors. These features were modelled and fitted around the FE-
dummy model using the Oasys Primer software [6]. The parts of the safety belt in 
contact with slip-rings and retractors were modelled with seat belt elements. Seat 
belt elements can slip through slip-rings and they can be spooled in and out of a 
retractor. The constitutive characteristics of the seat belt elements were 
approximated from the studies in [7]. The constitutive characteristics are 
described in Figure 5.

Figure 4. FE-model of seat structure and sled 
with 50th percentile HIII FE-dummy model. 

Figure 5. Constitutive characteristics of the seat belt elements. 
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The parts in contact with the FE-dummy model were modelled with fully 
integrated shell elements and a piece-wise linear elastic-plastic material ([5] 
MAT_003). The static and dynamic friction coefficients between the safety belt 
and the FE-dummy model were 0.3 and 0.2, respectively. The shell elements were 
each 25.4 mm long, 40 mm wide and 2 mm thick. The material parameters were; 
 = 1000 kg/m3, E = 5.333 GPa,  = 0.3, y = 80 MPa and Et = 2 GPa, and 

naturally equivalent to the parameters of the seat belt elements. The constitutive 
characteristics of the material model are schematically described in Figure 3. 

The anchor points of the torso belts were either positioned on the seat back frame 
or on the B-pillar. The studied configurations were; 

- 3pB; common 3-point configuration with anchor points on the car body.
- 3pI; 3-point integrated configuration with anchor points on the seat back 

frame.  
- 4pI; 4-point harness style integrated configuration with anchor points on 

the seat back frame.  

The anchor points of the torso belts were located above the shoulders of the FE-
dummy model. All configurations had two additional fixed anchor points 
positioned on each side of the lower seat frame. The 3-point configurations had a 
slip-ring at the buckle point.

The 3pB consisted of a retractor and a slip-ring, both positioned on the B-pillar 
(Figure 6). The retractor was positioned close to the floor pan and the slip-ring 
was positioned 850 mm above the retractor. The 3pI had the torso belt anchor 
point with a retractor positioned on the horizontal member of the seat back frame, 
75 mm from the nearest vertical member (Figure 7). The 4pI consisted of a lap 
belt and harness style torso belts with the so-called buckle point at the front of the 
FE-dummy model (Figure 8). The torso belt anchor points were positioned with 
retractors on the horizontal member of the seat back frame, 125 mm from each of 
the vertical members.  
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Figure 6. FE-model with a common 3-point safety belt. 

Figure 7. FE-model with integrated 3-point safety belt with the 
torso belt anchor point on the right side of the seat back frame. 



Paper A 

Anders Gavelin - Doctoral Thesis 
8

Belt load limit and pay-out
Safety belt load limit functions were modelled by substituting a seat belt element 
with a spring element ([5] MAT_S08) with tension only characteristics, i.e. no 
spring back. The mechanical characteristics were controlled with different load 
curves describing the desired belt load limit force and belt pay-out characteristics. 
The basic load curve characteristics were taken from [4] and the different load 
curves were then extrapolated (Figure 9).  

The loading phase of the belts included so-called film-spool effect and belt 
stretch. The max belt pay-out for the belt load limit functions was set to 200 mm. 

Figure 8. FE-model with integrated 4-point harness style safety belt. 

Figure 9. Characteristics of belt load limit force and belt pay-out 
curves. The 3pB and the 3pI used 4, 5 or 6 kN. The 4pI used 2, 2.5 or 
3 kN. A belt pay-out of 200 mm was allowed in all cases.  



Paper A 

Anders Gavelin - Doctoral Thesis 
9

According to [8], at least 200 mm of load limited torso belt must be provided for 
most small passenger vehicles to keep the occupant response at the proper force 
level. Thus, a 200 mm belt pay-out was allowed and considered to be a reasonable 
choice. Parametric combinations with no load limit functions were also included.  

Concerning the 3pB and the 3pI, a 4, 5 or a 6 kN load limit force was used. As for 
the 4pI, a 2, 2.5 or a 3 kN load limit force was used. Hence, the total load limit 
force was equal in each of the corresponding configurations.

Limitations  
The number of parameters was limited in order to simplify the models and to 
focus on the functions of the seat belt configurations without interference from 
other parts of the interior. Air bag, steering wheel, dashboard, pedals and 
windshield were omitted. Further, no belt pretension functions were simulated. 
There was no intrusion of frontal parts of the floor pan towards the FE-dummy 
model. Moreover, there was no vehicle pitch during the acceleration phase.  

Studied responses 
The performance of the different safety belt configurations were evaluated by 
studying the FE-dummy model biomechanical responses and kinematics such as: 

- Chest deflection.
- Change of pelvis angle.
- Relative chest displacement of the T1 vertebra, forward x-direction.  
- Relative pelvis displacement, forward x-direction.  
- Ride-down efficiency.

As stated by Nilson [9], any study concerning safety belt configurations must 
consider the risk of occupant submarining. Lap belt ride-up and submarining can 
occur with any safety belt configuration. During submarining the pelvis rotates 
counter-clockwise relative to the horizontal x-direction and thus increases the risk 
of lap belt ride-up. If the lap belt is allowed to ride-up over the iliac crests of the 
pelvis it may compress the abdomen. This was evaluated by studying the 
kinematics the FE-dummy model and measuring the change of pelvis angle, 
which was the angle between the lower seat frame and a part in the FE-dummy 
model equivalent to the lumbar spine. In order to get a comparable value from 
each of the configurations it was decided to study max change of pelvis angle at 
+50 ms after the acceleration phase stopped, i.e. at t0 +150 ms.  
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The restraint energy density and ride-down efficiency of the chest were calculated 
according to [10] by using the acceleration of the T1 vertebra. The total energy 
density of an occupant is defined as the sum of the ride-down energy density of 
the car and the restraint energy density of the occupant relative to the car. If the 
restraint system is infinitely stiff, the restraint energy density would be zero 
because the relative displacement between the car and the occupant is zero. In a 
case like that, all the occupant kinetic energy would go into the deformation of the 
car. Thus, a low restraint energy density implies high ride-down efficiency. 

The mechanical responses studied were: 

- Lap belt force.
- Torso belt force.
- Seat back frame deflection, forward x-direction.
- Dynamic response of the seat back frame.  

The torso belt forces were measured in the seat belt element connected to the 
uppermost shell element of the torso belts, i.e. just above the top of the shoulders 
of the FE-dummy model. The lap belt forces were measured in the seat belt 
elements connected to the outermost shell elements on each side of the lap belt. 
The seat back frame deflections were measured at each top end of the vertical 
members of the seat back frame. The deflections were measured in the forward x-
direction. The deflections in the other directions, i.e. the y- and z-directions, were 
relatively small and considered negligible.  

A number of additional simulations with only the sled and the seat structure were 
made in order to investigate how the dynamic responses of the seat back frame 
affected the results. A number of simulations with extra mass attached to the 
upper parts of the seat back frame were also made in order to further study the 
dynamic responses.  

Simulations
The same initial velocity (v0) of 15 m/s (54 km/h) and constant acceleration (a) of 
15 to 0 m/s in 100 ms (i.e. -150 m/s2) were used in all simulations. All coordinate 
directions refer to the standard convention in crashworthiness analyses, i.e. the 
positive directions are; x forward, y to the right and z downwards. All results were 
filtered according to SAE 60 Hz before they were analysed. The total simulation 
time (st) was 400 ms. The acceleration phase started at t0 = st = 50 ms and ended 
at te = st = 150 ms (Figure 10).  
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RESULTS
The results presented relate to the occupant-restraint coupling phase with st  200 
ms, i.e. max te +50 ms. The torso belt force values had in general reach zero at te
+50 ms. Thus, the occupant-restraint coupling phase was definitely over at st = 
200 ms when the rebound phase started (Figure 10).  

The results of the simulations are presented in bar graphs with a common layout. 
The group of four bars to the left is the simulation results of the 3pB with different 
belt load limit forces. Next to the right follows 10 groups of results with the 3pI 
and next followed by 10 groups of results with the 4pI. Each group represents 
results with a set of seat back frame parameters t and y. The seat back frame t 
and y increases from left to right in the diagrams. Regarding the 3pI and the 4pI, 
the group of bars to the far right of each integrated belt configuration represents 
results with rigid seat back frames.  

Chest deflection  
The max chest deflections of the 3pI were significantly lower compared to the 
corresponding values of the 3pB (Figure 11). Also, the max chest deflections were 
lower with the 3pI compared to the 4pI with the exception of the cases with rigid 
seat back frames and no load limit functions.  

Figure 10. Simulation time graphs including velocity and acceleration characteristics 
as well as description of the occupant-restraint coupling phase and the rebound phase.  
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Change of pelvis angle
Negative signs indicate a clockwise rotation and positive signs indicate a counter-
clockwise rotation of the pelvis around the y-axis (Figure 12).

The change of pelvis angle varied more between different load limit forces within 
the same parametric combinations of the 3pI than within the 4pI. The simulations 
indicated that the change of pelvis angle was generally greater with the 4pI 
compared to the 3pI (Figure 13). In almost all the simulations the pelvis rotated 
clockwise relative to the horizontal x-direction. The exceptions were a few cases 

Figure 11. Max chest deflections.  

Figure 12. Rotation of the pelvis around the y-axis. Negative signs indicate 
clockwise rotation and positive signs indicate counter-clockwise rotation.  
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of the 3pI with non-rigid seat back frames with relatively high values of t and y
or with rigid seat back frames and with 6 kN load limit forces as well as with no 
load limit functions. Also, with the 4pI and a rigid seat back frame and no load 
limit function, the pelvis rotated counter-clockwise.  

Body kinematics
Body kinematics is expressed by the max chest (T1) and pelvis displacement in 
the x-direction relative to the sled.

Figure 13. Change of pelvis angle (+50 ms after the acceleration phase stopped, i.e. at t0 +150 ms). 

Figure 14. Max relative chest (T1) displacement, x-direction.  
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Regarding all simulations the max chest (T1) displacements of the 4pI were  50 
mm larger compared to the corresponding values of the 3pI (Figure 14). In 
general, the max pelvis displacements were comparatively short concerning all 
configurations (Figure 15). The 4pI showed the shortest max pelvis displacement 
(  50 mm) compared to 3pI (  70 mm). Similar to the max lap belt forces below, 
the max pelvis displacements were practically not affected by the choice of either 
t or y or by the torso belt load limit value with the exception of 3pB where the 
choice of seat belt load limiter apparently affected the values.  

Figure 15. Max relative pelvis displacement, x-direction.  
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Lap and torso belt forces
The lap belt forces are the average values of the left and right side of the belt. The 
two torso belt forces of the 4pI are summed.  

The max lap belt forces in these simulations were not appreciably affected by the 
choice of either t or y or by the torso belt load limit values (Figure 16). Instead, 
max lap belt forces were mostly affected by belt configuration. The 3pB had the 
lowest values ( 4 kN), next the 3pI (  5 kN) and the highest values with the 4pI 
(  6.5 kN).

Figure 16. Max lap belt force (average values).  

Figure 17. Max torso belt force.  
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The max torso belt forces of the 3pB and both the 3pI and the 4pI with rigid seat 
back frames had comparable values (Figure 17). The max torso belt forces were 
increasing with increasing values of t and y and there was no apparent difference 
between the 3pI and the 4pI with equal values of t and y. It was also apparent that 
an increase of the values of t and y over t = 2 mm and y = 600 MPa did not have 
a major effect on max torso belt forces. Another observation regarding the load 
limit forces was that the optimum level was 5 kN (3pI) and 2.5 kN (4pI) 
respectively. The 4 kN (3pI) and the 2kN (4pI) showed a clear tendency to reach 
the utmost extent of belt pay-out in configurations with higher values of t and y
and thus higher values of the torso belt forces.

The different safety belt configurations were further compared by studying the 
occupant-restraint coupling phase. Typical normalised curves of the accelerations 
of pelvis and the T1 vertebra as well as seat belt forces in torso and lap belts are 
shown in Figure 18. The seat back frame parameters are t = 2 mm and y = 400 
MPa.

The body loading with the 4pI was divided into three phases. In the first phase the 
pelvis started to load the lap belt. This load was transferred to the torso belts via 
the buckle, i.e. the torso belt loads were wholly due to pelvis loading. In the 
second phase the chest started interacting with the torso belt and the rate of torso 
belt loading increased. However, the origin of the majority of the torso belt loads 
were from the pelvis loading which resulted in a relatively slow increase of the 
chest acceleration. In the third phase the pelvis had stopped, and the entire load in 
the torso belts was due to chest loadings which resulted in a large increase of the 
chest acceleration. In comparison, body loadings with the 3pI showed a different 

Figure 18. Comparison of the occupant-restraint coupling phase, 3pI (left) and 4pI (right).  
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behaviour. The lap belt loading did not have this effect on torso belt loading. The 
increase in both torso belt loading and chest acceleration was similar.  

Seat back frame deflection
By definition, there is no seat back deflection with 3pB and with rigid 3pI and 
rigid 4pI. Therefore, these configurations are not present in the bar graphs (Figure 
19).

Generally, the 3pI induces slightly larger seat back frame deformations than the 
4pI.

Figure 19. Max seat back frame deflections, average values.  
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Ride-down efficiency  
The ride-down efficiency is expressed by the restraint energy density of the T1 
vertebra in absolute values (Figure 20).

The simulations with no load limit show the lowest restraint energy density for all 
configurations. Another observation is that the 3pI shows lower restraint energy 
density compared to the corresponding 4pI. There was only one case where the 
3pI and 4pI showed almost equal restraint energy density. This was with rigid seat 
back frames and no load limit function.  

Figure 20. Max restraint energy density, T1 vertebra (absolute values).  
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Dynamic responses of the seat back frame
Typical deflections of the seat back frame only due to dynamic responses, i.e. 
without a belted occupant and thus no belt forces are shown in Figure 21.

In the case shown, the seat back frame had t = 2 mm and y = 400 MPa. One 
curve show the responses with 0.5 kg added mass on top of each vertical member 
of the seat back frame. During the acceleration phase the deflections were only in 
the positive direction. Added mass obviously increased the deflection and the 
period time. However, the displacements of seat back frames due to dynamical 
responses are significantly lower than due to torso belt forces (Figure 19). 

DISCUSSION 
The primary function of a safety belt restraint system in a frontal crash is to apply 
forces on the occupant in order to reduce the initial velocity of the occupant to 
zero. The philosophical framework behind the development of the safety belt is 
that the risk of these forces causing injuries to the occupant should be minimised. 
There are two ways of reducing safety belt forces, i.e. by altering the safety belt 
characteristics by force limiters or by increasing the ride down efficiency. When 
the ride down efficiency increases, the energy absorption in the safety belt 
decreases and minimises the safety belt forces. One important aspect of this is that 
the available space in a car is limited. Another important way to decrease the 
injury risk is to concentrate safety belt forces to body regions which better 
withstand these forces by changing the geometry of the safety belt.  

The initial stage of the occupant-restraint coupling phase is critical. The coupling 
should be as early as possible to achieve good ride-down efficiency. A number of 

Figure 21. Typical dynamical responses of the seat back frame. 
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differences between the 3pI and the 4pI were noted, i.e. when the torso belt forces 
were relatively low. In all belt configurations in the present study the lap part of 
the belt is loaded before the torso part. With a 3-point configuration this results in 
a belt-webbing distribution from the torso part to the lap portion via the slip-ring 
at the buckle. The belt forces in the lap part were higher with the 3pI compared to 
the 3pB which was due to a longer belt web length of the 3pB. The belt-webbing 
distributed to the lap part was more a result of extending the belt web of the 3pB 
while with the 3pI the torso part was instead more tightened. This resulted in an 
earlier chest loading with the 3pI leading to a better chest ride down efficiency 
compared to the 3pB, under the condition of relatively high values of t and y.
Regarding the 4pI, the lap belt and the torso belts interact via the buckle point. 
However, both the lap- and torso belt parts are constant relative to each other 
since there are no slip-rings at the buckle point. Hence, the belt forces are not 
distributed between the lap- and torso parts of the belts in the same manner as for 
the 3pI. In general, the lap belt forces of the 4pI were noticeably higher than the 
torso belt forces, which also were noted by Rouhana et al [4].

Another observation concerning the 4pI during the initial stage of the occupant-
restraint coupling was noted. The lap belt forces can be considered as force 
resultants and can in turn be divided into components in the x-, y- and z-directions 
(Figure 22).

Hence, the force component in the z-direction exerts loads on the torso belts and 
the seat back frame via the buckle point. Since the loads in the torso belts are 
relatively low at this point in time due to the relatively low loading of the upper 
body the torso belt forces decrease temporarily, i.e. the torso belts slacken. Later, 

Figure 22. Force components at the buckle point of the 4pI. 
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when the loading of the upper body increases the torso belt forces continue to 
increase again. The direct pelvis load in the torso part also results in a delayed 
chest load in the torso portion with the 4pI leading to lower chest ride down 
efficiency compared to the 3pI. This effect was not that obvious with a rigid seat 
back frame, the ride down efficiency and the chest deflection values of the 4pI 
were in these cases comparable to the 3pI. With a rigid seat back frame and a 5 
kN (3pI) and a 2.5 kN (4pI) load limiter, the chest deflection values were 54 % 
lower with the 4pI compared to the 3pB which is similar to the findings in [4].  

All mechanical systems have a natural frequency. One issue concerning the 
natural frequency of the seat structure is the occupant comfort [11]. For example, 
the seat structure should not magnify road vibration. In the case of seat integrated 
safety belts, another issue must also be considered. A force exerted on the 
mechanical system can cause it to oscillate. In the simulations of the present study 
forces were exerted on the seat back frame due to the acceleration of the sled. 
Hence, the seat back frame started to oscillate forward and backward. Regarding 
the seat integrated configurations it appeared that the oscillations affected the 
characteristics of the occupant-restraint coupling. With the torso belts mounted to 
the seat back frame the consequence was that the oscillations made the torso belts 
alternately slacken and tauten. This is an unfavourable consequence since slack 
safety belts generally have a negative effect on the ride-down efficiency. This was 
especially noticeable concerning the loads in the torso belts during the critical 
early part of the occupant-restraint coupling phase. Also, the effects were 
obviously more noticeable when the forces in the torso belts were relatively low. 
This behaviour was of course observed in the simulations with both of the 
integrated configurations. Added mass increased the amplitude of the oscillations 
of the seat back frame. Thus, added mass also increases the slack in the torso 
belts.

Chest deflection values were comparably much lower with the 3pI than the 3pB. 
This was due to differences in both ride down efficiency and belt geometry. The 
torso part of the belt is stretched closer to the chest deflection measuring point of 
the FE-dummy model with the 3pB. In comparison, the torso part of the belt of 
the 3pI had a higher chest alignment which resulted in loadings above the chest 
deflection measuring point. This study also showed that the chest deflection 
differed between cases with rigid and non-rigid seat back frames and the values 
were generally lower with the rigid seat back frames.  
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The max relative chest (T1) displacements were approximately equal or lower 
concerning the 3pI compared to the 3pB. Regarding the 4pI the max relative chest 
(T1) displacements were more or less equal or lower compared to the 3pB. The 
deflections of the seat back frame were naturally higher with a seat back frame 
with low values compared to high values of t and y concerning both of the 
integrated configurations. This naturally affected the chest (T1) displacements.  

A backward rotation of the pelvis may result from submarining. In almost all the 
simulations in the present study the pelvis did actually rotate forward. Also, no lap 
belt ride-up and no submarining were observed in any of the simulations 
regardless of belt configuration or the values of t and y of the seat back frame. 
Concerning the 4pI, Rodewald et al [12] concluded that a lap belt angle of 60° 
was considered as the most effective one. The lower seat structure should prevent 
the forward movement and sinking and thus the submarining of the pelvis. 
Regarding the 3pI, Nilson [9] concluded that the occupant must be supported by a 
firm seat structure early on in the crash event. Also, Nilson [9] found that a firm 
structure decreases the risk of submarining significantly. Further, Nilson [9] stated 
that according to the Economic Commission for Europe (ECE) regulations the 
requirements for seat-anchored lap belts must be 60° ± 10° in order to avoid lap 
belt ride-up. Concerning the 3pB, both Hontschik et al and Svensson [13, 14] also 
concluded that the seat design was an important part in the safety belt restraint 
system. A hard seat considerably reduced the risk of submarining. An energy 
absorbing cushion further improved the restraining of the pelvis. In addition, all of 
the studies above concluded that an automatic crash activated lap belt tightening 
or pretension device would reduce belt slack and thus further reduce the risk of 
submarining. In [4] it was summarised that previous researchers identified the 
most noticeable deficiency of 4-point belts to be their tendency to allow and 
sometimes even cause submarining. However, Rouhana et al [4] did not observe 
submarining in any of their tests with harness style 4-point belts and dummies 
except when a force load limiting device failed. In this case a HIII 5th percentile 
female dummy and a HIII 6-year-old dummy with a booster seat did submarine. 
Further, no submarining was observed in any of their tests with post-mortem 
human subjects, not even in one test with a harness style 4-point belt when the 
belt pretensioners did not fire. In their study Rouhana et al [4] used modern belt 
hardware such as lap belt pretensioners and torso belt load limiters. Their 
conclusion is that the submarining risk has been greatly reduced by the 
implementation of modern belt hardware. In a study using FE-simulations Song et 
al [7] found that an insufficient seat cushion could not resist the downward motion 
and the rear rotation of the pelvis. This in turn caused both lap belt ride-up and 
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submarining. In the models in the present study the angle between the horizontal 
x-direction and the lap belt was between approximately 51° and 62. Thus, the lap 
belt angle was in the most advantageous interval as concluded above. The seat top 
had a 20° incline with a firm material. Hence, also favourable characteristics in 
order to avoid submarining as stated above.

Additional comments  
The present study has focused on the properties of the safety belts and the seat 
structure. Thus, the results should only be related to each other and may not be 
used to draw general conclusions concerning seat integrated safety belt 
configurations.

Future Work 
This paper cover studies associated with the pelvis, the torso as well as with the 
seat structure. A subsequent paper will cover studies of upper neck loads and head 
kinematics.  
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CONCLUSIONS 
The present study showed the following: 

- Concerning chest deflection and ride-down efficiency the 3pI showed 
lower responses in general compared to the 4pI in combination with a non-
rigid seat structure.

- Chest deflection values from tests or simulations with rigid seat back 
frames deviate significantly compared to values from tests or simulations 
with non-rigid seat back frames.  

- No tendencies of pelvis submarining were observed. The risk of 
submarining appears to be more dependent on the characteristics of the 
seat, the seat structure and the magnitude of the chest displacement than 
on the configuration of the safety belt systems.  

- The belt loads differ between a non-rigid and a rigid seat back frame. 
Moreover, since the torso belt forces with rigid seat back frames do not 
decrease temporarily, this occurrence does not show in tests or simulations 
where the seat back frame is rigid.  

- The 3pI allows belt-webbing to move through the slip-ring at the buckle 
point. This distributes the loads of the pelvis and the upper body between 
the lap and torso belt parts. This interaction evens out the belt loads and 
makes the occupant-restraint coupling better with the 3pI than with the 
4pI.

- Concerning both of the integrated configurations, the lap belts and the 
torso belts interact via the buckle point. A consequence of this was that 
during the initial stages of occupant-restraint coupling, the forces in the 
torso belts decrease temporarily. That is, the torso belts slacken. This was 
more noticeable with the 4pI compared to the 3pI. This is an unfavourable 
consequence since safety belts that slacken have a negative effect on the 
chest ride-down efficiency.  

- The ride-down efficiency of the 3pI with an adequate belt load limit level 
and seat back frame is better than the corresponding 3pB.

- The dynamic response of the seat back frame affected the characteristics 
of the occupant-restraint coupling of the integrated configurations. The 
oscillations of the seat back made the torso belts alternately slacken and 
tauten. An unfavourable natural frequency of the seat back frame had a 
negative effect on the ride-down efficiency.
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ABSTRACT 
Mitigation of neck and head injuries is critical in automotive occupant protection. 
The aim of the present study is to investigate how the physical properties 
influence the interaction of the seat back frame and the safety belt. Seat integrated 
3- and 4-point configurations with both non-rigid and rigid seat back frames were 
compared with 3-point configurations with anchor points on the car body. The 
LS-DYNA FE-analysis software was used in order to perform frontal crash 
simulations with a belted 50th percentile Hybrid III dummy model as occupant. 
The belt-webbing distribution between the lap and the torso belts via a slip-ring 
and in combination with a non-rigid seat back frame had an advantageous 
influence concerning the loads of the upper neck and injury criteria compared to a 
system with no belt-webbing distribution.  

KEY WORDS 
3-point belts, 4-point belts, biomechanics, Hybrid III, FE-analysis, injury criteria  

INTRODUCTION
In recent years, interest has increased in fully seat integrated safety belts, i.e. with 
all anchor points on the seat structure. A number of studies have been published 
concerning various configurations of both 3- and 4-point seat integrated safety 
belts, e.g. [1, 2, 3]. In general, the studies show that there are some advantages 
with seat integrated safety belts.

Finite element analysis was used to investigate and compare seat integrated 3- and 
4-point safety belt configurations with common 3-point configurations with 
anchor points on the car body. A Hybrid III FE-dummy model was used. A study 
concerning the performance of these systems has been published [4] where pelvis 
and torso responses as well as belt forces and ride-down efficiency were 
evaluated. However, neck loads and head kinematics were not evaluated. The 

mailto:andgav@ltu.se
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present study continues the previous work made by the authors in [4] and is based 
on the same method and models.  

Mitigation of neck and head injuries is critical in automotive occupant protection. 
Typical injuries to the neck are dislocations or fractures of vertebras, damage of 
the facets joints, deformations of discs, damage to muscles or ligaments and nerve 
injury in the spinal cord [5].  

There are many studies concerning whiplash injuries in rear-end collisions. 
However, the number of studies concerning neck injuries in frontal crashes, in 
comparison, is much smaller. As summarised in [6], the research concerning 
epidemiology and protection of AIS1 neck injuries has focused on rear-end 
collisions because the risk of sustaining an AIS1 neck injury is higher in a rear-
end than in a frontal collision. However, a great deal of AIS1 neck injuries occur 
in frontal collisions and they can be associated with the safety belt use [6]. It can 
be hypothesised that the interaction between the body of the occupant and the 
safety belt may transfer injurious loads to the neck [6].

The present study investigates how physical properties influence the interaction of 
the seat back frame and the safety belts. The purpose is to compare integrated 3- 
and 4-point safety belt configurations with anchor points on non-rigid seat 
structures with common 3-point configurations with anchor points on the car 
body.

METHOD
Finite element (FE) analysis was used in order to perform frontal crash 
simulations. The explicit LS-DYNA FE-analysis software (LS-DYNA) [7] was 
used in the simulations. The method and models are thoroughly described in [4] 
and will only be described briefly here. For further information, e.g. material 
models, material parameters and constitutive characteristics, see [4].  

Models and parameters
A generic finite element model (FE-model) including a seat structure and a sled 
(i.e. a floor pan and a B-pillar) was established (Figure 1). The lower seat frame 
and the sled were modelled as rigid material. The seat top and the seat back rest 
were modelled with an elastic material model. The seat back frame (Figure 1) was 
modelled as both rigid and non-rigid [4].
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The non-rigid seat back frame was modelled with tubular beam elements and with 
a piece-wise linear elastic-plastic material model. The outer diameter (Do) of the 
tubular beam elements was 28 mm. The wall thickness (t) was varied; t = 1, 2 and 
3 mm. The material was modelled as steel. The yield strength ( y) was varied; y
= 400, 600 and 800 MPa. The rest of the material parameters were kept constant 
and with typical values for steel [4]. By varying t, different levels of section 
modulus were achieved. Also, with different values of t, the mass of the seat back 
frame varies. Further, a round geometry has the same section modulus in all 
directions and therefore no consideration needs to be taken to the direction of the 
deformation. The simulations with rigid seat back frames used the same non-rigid 
seat back frame but in this case anchored to the floor pan with rigid elements [4].  

A 50th percentile Hybrid III (HIII) FE-dummy model available via the distributor 
of the LS-DYNA software1 was added to the FE-model and used as occupant. The 
Oasys Primer software [8] was used to position the FE-dummy model on to the 
seat.

The safety belts in all configurations were modelled in combination with two 
types of elements. LS-DYNA includes special features to model seat belts, slip-
rings and retractors [4]. These features were modelled and fitted around the FE-
dummy model using the Oasys Primer software [8].  

1 Engineering Research AB, ERAB, www.erab.se  

Figure 1. FE-model of seat structure and sled, seat back frame (highlighted). The outer 
diameter (Do) of the tubular beam elements was 28 mm. The wall thickness (t) was varied; 
t = 1, 2 and 3 mm. The yield strength ( y) was varied; y = 400, 600 and 800 MPa.  

http://www.erab.se
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The anchor points of the torso belts were either positioned on the seat back frame 
or on the B-pillar. The studied configurations were:

- 3pB: common 3-point configuration with anchor points on the car body.
- 3pI: 3-point integrated configuration with anchor points on the seat back 

frame.  
- 4pI: 4-point harness style integrated configuration with anchor points on 

the seat back frame. 

The anchor points of the torso belts were located above the shoulders of the FE-
dummy model. All configurations had two additional fixed anchor points 
positioned on each side of the lower seat frame. Both of the 3-point configurations 
had a slip-ring at the buckle point.

The 3pB consisted of a retractor and a slip-ring, both positioned on the B-pillar 
(Figure 2). The 3pI had the torso belt anchor point with a retractor positioned on 
the horizontal member of the seat back frame (Figure 3). The 4pI consisted of a 
lap belt and harness style torso belts with the buckle point at the front of the FE-
dummy model (Figure 4).  

Figure 2. FE-model with a common 3-point safety belt. 



Paper B 

Anders Gavelin - Doctoral Thesis 
5

Safety belt load limit functions were modelled by substituting a seat belt element 
with a spring element with tension only characteristics, i.e. no spring back [4]. 
The mechanical characteristics were controlled with different load curves 
describing the desired belt load limit force and belt pay-out characteristics [4]. 
The basic load curve characteristics were taken from [3] and the different load 
curves were then extrapolated (Figure 5).  

Figure 3. FE-model with integrated 3-point safety belt with the 
torso belt anchor point on the right side of the seat back frame. 

Figure 4. FE-model with integrated 4-point harness style safety belt. 
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The loading phase of the belts included film-spool effect in the retractor and web 
belt stretch. The max belt pay-out for the belt load limit functions was set to 200 
mm. Parametric combinations with no load limit functions were also included. 
Concerning the 3pB and the 3pI, a 4, 5 or a 6 kN load limit force was used. As for 
the 4pI, a 2, 2.5 or a 3 kN load limit force was used. Hence, the total load limit 
forces were equal in each of the corresponding configurations.

Studied responses
The different safety belt configurations were evaluated by studying the FE-
dummy model biomechanical responses and kinematics such as:  

- Relative chest displacement of the T1 vertebra, forward (x) direction.  
- Relative head displacement, forward (x) and downward (z) direction.   
- Upper neck forces; shear, compression and tension.  
- Upper neck moments; extension and flexion.
- Neck injury criteria NIC, max value (NICmax).
- Neck injury criteria NIC, protraction value (NICprotraction).
- Neck injury criteria Nij, max value (Nijmax).

The relative chest displacements were measured in the forward (x) direction 
between the floor pan and node equivalent to the T1 vertebra of the FE-dummy 
model. The relative head displacements were measured in both the forward (x) 
and downward (z) directions between the floor pan and the centre of gravity of the 
head of the FE-dummy model. The displacement in the other directions was 
relatively small and considered negligible.  

Figure 5. Characteristics of belt load limit force and belt pay-out 
curves. The 3pB and the 3pI used 4, 5 or 6 kN. The 4pI used 2, 2.5 
or 3 kN. A belt pay-out of 200 mm was allowed in all cases.  
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The shear forces are perpendicular to the neck column, the tension force is 
stretching the neck, the compression force exerts compression of the neck, the 
flexion moment occurs when bending the neck forward and the extension moment 
occurs when bending the neck backwards. The neck forces and moments were 
measured at a spherical joint in the FE-dummy model. The position of the 
spherical joint is equivalent to the base of the skull, i.e. where the skull is 
connected to the cervical vertebra C1 of the spine.  

The risk of sustaining neck injuries has been evaluated by using two different 
neck injury criteria, the NIC and the Nij. The NICprotraction in [6] is proposed to 
estimated AIS1 neck injuries based on the hypothesis that the injury occurs in the 
initial phase of the occupant-restraint coupling when the head performs pure 
translational forward motion resulting in an S-shape of the cervical spine, i.e. a 
protraction. In the later phase when the neck performs a hyper flexion motion the 
neck flexion moment is a more appropriate injury criterion to monitor. The 
NICmax and the NICprotraction were both calculated according to the formulas in [6]. 
Both are based on the relative velocity and relative acceleration between the T1 
vertebra and the centre of gravity of the head. The NICprotraction value is derived 
from the generic NIC (NICgeneric) formula and equivalent to the absolute value of 
the min NICgeneric value. The formulas are repeated below for convenience;

NICmax = maximumfirst 150ms (arel * 0.2 + (vrel)2)

NICgeneric = arel * 0.2 + vrel * | vrel |

NICprotraction = | minimum NICgeneric |

The arel and vrel values are the relative T1 to head centre of gravity x-acceleration 
and x-velocity respectively.

The Nij takes into account the combined load of upper neck moments and upper 
neck axial forces and estimates the risk of sustaining AIS3+ neck injuries. The Nij 
was calculated according to the formula and with the so-called critical intercept 
values for a 50th percentile HIII dummy in [9]. The formula is repeated below for 
convenience;

Nij = (Fz / Fint) + (My / Mint)

where Fz is the axial load and My is the flexion/tension bending moment 
computed at the occipital condyles. Fint and Mint are critical intercept values used 
for normalization and specified for each type and size of dummy. The values for 
the 50th percentile HIII dummy used in this study are; Fint = 4500 N (tension and 
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compression), Mint = 310 Nm (flexion) and 125 Nm (extension). The calculations 
were performed using a built-in function in the Oasys T/HIS software [10].  

Simulations
The same initial velocity (v0) of 15 m/s (54 km/h) and constant acceleration (a) of 
15 to 0 m/s in 100 ms (i.e. -150 m/s2) were used in all simulations. All coordinate 
directions refer to the standard convention in crashworthiness analyses, i.e. the 
positive directions are: x forward, y to the right and z downwards. All results were 
filtered according to SAE 60 Hz before they were analysed. The total simulation 
time (st) was 400 ms. The acceleration phase started at t0 = st = 50 ms and ended 
at te = st = 150 ms (Figure 6).  

Limitations  
The number of parameters was limited in order to simplify the models and to 
focus the interpretations of the results to the functions of the safety belt 
configurations without interference from other parts of the interior. Air bag, 
steering wheel, dashboard, pedals and windshield were omitted. Further, no belt 
pretension functions were simulated. There was no intrusion of frontal parts of the 
floor pan towards the FE-dummy model. Moreover, there was no vehicle pitch 
during the acceleration phase.  

Figure 6. Simulation time graphs including velocity and acceleration 
characteristics as well as description of the occupant-restraint coupling 
phase and the rebound phase.  
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RESULTS
The results presented relate to the occupant-restraint coupling phase with st  200 
ms, i.e. max te +50 ms. In general, high levels of the upper neck forces and 
moments were reached between t0 and approximately te +150 ms. However, by 
studying the torso belt forces it was noted that they started to decrease 
approximately when the sled had stopped and the acceleration phase was over, i.e. 
at te. The torso belt force values had in general reached zero at te +50 ms. Thus, 
the occupant-restraint coupling phase was definitely over at st = 200 ms when the 
rebound phase started (Figure 6). Occupant rebound was not considered in the 
present study.

The results of the simulations are presented in bar graphs with a common layout. 
The group of four bars to the left is the simulation results of the 3pB with different 
belt load limit forces. Next to the right follows 10 groups of results with the 3pI 
and next followed by 10 groups of results with the 4pI. Each group represents 
results with a set of seat back frame parameters t and y. The seat back frame t 
and y increases from left to right in the diagrams. Regarding the 3pI and the 4pI, 
the group of bars to the far right of each integrated belt configuration represents 
results with rigid seat back frames.  
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Chest displacements
As expected, the chest (T1) displacements in the x-direction with non-rigid seat 
back frames were larger with lower values compared to higher values of t and y.
Configurations with rigid seat back frames showed the lowest displacements for 
both the 3pI and the 4pI respectively (Figure 7).

The displacements with no load limit function were lower compared to the 
corresponding parametric combinations with any load limit force. This was a 
logical consequence since no belt pay-out exists in these cases. Concerning all 
simulations, the chest displacements of the 4pI were larger compared to those of 
the corresponding 3pI. With any load limit function, all the 3pI and the 4pI with t 

 2 mm showed approximately equal or lower displacements than those of the 
corresponding 3pB.

Figure 7. Max relative chest (T1) displacement, x-direction.  
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Head displacements  
As with the chest displacements, the head displacements in general with non-rigid 
seat back frames were larger with lower values compared to higher values of t and 

y in both the x- and the z-direction (Figure 8 and Figure 9).

Configurations with rigid seat back frames showed the lowest displacements 
concerning both of the integrated configurations respectively. The displacements 
with no load limit function were lower compared to corresponding parametric 
combinations with any load limit force in both the x- and the z-direction. As 
above, this was an expected result since no belt pay-out exists. Concerning all 

Figure 8. Max relative head displacement (centre of gravity), x-direction.  

Figure 9. Max relative head displacement (centre of gravity), z-direction.  



Paper B 

Anders Gavelin - Doctoral Thesis 
12

simulations, the head displacements of the 4pI were larger compared to the 
corresponding 3pI in both the x- and the z-directions. With any load limit force, 
the 3pI and the 4pI showed approximately equal or lower displacements in the x-
direction compared to the 3pB except with non-rigid seat back frames with the 
lowest values of t and y respectively. In the z-direction, the 3pI with t  2 mm 
and the 4pI, with a rigid seat back frame showed approximately equal or lower 
displacements compared to the 3pB.  

Upper neck loads
Typical response curves of upper neck forces and moments from three different 
configurations are shown in Figure 10, Figure 11 and Figure 12 respectively.

Figure 10. Typical response curves, upper neck shear forces. 

Figure 11. Typical response curves, upper neck compression 
and tension forces. 
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The max shear forces were reached between t0 +90 and +110 ms, i.e. 
approximately when the acceleration phase had stopped. The max extension 
moments and the max compression forces appear close in time, between t0 +40 
and +70 ms. The max tension forces and the max flexion moments also appear 
close in time, between t0 +110 and +130 ms.  

The max upper neck shear force values (Figure 13) varied between approximately 
1500 and 2300 N except for a few noticeably higher values of the 3pI. With the 
exception of values higher than 2500 N, the average values were: 1709 N (3pB), 
1740 N (3pI) and 1934 N (4pI). However, with all values included the average 
value of the 3pI was 1958 N.

The max upper neck compression force values (Figure 14) varied between 
approximately 600 and 930 N. In general the 3pI showed slightly lower values 

Figure 12. Typical response curves, upper neck extension and flexion moments. 

Figure 13. Max upper neck shear forces (absolute values).  
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compared to those of the corresponding 4pI except with a rigid seat back frame. 
The 4pI with a rigid seat back frame and with any load limit force showed the 
lowest values overall followed by the corresponding 3pB. The average values 
were 629 N (3pB), 732 N (3pI) and 785 N (4pI).

The max upper neck tension force values (Figure 15) varied between 
approximately 950 and 1500 N except for a few noticeably higher values of the 
3pI and a lower value of the 3pI with a rigid seat back frame and no load limit 
function. With the exception of values higher than 1500 N, the average values 
were; 1082 N (3pB), 1164 N (3pI) and 1261 N (4pI). However, with all values 
included the average values were 1267 N (3pI) and 1274 N (4pI).

Figure 14. Max upper neck compression forces.  

Figure 15. Max upper neck tension forces (absolute values).  
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The max upper neck extension moment values (Figure 16) were higher for the 4pI 
compared to the 3pI and the 3pB. The values of the 3pI varied between 
approximately 17 and 35 Nm and the values of the 4pI between approximately 28 
and 47 Nm. The 3pI with t  2 mm as well as with a rigid seat back frame showed 
the lowest and also approximately equal values followed by the 3pB.  

The max upper neck flexion moment values (Figure 17) were generally lower for 
the 3pI compared to the 4pI. All configurations showed a few deviating higher 
values. With the exception of values higher than 60 Nm, the average values were; 
42.0 Nm (3pB), 38.7 Nm (3pI) and 51.6 Nm (4pI). However, with all values 
included the average values were 58.2 Nm (3pB), 39.4 Nm (3pI) and 59.3 Nm 
(4pI).

Figure 16. Max upper neck extension moments (absolute values).  

Figure 17. Max upper neck flexion moments.  
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The different safety belt configurations were further compared by studying the 
upper neck moments and the torso belt force. Typical normalised curves of upper 
neck moments (absolute values) and torso belt forces of a 3pI and a 4pI are shown 
in Figure 18. The seat back frame parameters are t = 2 mm and y = 400 MPa and 
the load limit forces are 5 kN and 2.5 kN respectively.  

It can be seen that belt force of the 4pI increased relatively fast after a short 
increase at the initial phase of the occupant-restraint coupling at approximately t0
+50 ms. This led to a rapid velocity change of the head and thus to a high 
extension moment compared to the 3pI. Further, at the end of the occupant-
restraint coupling phase between approximately t0 +100 and +130 ms the 4pI 
generated higher flexion moments compared to those of the 3pI. This was due to 
the larger amount of kinetic energy that the occupant of the 4pI still has at the 
later phase because of the reduced ride-down efficiency at the initial phase.  

Figure 18. Comparison of upper neck moments (absolute values) and 
torso belt forces. 3pI and 4pI with t = 2 mm, y = 400 MPa and 5 kN 
and 2.5 kN load limit forces respectively.  
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Neck injury criteria  
Typical response curves of the studied different neck injury criteria from three 
different configurations are shown in Figure 19, Figure 20 and Figure 21.

Figure 19. Typical response curves, NIC. NICmax is the max NIC 
value during the first 150 ms after the acceleration phase started, 
i.e. during t0 +150 ms.  

Figure 20. Typical response curves, NICgeneric. The NICprotraction
value is equivalent to the absolute value of the min NICgeneric value.  
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The NICmax is the max NIC value during the first 150 ms after the acceleration 
phase started, i.e. during t0 +150 ms. The NICprotraction value is equivalent to the 
absolute value of the min NICgeneric value during the studied time interval. The 
Nijmax is the max Nij value during the studied time interval. As can be seen, the 
Nij curves have two peaks. The first occurs at the initial phase of the occupant-
restraint coupling and the second occurs when the occupant-restraint coupling 
phase is about to end. The Nijmax value could occur at either one of the two peaks.

The NICmax values (Figure 22) varied between approximately 28 and 67 m2/s2. In 
general, the 3pB and the 3pI showed lower values compared to those of the 
corresponding 4pI with a few exceptions. The average values were; 35 m2/s2

(3pB), 43 m2/s2 (3pI) and 51 m2/s2 (4pI).

Figure 21. Typical response curves, Nij. The Nijmax value could 
occur at either one of the two peaks.  

Figure 22. NICmax values.  
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The NICprotraction values (Figure 23) varied between approximately 26 and 49 
m2/s2. In general the 3pB and the 3pI showed slightly lower values compared to 
those of the corresponding 4pI with a few exceptions with noticeably higher 
values. The average values were; 32 m2/s2 (3pB), 36 m2/s2 (3pI) and 38 m2/s2

(4pI).

The Nijmax values (Figure 24) varied between approximately 0.29 and 0.62. In 
general, the 3pB and the 3pI showed lower values compared to those of the 
corresponding 4pI with a few exceptions. The average values were; 0.40 (3pB), 
0.38 (3pI) and 0.49 (4pI).

Figure 23. NICprotraction values.  

Figure 24. Nijmax values.  
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DISCUSSION  
The same method and models were used in the previous studies in [4] as in the 
present study and indicated a major difference between the 3pI and the 4pI used in 
these simulations. The origin of these differences is the fact that the 3pI allows 
belt-webbing to move through the slip-ring at the buckle point. This distributes 
the loads of the pelvis and the upper body between the lap and torso belt parts. 
This interaction evens out the belt loads and makes the occupant-restraint 
coupling and thus the ride-down efficiency better with the 3pI compared to the 
4pI. With non-rigid seat structures, this leads to larger chest (T1) displacements 
with the 4pI compared to the 3pI. The head displacements in both the x- and the z-
directions follow the same pattern. Concerning the 3pI and the 4pI, the relation 
between the x- and the z-displacements were proportional. The 3pB on the other 
hand showed relatively larger displacements in the x-direction and smaller in the 
z-directions. These differences between the 3pB and the 3pI are due to slightly 
different belt paths across the torso and this leads to different types of bending of 
the cervical spine. The belt paths across the torso of the 3pI were closer to the 
lower neck compared to the 3pB. Thus, this resulted in different kinematics of the 
head.

A comparison of how the different seat back frame characteristics and load limit 
forces of each of the integrated safety belt configurations influenced the studied 
responses demonstrates in general that the 4pI were less influenced compared to 
the 3pI. Regarding the 4pI, only the upper neck flexion moment and the Nijmax
indicated a number of higher values with non-rigid seat back frames with higher 
values of t and y or rigid seat back frames and with high load limit forces as well 
as with no load limit functions. Concerning the 3pI, only the upper neck 
compression force and flexion moment indicated relatively equal values 
regardless of seat back frame characteristics and load limit force. All of the other 
studied responses of the 3pI appeared to be influenced by non-rigid seat back 
frames with higher values of t and y or rigid seat back frames, in both cases with 
high load limit forces as well as with no load limit functions. These results are 
further discussed below.

Concerning the upper neck shear forces in general, it was noted that the values 
with the 4pI were on average 11-12% higher compared to the 3pB and the 3pI, 
with the exception of values higher than 2500 N for the 3pI. The difference could 
most likely be explained by the difference in ride-down efficiency. However, with 
relatively high values of t and y and with high load limit forces as well as no load 
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limit functions the shear forces with the 3pI showed high values. This was found 
to depend on a combination of the torso belt path and in the cases with non-rigid 
seat back frames also on the dynamic response of the seat back frame. With the 
higher values included the shear forces were close to equal between the 3pI and 
the 4pI. Hence, the 3pI appeared to be more sensitive to the seat back frame 
characteristics and load limit forces compared to the 4pI concerning shear forces.

Regarding the upper neck compression forces, the tendency was that the 3pI 
showed slightly lower values compared to those of the corresponding 4pI except 
with rigid seat back frames. However, the force levels concerning each 
configuration were relatively equal except for the lower values with the 4pI with a 
rigid seat back frame and with any load limit function as well as with the 
corresponding 3pB. Thus, the different belt configurations in combination with 
non-rigid seat back frames appear to have relatively small influence on the 
compression forces in this case.  

Concerning the upper neck tension forces, the 3pB, and the 4pI with a rigid seat 
back frame as well as a number of 3pI showed equally low values. This was most 
likely due to the better ride-down efficiency in these cases. Except for some 
higher values with relatively high values of t and y and with high load limit 
forces the 3pI showed, in general, slightly lower values compared to those of the 
corresponding 4pI. However, with the higher values included the average values 
were close to equal between the 3pI and the 4pI. The high values of some of the 
3pI could probably be explained in the same manner as the shear forces, i.e. the 
torso belt path and the dynamic response of the non-rigid seat back frames with 
relatively high values of t and y.

The upper neck extension moments of the 4pI were on average 26-32% higher 
compared to the 3pB and the 3pI. As mentioned above, the origin of these 
differences is the fact that the belt-webbing is allowed to move through the slip-
ring at the buckle point of the 3pI and this makes the occupant-restraint coupling 
and thus the ride-down efficiency better with the 3pI compared to the 4pI.  

The upper neck flexion moments were generally lower for the 3pI compared to 
the 4pI, but all configurations showed a few deviating higher values. With the 
exception of values higher than 60 Nm the upper neck flexion moments of the 4pI 
were on average 19-25% higher compared to the 3pB and the 3pI. However, with 
the higher values included the average values were close to equal between the 
3pB and the 4pI and the 3pI were approximately 34% lower. As mentioned above, 
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regarding the 4pI this is due to the larger amount of kinetic energy that the 
occupant of the 4pI still has at the end of the occupant-restraint coupling phase 
because of the poorer ride-down efficiency at the initial phase. As for the 3pB, the 
high values were reached with a 4 kN load limit force and without a load limit 
function. In the first case (4 kN) the utmost extent of belt pay-out was reached. 
Thus, both of these cases led to a relatively high velocity change and thus high 
flexion moments.  

In [3] a common 3-point safety belt configuration was compared with an 
integrated harness style 4-point (V4) configuration and a criss-cross 3+2-point 
(X4) configuration in numerical simulations, dummy tests and cadaver tests. 
Frontal crashes at 56 km/h with rigid seat structures were studied and dummies of 
different sizes were used. A number of responses were studied and among them 
upper neck loads. Regarding the V4 compared to the common 3-point 
configuration, the following was found concerning upper neck loads. The 
numerical simulations with a 50th percentile HIII FE-dummy model showed an 
increase of the shear and the compression forces as well as the extension and 
flexion moments but a reduction of the tension forces. The dummy tests with a 
50th percentile HIII dummy showed an increase of all the forces and moments. 
The tension force increased the most. However, the cadaver subjects did not 
appear to exhibit any overrepresentation of neck injuries with 4-point belts. The 
numerical simulations with the 50th percentile HIII FE-dummy model and the 
common 3-point and the V4 configurations in [3] should be comparable to the 
3pB and the 4pI with a rigid seat back frame of the present study. The results 
correspond except concerning the tension forces. In the present study the tension 
forces of the 3pB were approximately equal compared to the 4pI with a rigid seat 
back frame. However, beside the deviation of the tension forces both studies 
imply that the upper neck loads increase with the 4pI compared to the 3pB.  

The NICmax values of the 3pI and the 3pB were, in general, lower compared to the 
corresponding 4pI values with a few exceptions concerning the 3pI with relatively 
high values of t and y and with high load limit forces. The high values of some of 
the 3pI could most likely be explained by a combination of the torso belt path and 
the dynamic response of the seat back frame. The max shear forces and the 
NICmax values also coincide in time.  

Concerning the NICprotraction values, the 3pB and the 3pI showed slightly lower 
values compared to the corresponding 4pI values. However, the average values of 
each configuration did not differ much due to some high values of the 3pI. The 
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high values of some of the 3pI could most likely be explained by a combination of 
the torso belt path and high load limit forces. Except for the deviating high values, 
the different characteristics of the seat back frame and the load limit force, in 
general, appear to have relatively small influence on the NICprotraction values.

Regarding the Nijmax the 3pB and the 3pI showed approximately equal average 
values that were noticeably lower compared to the 4pI. It can also be noted that 
the Nijmax and the extension moments are basically proportional. Again, this is due 
the fact that the occupant-restraint coupling and thus the ride-down efficiency is 
better when belt-webbing distribution is allowed as with the 3pB and the 3pI.  

The results of the present study as well as the results of the previous study made 
by the authors in [4] indicate in general that the 3pI in combination with an 
optimized seat back frame and with a suitable load limit force could equal or 
lower basically all the studied responses compared to those of the corresponding 
3pB. The studies also indicate, in general, that the responses of the 3pI were lower 
compared to those of the corresponding 4pI. Thus, the 4pI used in the simulations 
of the present study, i.e. with no belt-webbing distribution between the lap and the 
torso belt parts perform poorer than the 3pI. However, a 4pI that allows belt-
webbing distribution may perform better than the 4pI used in the simulations of 
the present study.
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Additional comments 
As mentioned above, the number of parameters was limited in order to simplify 
the models and the interpretations of the results. Obviously, this influences the 
results. For example, a model with a steering wheel with air bag will probably 
generate different head displacements compared to those found in this study.  

Occupant rebound was not considered in the present study. However, some of the 
neck loads reached high values during the rebound phase in the simulations. 

The present study has focused on the properties of the safety belts and the seat 
structure. Thus, the results should only be related to each other and may not be 
used to draw general conclusions concerning seat integrated safety belt 
configurations.

Future Work 
The present as well as the previous study made by the authors [4] may serve as a 
basis for future research and be used in more detailed investigations and possibly 
this study can be useful in designing seat integrated safety belts. The optimal 
solution with respect to multiple objectives requires an optimized combination of 
parameters. Beside the optimization of traditional biomechanical responses, the 
multiple objectives can be the minimization of weight and cost as well as optimal 
control of passenger kinematics.  

In future studies, a model containing more features and parameters should be 
developed. A reasonable first step could be to include a deformable lower seat 
frame. Further, features such as a steering wheel with or without air bag and a 
dashboard with a so-called knee bar could be included as well as belt pretension 
functions.
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CONCLUSIONS  
The present study showed the following:

- The 3pI allows belt-webbing to move through the slip-ring at the buckle 
point. This interaction evens out the belt loads and makes the occupant-
restraint coupling and thus the ride-down efficiency better with the 3pI 
compared to the 4pI. This also influences the loads of the upper neck and 
the different injury criteria in an advantageous manner in general.  

- The responses of the 3pI were in general lower compared to those of the 
corresponding 4pI. A 4pI that allows belt-webbing distribution may 
perform better than the 4pI used in the simulations of the present study.  

- The belt path across the torso of the 3pI was closer to the lower neck 
compared to the 3pB. This leads to different kinematics of the head and 
bending of the cervical spine with the 3pI that can increase upper neck 
shear and tension forces and thus increase the risk of injury compared to 
the 3pB.

- The dynamic response of non-rigid seat back frames with relatively high 
values of t and y in combination with higher load limit forces and the belt 
path across the torso of the 3pI appeared to influence the upper neck shear 
and tension forces as well as the NICmax values and the NICprotraction values.

- The different seat back frame characteristics and load limit forces 
appeared to have less influence on the studied responses of the 4pI 
compared to the 3pI.  

- In general, the results in this study indicate that the 3pI in combination 
with an optimized seat back frame and with a suitable load limit force 
could equal or lower basically all the studied responses compared to those 
of the corresponding 3pB. This study also indicates in general that the 
responses of the 3pI were lower compared to those of the corresponding 
4pI.
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ABSTRACT  
This paper describes a methodology with a property based model (PBM) that can 
be used in concept phase of a design process. A generic 3D finite element (FE) 
model of a sled and a seat structure with a 3-point seat integrated safety belt 
configuration was established. A 50th percentile Hybrid III FE-dummy model was 
used as occupant. Metamodelling techniques were used in optimization 
calculations. The optimizations were performed in two steps. Step 1: Six separate 
optimization calculations minimizing different biomechanical responses of the 
FE-dummy model. Step 2: The total mass of the seat structure as objective 
function and with the minimized biomechanical responses from Step 1 as 
constraint values. Six design variables were used in both Step 1 and Step 2. The 
study showed that the presented methodology with a PBM may be used in a 
concept phase of a design process. However, the four optimizations performed in 
Step 2 with different start values of the design variables generated different results 
of the total mass. Thus, different local minima were found instead of one single 
global minimum. This underlines the highly non-linear dynamics of the system. 
Some issues concerning the FE-model suggest further improvement.  

INTRODUCTION
The 3-point safety belt restraint systems available in modern cars are important 
safety devices. The common 3-point safety belt usually has some of its anchor 
points on the car body with the belt retractor and the slip-ring mounted on the B-
pillar. Other anchor points are either mounted on the floor pan or on the lower seat 
structure. However, it is also possible to mount all safety belt anchor points on the 
seat structure. Seat integrated 3-point safety belts have been available in some 
production cars for a number of years, usually in models where the B-pillar has 
been excluded such as convertibles.

mailto:andgav@ltu.se
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A number of studies have been published regarding various configurations of seat 
integrated safety belts including physical tests and numerical simulations, e.g. [1, 
2, 3], as well as parametric studies and optimization studies, e.g. [4, 5]. In general, 
the studies show that there are some advantages with seat integrated safety belts 
but also imply areas for further investigation.

One typical issue concerning seat structures with integrated safety belts is that the 
weight usually increases compared to a common seat structure. This is due to the 
fact that seat structures with integrated safety belts need to withstand higher 
forces. An increased weight also increases the fuel consumption and this in turn is 
in conflict with environmental concerns. Furthermore, the biomechanical 
responses of the occupant and the mechanical responses of the seat structure must 
be kept below specified limit values. Thus, methods that can be used to minimize 
the weight of seat structures with integrated safety belts and also consider the 
biomechanical responses of the occupant are of interest.

In previous studies by the authors [6, 7], finite element models and numerical 
analysis were used to compare 3- and 4-point seat integrated safety belt 
configurations with common 3-point safety belt configurations. Parametric studies 
were performed and biomechanical responses of the occupant were studied and 
compared. The present study continues the previous work by the authors with the 
use of numerical optimization analysis.

The aim of the study is to develop a conceptual methodology for mass 
minimization of a seat structure with integrated safety belts using finite element 
(FE) modelling and simulation. The purpose is to establish a methodology that 
considers both biomechanical responses of the occupant and mechanical 
responses of the seat structure while performing mass optimization calculations.  

METHOD
The methodology uses a property based model (PBM) of a seat structure. The 
mass of the PBM is minimized while the biomechanical responses of the occupant 
are constrained at minimized values. Only frontal crashes were studied. This 
section describes the PBM including geometry, material models and design 
variables. The studied responses, constraints and objective functions are also 
described. Finally, a description of how the simulations and optimizations were 
performed is presented.  
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Software  
The optimization software LS-OPT Version 3.1 [8] with its graphical user 
interface LS-OPTui in combination with the explicit finite element (FE) analysis 
software LS-DYNA Version 971 [9] were used in this study.

Seat structure and sled
A generic finite element model (FE-model) of a seat structure and a sled was 
established. See Figure 1 and Figure 3. The lower seat frame and the sled were 
modelled as rigid material ([9] MAT 020). The seat structure and the sled were 
modelled with shell elements. The dimensions of the lower seat frame were 350 
mm long, 500 mm wide and positioned parallel to the floor pan.

The lower seat frame was anchored to the floor pan in the horizontal x-direction 
and in the vertical z-direction with discrete non-linear spring elements ([9] MAT 
S06). The properties of the spring elements correspond to the design of the 
anchorage points of the lower seat frame to the floor pan. The spring elements 
were connected to each corner of the lower seat frame. See Figure 1. The spring 
elements in the horizontal x-direction were connected to a pair of extra nodes 
behind the lower seat frame constrained to the floor pan ([9] CONSTRAINED 
EXTRA NODES). Each spring element had a length of 100 mm. The orientation of 
the spring elements were defined in each direction using orientation vectors ([9] 
DEFINE SD ORIENTATION).

Figure 1. FE-model of seat structure and sled, rear view. 
Lower seat frame anchored to floor pan with discrete non-
linear spring elements (highlighted).  
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The force-displacement (F- ) relations of the spring elements were used as design 
variables in the optimizations. The force of the spring elements in the vertical z-
direction was allowed to vary ±5 to ±15 kN both at the front end (Ffront_z) and at 
the rear end (Frear_z). The force of the spring elements in the horizontal x-
direction (Frear_x) was allowed to vary ±8 to ±20 kN. The characteristics of the 
F-  relations are schematically described in Figure 2.

The dimensions of the seat top were 450 mm long, 500 mm wide and with a 20° 
backward slope. The dimensions of the seat back rest were 700 mm high, 500 mm 
wide and with a 90° angle relative to the seat top. Both were 10 mm thick and 
modelled with under-integrated shell elements and an elastic material model ([9] 
MAT 001). The rest of the material parameters were; mass density ( ) = 785 kg/m3,
Young’s modulus (E) = 69 GPa and Poisson’s ratio ( ) = 0.3.

Seat back frame
The seat back frame was modelled as non-rigid with tubular beam elements and 
with a piece-wise linear elastic-plastic material model ([9] MAT 003). See Figure 3.  

Figure 2. Schematically described F-  relations of the discrete spring 
elements used between the lower seat frame and the floor pan.  
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The outer diameter (DIAM) of the tubular beam elements was used as design 
variable in the optimization runs. The DIAM was allowed to vary 20 to 60 mm. 
The wall thickness (t) was constant; t = 2 mm. The material was modelled as steel. 
The yield strength (SY) was used as design variable in the optimizations. The SY 
was allowed to vary 300 to 1000 MPa. The rest of the material parameters were 
kept constant and with typical values for steel;  = 7800 kg/m3, E = 210 GPa,  = 
0.3 and Et = 300 MPa.

FE-dummy model
A 50th percentile Hybrid III (HIII) FE-dummy model available via the distributor 
of the LS-DYNA software1 was added to the FE-model and used as occupant. The 
FE-dummy model used was a simplified version with the same geometries and 
kinematical behaviour as a more detailed model available but with a number of 
rigid parts and less detailed inner parts of the torso. The use of the simplified 
version lowered the computational time with a factor of about 0,4 per simulation 
compared to the more detailed. The Oasys Primer software [10] was used to 
position the FE-dummy model on to the seat. The static and dynamic friction 
coefficients between the seat and the FE-dummy model were 0.3 and 0.2 
respectively.

1 Engineering Research AB, ERAB, www.erab.se  

Figure 3. FE-model of seat structure and sled, frontal view. Seat back frame 
(highlighted). The outer diameter (DIAM) of the tubular beam elements was 
used as design variable. The wall thickness (t) was constant; t = 2 mm.  

http://www.erab.se
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Safety belt  
The safety belt was modelled in combination with two types of elements. LS-
DYNA includes special features to model seat belts, slip-rings and retractors. 
These features were modelled and fitted around the FE-dummy model using the 
Oasys Primer software [10]. The parts of the safety belt in contact with slip-rings 
and retractors were modelled with seat belt elements ([9] MAT B01). Seat belt 
elements can slip through slip-rings and they can be spooled in and out of a 
retractor. The constitutive characteristics of the seat belt elements were 
approximated from the studies in [11].  

The parts of the safety belt in contact with the FE-dummy model were modelled 
with fully integrated shell elements and a piece-wise linear elastic-plastic material 
([9] MAT 003). The material parameters were; y (  = 1.5%) = 80 MPa and y (  = 
10.0%) = 250 MPa,  = 1000 kg/m3, E = 5.333 GPa,  = 0.3, Et = 2 GPa and 
equivalent to the parameters of the seat belt elements. The static and dynamic 
friction coefficients between the safety belt and the FE-dummy model were 0.3 
and 0.2 respectively. The shell elements were each 25.4 mm long, 40 mm wide 
and 2 mm thick.

The studied configuration was a 3-point seat integrated configuration. The upper 
anchor point of the torso belt was positioned on the seat back frame and located 
above the shoulders of the FE-dummy model. The torso belt anchor point was 
positioned on the horizontal member of the seat back frame, 75 mm from the 
nearest vertical member. See Figure 4. The torso belt anchor point included a 
retractor. The lower anchor point of the torso belt and the anchor points of the lap 
belt were positioned on each side of the lower seat frame and with a slip-ring at 
the buckle point, i.e. on the left side. See Figure 4.
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Belt load limit and belt pay-out
Safety belt load limit functions were modelled by substituting a seat belt element 
with a spring element ([9] MAT S08) with tension only characteristics, i.e. no 
spring back. The mechanical characteristics were controlled with different load 
curves describing the desired belt load limit force (BLL) and belt pay-out 
characteristics. The BLL was used as design variable in the optimization runs. The 
BLL was allowed to vary 4 to 8 kN. The basic load curve characteristics were 
taken from [2] and the different load curves were then extrapolated. The loading 
phase of the belts included so-called film-spool effect and belt stretch.  

The maximum belt pay-out for the belt load limit functions was set to 200 mm. 
According to [12] at least 200 mm of load limited torso belt must be provided for 
most small passenger vehicles to keep the occupant response at the proper force 
level. Thus, a 200 mm belt pay-out was allowed and considered to be a reasonable 
choice.

Simulation and optimization 
The same initial velocity (v0) of 15 m/s (54 km/h) and constant acceleration (a) of 
15 to 0 m/s in 100 ms (i.e. -150 m/s2) were used in all simulations. All results 
were filtered according to SAE 60 Hz. The total simulation time (st) was 210 ms. 
The acceleration phase started at t0 and ended at te. t0 was equal to st = 50 ms and 
te was equal to st = 150 ms. Corresponding graphs are shown in Figure 5. A 
typical sequence from a simulation is showed in Figure 6. The constant 

Figure 4. FE-model with integrated 3-point safety belt with 
the torso belt anchor point on the seat back frame.  
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acceleration pulse was used in order to simplify the study. Around 100 ms is a 
typical value for the duration of a frontal crash according to e.g. [13].

Mathematical and engineering optimization is based on a theory where a function 
f(x), referred to as the cost or objective function, identifies the quantity to be 
minimized or maximized. The function f(x) is subjected to inequality constraint 
functions g(x) and equality constraint functions h(x). The variables collectively 

Figure 5. Simulation time (st) graphs including velocity and acceleration 
characteristics as well as description of the occupant-restraint coupling 
phase. t0 was equal to st = 50 ms, te was equal to st = 150 ms.  

Figure 6. A typical sequence from a simulation. Left to right, top to 
bottom shows sequences at times t0 +25 ms, t0 +50 ms, t0 +75 ms, t0
+100 ms, t0 +125 ms and t0 +150 ms.  
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described by the vector (x) are often referred to as design variables or design 
parameters. The literature regarding theory of optimization, optimization methods 
and optimization in general is vast, see e.g. [14, 15].

In the present study metamodelling techniques and the theory of Design of 
Experiments (DoE) were used to carry out the optimization calculations. For an 
overview of metamodels in engineering design, see [16]. For more information 
about the theory of metamodelling techniques and DoE, see e.g. [17, 18]. For 
further information concerning structural optimization using metamodelling 
techniques and DoE, see e.g. [19, 20]. The metamodelling technique and the point 
selection method used in this study were Neural Networks (NN) and Space Filling 
(SF) respectively [8]. For each of the points in the design space, i.e. the design 
points, one simulation with the FE-model described above needs to be made. In 
this study, using NN with SF and with 6 variables the number of design points 
were 11 per iteration.

Running optimization calculations can lead to conflict between constrained 
responses and objectives. A feasible design is defined as a solution where all 
constraints are satisfied. In the code used in this study it is possible to select if the 
responses should be constrained as hard or soft. This can be considered as a list of 
priority. If a feasible design is not possible, the most feasible design will be 
computed where the violations or target discrepancy of the constraints are 
minimized [8]. If violations of the constraints are needed, the soft constraints are 
violated first. In the present study a mixture of soft and hard constraints were 
used.

The optimization studies were performed in two steps. Step 1: A number of 
optimizations were made with different biomechanical responses of the FE-
dummy model as objective functions. Each optimization also had a number of 
mechanical constraints. Step 2: Optimization with the weighted total mass of the 
seat structure as objective function. The minimized values from Step 1, i.e. 
different biomechanical responses of the FE-dummy, were used as constraint 
values. The same mechanical constraints as in Step 1 were used and set as hard 
constraints. The biomechanical constraint values were set as soft constraints.

Design variables
A summary of the design variables including the start values and the upper and 
lower limit values described above is presented below at the beginning of Step 1 
and Step 2 respectively. DIAM is the outer diameter and SY is the yield strength 
of the tubular beam elements of the seat back frame respectively. Frear_x, Frear_z 
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and Ffront_z are the force-displacement (F- ) relations of the spring elements that 
anchored the lower seat frame to the floor pan in the rear and the front corners. 
Frear_x is the force in the horizontal x-direction and Frear_z and Ffront_z are the 
forces the vertical z-direction. BLL is the belt load limit force.  

Responses, constraints and objective functions  
All coordinate directions refer to the standard convention in crashworthiness 
analyses, i.e. the positive directions are; x forward, y to the right and z 
downwards. Right (r) and left (l) side refers to each side of the forward x-
direction.

In all of the optimizations the following mechanical responses were used as 
constraints;

- Seat back frame displacement, forward x-direction (Sback_x).  
- Lower seat frame displacement, right and left front corner, z-direction 

(Sfront_rz and Sfront_lz).
- Lower seat frame displacement, right and left rear corner, z-direction 

(Srear_rz and Srear_lz).  

The displacements of the lower seat frame were measured relative to the sled. The 
displacements in the z-direction at the front corners (Sfront_rz and Sfront_lz) 
were constrained to maximum 10 mm displacement and in the z-direction at the 
rear corners (Srear_rz and Srear_lz) constrained to maximum 20 mm 
displacement. The seat back frame displacement (Sback_x) was measured at the 
top end of the right vertical member of the seat back frame relative to the sled. 
The displacement was measured in the forward x-direction and constrained to 
maximum 150 mm. The displacements in the x- direction at the rear corners 
(Srear_rx and Srear_lx) were not constrained. The displacements in the other 
directions were relatively small and considered negligible. The selected values of 
the constraints were considered to be realistic from an engineering point of view 
and regarded as a rule of thumb. A summary of the mechanical constraints are 
presented in Table 1.

Mechanical constraint (unit) Constraint value 
Sback_x (mm) 150 
Sfront_rz and Sfront_lz (mm) 10 
Srear_rz and Srear_lz (mm) 20 

Table 1. Mechanical constraints.  
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In Step 1 of the optimization study, six different optimizations were made each 
with only one biomechanical response as objective function. Thus, only one of the 
following biomechanical responses of the FE-dummy model was minimized in 
each of the six different optimization runs;  

- Chest deflection (Chest_ ).
- Chest displacement, T1 vertebra, x-direction (Chest_x).
- Restraint energy density, T1 vertebra, (ReEnDe_T1).
- Upper neck shear force (Fn_shear).  
- Upper neck tension force (Fn_tens).
- Upper neck compression force (Fn_comp).  

The chest deflection (Chest_ ) was measured as the resultant difference between 
two nodes of the FE-dummy model. The first node was equivalent to the thoracic 
vertebra T6. The second node was positioned at the equivalent to the sternum and 
at the same position in the z and y direction as the first node. The chest 
displacement (Chest_x) was measured in the forward x-direction between the 
floor pan and the node equivalent to the thoracic vertebra T1 of the FE-dummy 
model. The restraint energy density of the chest (ReEnDe_T1) was calculated 
according to [21] by using the acceleration of a node equivalent to the thoracic 
vertebra T1. The total energy density of an occupant is defined as the sum of the 
ride-down energy density of the car and the restraint energy density of the 
occupant relative to the car. If the safety belt restraint system is infinitely stiff, the 
restraint energy density would be zero because the relative displacement between 
the car and the occupant is zero. In a case like that, all the occupant kinetic energy 
would go into the deformation of the car. Thus, a low restraint energy density 
implies high ride-down efficiency. The upper neck forces were measured at a 
spherical joint in the FE-dummy model. The position of the spherical joint is 
equivalent to the base of the skull, i.e., where the skull is connected to the cervical 
vertebra C1 of the spine. The shear force (Fn_shear) is perpendicular to the neck 
column, the tension force (Fn_tens) is stretching the neck and the compression 
force (Fn_comp) exerts compression of the neck. The largest values of the 
different neck forces appear at different time intervals during the acceleration 
phase. The time interval for the largest shear forces were t0 to t0 +150 ms, for the 
largest tension forces t0 +60 to t0 +150 ms and for the largest compression forces 
t0 to t0 +80 ms. All upper neck forces are presented in absolute values. HIC was 
not used in this study because there is not head impact due to the simplification of 
the FE-model. The use of HIC for defining belt restraint performance where there 
is no head impact is not recommended as concluded by [22].
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In Step 2 of the optimization study, the objective function of the FE-model was;  

- The weighted total mass of the deformable parts of the seat structure 
(Tot_mass).  

As mentioned above, in Step 2 of the optimization study the minimized values of 
the objective functions from Step 1 were used as constraint values. Further, the 
mechanical constraints used in Step 1 were also used in Step 2.

The total mass of the seat structure (Tot_mass) is a normalized value used in the 
optimizations studies. The Tot_mass consisted of the weighted sum of the mass of 
the seat back frame and associated masses of the spring elements that anchored 
the lower seat frame to the floor pan. The mass of the seat back frame was related 
to design variable DIAM. Thus, the mass of the seat back frame was calculated 
simply by using the specified physical parameters of the material (  and t), the 
total length of the tubular beam elements and the variable DIAM. The associated 
mass of the spring elements were approximated from the force-displacement (F- )
relations and the assumption that for the same  a spring element with a higher 
maximum force contains more mass than a spring element with a lower maximum 
force. A linear relation between the minimum and maximum mass per length of 
the seat back frame was applied to the spring elements. With this approach the 
mass of the seat back frame varied between about 1,687 and 5,436 kg, the mass of 
the spring elements in the horizontal x-direction varied between about 0,661 and 
1,446 kg and the spring elements in the vertical z-direction varied between about 
0,465 and 1,119 kg. Each one of the four parts of the objective function was 
normalized according to the corresponding mass of the start values of the 
optimizations of Step 1. Thus, with DIAM = 40 mm, Frear_x = 10 kN, Frear_z = 
7,5 kN and Ffront_z = 7,5 kN the weighted mass of the four parts were 0,25 each 
and the weighted total mass of the seat structure, Tot_mass, was 4 x 0,25 = 1,000.  

Limitations  
The number of variables was limited in order to simplify the studies and to focus 
on the behaviour of the seat structure without interference from other parts of the 
interior. Only frontal crashes were studied. Air bag, steering wheel, dash board, 
pedals and windshield were omitted. Further, no belt pretension functions were 
simulated. There was no intrusion of frontal parts of the floor pan towards the FE-
dummy model. Moreover, there was no vehicle pitch during the acceleration 
phase.
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RESULTS  
The results from Step 1, i.e. from the six different optimizations with 
biomechanical responses of the FE-dummy model as objective functions, are 
presented first. Then the results from Step 2 are presented, i.e. from the 
minimization with the total weighted mass of the deformable parts of the seat 
structure of the FE-model as objective function. 

The results presented below relate to the occupant-restraint coupling phase with st 
 200 ms, i.e. maximum te +50 ms. The torso belt force values had in general 

reach zero at te +50 ms. Thus, the occupant-restraint coupling phase was definitely 
over at st = 200 ms when the rebound phase started as shown in Figure 5.

Biomechanical response minimizations  
The results from the optimization runs of Step 1 are presented below. As 
mentioned above, each of the six different optimizations used only one 
biomechanical response of the FE-dummy model as objective function. The start 
values of the design variables were the same in all six optimizations as shown in 
Table 2.

Optimization calculations can be very expensive concerning computer time. Also, 
storage space can be a problem. To save time, the optimizations in the present 
study were all run in steps of five iterations and then the objective function as well 
as the status of the constraints was checked. If the objective functions had not 
reached satisfactory stabilized values, five additional iterations were run and then 
checked again. This was continued until a satisfactory results were reached or 

Design variable (unit) 
Limit values 

Step 1 
All opt 

DIAM (mm) 
20/60 40

SY (MPa) 
300/1000 600 

Frear_x (N) 
8000/20000 10000 

Frear_z (N) 
5000/15000 7500 

Ffront_z (N) 
5000/15000 7500 

BLL (N) 
4000/8000 6000 

Table 2. Design variables. Maximum and minimum limit 
values and start values for all optimizations of Step 1. 
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until 20 iterations. After 20 iterations, if necessarily, steps of one iteration at a 
time was added and analysed.  

Chest deflection (Chest_ ) In this case, a satisfactory stabilized value was not 
reached after 15 iterations. Thus, additional iterations were run. In total 23 
iterations. Iterations 15 to 23 showed fairly stabilized values as shown in Figure 7. 
However, some constraints of iteration 17, 18, and 20 to 23 were violated. Since 
no constraints were violated of iteration 19, this value was used as constraint 
value in Step 2. The computed value of iteration 19 was 6.974 mm.  

Chest displacement (Chest_x) Here, an acceptable stabilized value was reached 
between iteration 10 and 15. Thus, it was decided to limit the iterations to 15 as 
shown in Figure 8. Only iteration 10 had violations of constraints. The computed 
value of iteration 15 was 155,0 mm. This value was used as constraint value in 
Step 2.
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Figure 7. Optimization results. Chest deflection.  
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Figure 8. Optimization results. Chest displacement.  
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Restraint energy density of T1 (ReEnDe_T1) In this case, a reasonable stabilized 
value was reached between iteration 7 and 10. However, it was decided to extend 
the iterations to 15. It turned out to be relatively small differences from iteration 7 
to 15, but slightly lower values were reached between iteration 13 and 15 as 
shown in Figure 9. The computed value of iteration 15 was 18.65 Nm/kg. This 
value was used as constraint value in Step 2.

Upper neck shear force (Fn_shear) A stabilized value was not reached after 20 
iterations. Three additional iterations were run but still no satisfactory stabilized 
value was reached. Therefore, it was decided to stop at iteration 23. Only iteration 
17 showed violation of constraints. The computed value oscillates close to 1200 N 
from iteration 5 to 23 as shown in Figure 10. The computed value of iteration 20 
was 1174 N. This value was considered as a reasonable “average” value and used 
as constraint value in Step 2.  
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Figure 9. Optimization results. Restraint energy density. 
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Figure 10. Optimization results. Upper neck shear force. 
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Upper neck tension force (Fn_tens) Here, an acceptable stabilized value was not 
reached until iteration 19 to 20. Approximately the same values were reached at 
iteration 15 to 16. Two additional iterations were run and it was decided to stop at 
iteration 22. The computed value oscillates close to 600 N from iteration 13 to 22 
as shown in Figure 11. The computed value of iteration 22 was 563 N. This value 
was considered as a reasonable "average" value and used as constraint value in 
Step 2.

Upper neck compression force (Fn_comp) In this case, a satisfactory stabilized 
value was not reached after 20 iterations. Therefore, additional iterations were 
run. In total 26 iterations. Some constraints of iteration 19, 20, 24 and 25 were 
violated. The computed values were between approximately 500 and 600 N from 
iteration 13 to 26 as shown in Figure 12. The computed value of iteration 26 was 
524 N. This value was considered as a reasonable “average” value and used as 
constraint value in Step 2.  
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Figure 11. Optimization results. Upper neck tension force. 
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Figure 12. Optimization results. Upper neck compression force.  
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A summary of the results from Step 1, including design variables of the concerned 
iterations as well as mechanical and biomechanical responses, is presented in 
Appendix 1, Appendix 2 and Appendix 3.

Total mass minimization  
The results from the optimizations of Step 2 are presented below. Four 
optimization runs with different start values of the design variables were 
performed. See Table 3.  

Objective function (Tot_mass) The objective function, i.e. the minimization of the 
weighted total mass of the seat structure of the FE-model, showed fairly stabilized 
values basically from iteration 10 in all four optimizations as shown in Figure 13. 
The computed values of iteration 15 varied between 1.217 and 1.258 in all four 
optimization runs.  

Design variable (unit)
Limit values 

Step 2 
Opt 1 

Step 2 
Opt 2 

Step 2 
Opt 3 

Step 2 
Opt 4  

DIAM (mm) 
20/60 50 50 40,4 40 

SY (MPa) 
300/1000 900 750 600 650 

Frear_x (N) 
8000/20000 18000 14000 10000 14000 

Frear_z (N) 
5000/15000 12500 10000 7500 10000 

Ffront_z (N) 
5000/15000 12500 10000 7500 10000 

BLL (N) 
4000/8000 7000 7000 6000 6000 

Table 3. Design variables. Maximum and minimum limit values and 
start values for each of the optimizations of Step 2.  



Paper D 

Anders Gavelin - Doctoral Thesis 
18

Since the objective functions in all optimizations showed fairly stabilized and 
close to equal values from iteration 10 to 15 it was decided stop at 15 iterations.

The start and optimized (iteration 15) values of the weighted total mass of the seat 
structure, i.e. the objective functions, as well as the values of the weighted mass of 
each of the corresponding parts included in the objective functions are presented 
in Table 4.
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Figure 13. Optimization results, Step 2. Objective functions, 
weighted total mass of the seat structure.  

Weighted mass 
Opt 1 
(Start)
Iter 15 

Opt 2 
(Start)
Iter 15 

Opt 3 
(Start)
Iter 15 

Opt 4 
(Start)
Iter 15 

Seat back frame (0,3158) 
0,3080 

(0,3158) 
0,3816 

(0,2526) 
0,3816 

(0,2500) 
0,2504 

Spring elements, 
rear, x-direction 

(0,4152) 
0,2087 

(0,3326) 
0,3093 

(0,2500) 
0,2087 

(0,3326) 
0,4490 

Spring elements, 
rear, z-direction 

(0,3801) 
0,2574 

(0,3150) 
0,2800 

(0,2500) 
0,2573 

(0,3150) 
0,2752 

Spring elements, 
front, z-direction 

(0,3801) 
0,4451 

(0,3150) 
0,2874 

(0,2500) 
0,3691 

(0,3150) 
0,2803 

Objective
function 
(Sum of above) 

(1,4910) 
1,2193 

(1,2784) 
1,2583 

(1,0026) 
1,2167 

(1,2126) 
1,2549 

Table 4. Start and optimized (iteration 15) values of the weighted total mass 
of the seat structure as well as the weighted mass of each of the 
corresponding parts included in the objective functions.  
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Design variables All design variables showed fairly stabilized values before 
iteration 15. Some from iteration 10 to 15, some from iteration 12 to 15 and some 
only from iteration 13 to 15. The final values of the same design variable differed 
between the different optimizations in most cases. See Table 5.  

DIAM in optimization 2 and 3 ended at the upper limit value (60 mm). Frear_x in 
optimization 1 and 3 ended at the lower limit value (8000 N). Ffront_z in 
optimization 1 ended at the upper limit value (15000 N). All the other design 
variables ended somewhere in between the limit values. However, Frear_x in 
optimization 4 was close to the upper limit value of 20000 N.  

Mechanical responses The responses of the Sback_x reached fairly stabilized 
values from iteration 12 to 15 in all optimizations. There were no violations of the 
constraint value of 150 mm. The responses of the Sfront_lz and Sfront_rz both 
showed reasonable stabilized values from iteration 7 in optimizations 1 and 3 and 
the values were relatively low. In optimization 2 and 4 the Sfront_lz and Sfront_rz 
did not reach satisfactory stabilized values before iteration 15. Also, the values 
were relatively close to the constraint value of 10 mm from iteration 9 in both 
cases. The Sfront_lz value in optimization 2 and 4 violated the constraint value of 
10 mm slightly. The responses of the Srear_lz and Srear_rz did not show 
acceptable stabilized values until between iteration 14 and 15 in any of the 
optimizations. The final values did not violate the constraint value of 20 mm. The 
unconstrained mechanical responses of the Srear_lx and Srear_rx showed fairly 
stabilized values in optimization 1, 2 and 4 from iteration 8 and in optimization 3 
from iteration 12. The mechanical responses of all optimization runs in Step 2 are 
shown in Table 6.

Design 
variable (unit) Opt 1 Opt 2 Opt 3 Opt 4 

DIAM (mm) 48,8 60,0 60,0 40,1 
SY (MPa) 663,2 483,0 343,0 652,6 
Frear_x (N) 8000 12874 8000 19637 
Frear_z (N) 7783 8651 7781 8469 
Ffront_z (N) 15000 8938 12079 8666 
BLL (N) 4301 4583 4259 4795 

Table 5. Design variables. Values of iteration 15.  
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Biomechanical responses The responses of the Chest_  did not find a satisfactory 
stabilized value in any of the optimization runs. Also, the constraint value of 
6.974 mm was violated in all of the optimizations. The responses of the Chest_x, 
showed fairly stabilized values from iteration 12 to 15 in all optimizations. 
However, the final values varied between the different optimization runs. The 
constraint value was 155,0 mm and thus violated in all four cases. The responses 
of the ReEnDe_T1 showed fairly stabilized values from iteration 13 to 15 in 
optimization 2 and 3 and from iteration 14 to 15 in optimization 1. The values in 
optimization 4 did not reach satisfactory stabilized values before iteration 15 was 
reached. However, the constraint value of 18.65 Nm/kg was violated with over 
100 % in all four cases. The responses of the Fn_shear did not acceptable show 
stabilized values before iteration 15 was reached. The final values in optimization 
1, 2 and 3 were relatively close and the constraint value violations were relatively 
low. The final value in optimization 4 differed from the other three optimizations. 
The constraint value (1174 N) was violated in all cases. However, the constraint 
value violations in optimizations 1, 2 and 3 were relatively small. The final values 
of the Fn_tens showed reasonable stabilized values between iteration 14 and 15 in 
all four optimization runs. The final values in optimizations 1 and 3 as well as 2 
and 4 were relatively close. The constraint value (563 N) was violated in all cases. 
The constraint value violations in optimizations 1 and 3 were relatively small. The 
responses of the Fn_comp showed fairly stabilized values from iteration 10 in all 
four optimization runs. The final values in optimizations 1 and 2 were relatively 

Response (unit) 
Constraint value 

Opt 1 
Value

(Norm) 

Opt 2 
Value

(Norm) 

Opt 3 
Value

(Norm) 

Opt 4 
Value

(Norm) 
Sback_x (mm) 
150 

139,3 
(0,93) 

63,7 
(0,42) 

126,2 
(0,84) 

77,4 
(0,52) 

Sfront_lz (mm) 
10

0,71 
(0,071) 

11,5 
(1,15) 

0,93 
(0,093) 

10,4 
(1,04) 

Sfront_rz (mm) 
10

0,67 
(0,067) 

9,81 
(0,981) 

0,83 
(0,083) 

8,24 
(0,824) 

Srear_lz (mm) 
20

17,0 
(0,850) 

14,5 
(0,724) 

12,1 
(0,606) 

13,2 
(0,660) 

Srear_rz (mm) 
20

17,0 
(0,848) 

16,2 
(0,808) 

12,0 
(0,601) 

15,3 
(0,765) 

Srear_lx (mm) 
- 7,20 0,99 7,90 0,55 

Srear_rx (mm) 
- 8,77 1,00 9,14 0,56 

Table 6. Mechanical responses. Maximum allowed constraint values, response 
values of iteration 15 and ditto normalized to maximum allowed constraint values.  
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close. The constraint value (524 N) was not violated in optimization 2 and with 
only 1% in optimization 1. In optimizations 3 and 4 the constraint value was 
violated. The biomechanical responses of all optimization runs in Step 2 are 
shown in Table 7.

Chest acceleration is considered in the optimizations using the restraint energy 
density of the chest (ReEnDe_T1) as described above. However, for convenience 
the resultant chest accelerations (T1 vertebra, 3 ms CLIP) of iteration 15 for each 
of the optimization runs in Step 2 are presented in Table 8.

DISCUSSION  
The function of a safety belt restraint system must handle the effects from a 
number of forces that the occupant is exposed to in a crash situation as well as 
limit the effects of these forces in order to avoid causing injuries. One could argue 
that a study like this has an impossible ambition because it is obvious that there 
will be a conflict between different biomechanical responses. For example, a low 
chest deflection will most likely be achieved with a seat back frame that deforms 
at a relatively low force and with a relatively low belt load limit force that allows 

Response (unit) 
Constraint value 

Opt 1 
Value

(Norm) 

Opt 2 
Value

(Norm) 

Opt 3 
Value

(Norm) 

Opt 4 
Value

(Norm) 
Chest_  (mm) 
6,974 

9,204 
(1,32) 

11,48 
(1,65) 

12,11 
(1,74) 

10,42 
(1,49) 

Chest_x (mm) 
155,0 

320,2 
(2,07) 

278,9 
(1,80) 

329,4 
(2,12) 

291,1 
(1,88) 

ReEnDe_T1 (Nm/kg) 
18,65 

42,44 
(2,28) 

37,35 
(2,00) 

41,66 
(2,23) 

38,77 
(2,08) 

Fn_shear (N) 
1174 

1318 
(1,12) 

1282 
(1,09) 

1309 
(1,12) 

1586 
(1,35) 

Fn_tens (N) 
563 

594 
(1,06) 

875 
(1,55) 

634 
(1,13) 

878 
(1,56) 

Fn_comp (N) 
524 

529 
(1,01) 

519 
(0,99) 

574 
(1,10) 

618 
(1,18) 

Table 7. Biomechanical responses. Constraint values, response values of 
iteration 15 and ditto normalized to constraint values. 

Response Opt 1 
Value

Opt 2 
Value

Opt 3 
Value

Opt 4 
Value

Chest acc 
(T1 vertebra) 24,9g 25,3g 25,2g 25,8g 

Table 8. Resultant chest accelerations (T1 vertebra, 3 ms CLIP). 
Iteration 15 of the optimization runs in Step 2.  
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a lot of belt pay-out. On the other hand, low chest displacement will most likely 
be achieved with a seat back frame that do not deform at all and with a relatively 
high belt load limit force that allows preferably no belt pay-out. These 
conclusions can also be found in the results from Step 1 (Appendix 1 3). 
However, it is reasonable to find some compromise. In the present study 
numerical simulation and optimization analysis in combination with a property 
based model (PBM) were used in order to achieve this.  

An aspect that often makes optimization calculations complicated and time 
consuming in general is the behaviour of a dynamic system. In a crash analysis 
the dynamic responses are usually highly non-linear. In an optimization process 
this can lead to that a local instead of a global minimum or maximum is found. 
The difficulties of optimization with non-linear behaviour in crash analysis are 
also discussed in [5]. The difficulty is that dynamic behaviour is defined in the 
time domain. Therefore, mathematical optimization with those analyses is almost 
impossible for large scale structures [5]. Thus, the use of a PBM with a simplified 
structure is suitable.  

Other concerns of optimization calculations are the starting values and the 
allowed lower and upper limit values of the design variables. The allowed region 
between the allowed lower and upper limit values may be too wide. This in turn 
can also lead to that a local instead of a global minimum or maximum is found. In 
some cases it can also lead to optimized values that are not realistic in a real 
application. Then again, an allowed region that is too narrow can lead to that the 
limit values are reached during the optimization process. In the present study the 
limit values of the design variables were reached on only a few occasions. Thus, 
the starting values and the allowed lower and upper limit values of the design 
variables were considered to be reasonable.

In the present study all four optimization runs in Step 2 each with different start 
values of the design variables generated, however close, but different results of 
the objective function. The objective function, i.e. the weighted total mass of the 
seat structure, showed stabilized values basically from iteration 10 in all four 
optimizations. However, the majority of the optimized design variables differed 
significantly between the different optimization runs. This further underlines that 
the dynamics of the system was highly non-linear and that a number of different 
local minima were found instead of one single global minimum. On the other 
hand, the differences between optimized values of the objective functions were 
relatively close. Thus, these values can actually be the lowest possible in the 
design space.
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All the constrained mechanical responses were kept below or close to the allowed 
values. The mechanical responses are directly linked to the corresponding design 
variables. Thus, obviously the mechanical responses also differed between the 
different optimizations.  

The minimized biomechanical responses calculated in Step 1 were used as 
constraint values in Step 2. These constraint values were all violated, more or less, 
with one exception. This implies that when combined, the constraint values were 
difficult to satisfy. It can also be noted that a number of the biomechanical 
responses reached final values that were relatively close to each other. This was 
achieved despite the different values of the design variables used. It appears that 
the relation mass and biomechanical responses as well as mass and mechanical 
responses are not necessarily “simple”.  

To suggest a “best” concept from the optimizations is outside the scope of this 
study. However, one method could be to use the minimized biomechanical values 
of Step 2 normalized to the constraint values. See Table 7. For example, the 
average values and the standard deviations could be studied. An other aspect that 
can be included in a comparison between the optimized solutions is to estimate 
and compare the cost to carry out the design. For example, in the present study 
optimizations 1 and 3 of Step 2 generated almost the same Tot_mass but with 
different values of some of the design variables. Thus, an estimation and 
comparison of the cost to carry out the different designs is possible to do.

In the present study a comparison of the biomechanical response values relative to 
limit values such as in the safety standard FMVSS 208 were not considered to be 
adequate. In most cases in the present study the biomechanical responses were 
much lower compared to the limit values of FMVSS 208. The reason to the low 
responses is most likely due to the simplicity of the crash environment in the FE-
model including the simplified FE-dummy model used. Thus, the response values 
of the present study should only be used to compare results within the study.  

However, the focus of this study was the methodology. The methodology 
presented in this study is suited to be used in the concept phase of a design 
process. In general, the result generated is a PBM and the properties are not 
defined by any special geometry or material. Hence, to be able to use the results 
of the PBM in a physical design the properties must first be transformed into 
physical data. That is, geometries and material characteristics.  
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CONCLUSIONS  
The present study showed the following;
- The presented methodology with a PBM may be used in a concept phase of a 

design process of a seat structure with integrated safety belts constrained to 
biomechanical responses of the occupant in frontal crashes.

- The starting values and the allowed lower and upper limit values of the design 
variables were considered to be reasonable.

- All four optimizations each with different start values of the design variables 
generated different results of the weighted total mass of the seat structure.  

- The dynamics of the system was highly non-linear and a number of different 
local minima were found instead of one single global minimum.  

- The majority of the optimized design variables differed significantly between 
the different optimization runs.  

- The mechanical responses also differed between the different optimization 
runs since they are directly linked to the corresponding design variables.

- A number of the biomechanical responses of different optimizations reached 
final values that were relatively close to each other despite different values of 
the design variables used.

- In order to find an optimal combination of mechanical properties and 
biomechanical responses of the occupant a compromise appears to be needed 
since the different responses contradict.  

- Some issues concerning the FE-model and the FE-dummy model used suggest 
further improvement.  

ADDITIONAL COMMENTS  
The present study has focused on developing a method for optimization of 
biomechanical responses of the occupant as well as the physical properties of the 
safety belt and the seat structure. The FE-model used includes a number of 
simplifications and assumptions. Only frontal crashes were studied. Thus, the 
results and conclusions in the present study must only be interpreted and used 
with that in mind and should not be used to draw general conclusions concerning 
seat integrated safety belt configurations.

FUTURE WORK  
In order to further develop the methodology, the level of detail of the FE-model 
should be increased. A reasonable first step could be to add a steering wheel and 
an air-bag. Also, sled tests with a full scale model are appropriate in order to 
evaluate the FE-model and the methodology.  
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APPENDIX  

Appendix 1. Results from Step 1: Design variables.

Objective
function 
(Unit) 

Value
(of iter) 

DIAM 
(mm) 

SY
(MPa) 

Frear_x
(N) 

Frear_z
(N) 

Ffront_z 
(N) 

BLL
(N) 

Chest_
(mm) 

6,974 
(19) 26,45 430,16 12313,2 9474,6 10139,3 4000 

Chest_x 
(mm) 

155,0 
(15) 60 1000 16874,8 15000 13244,2 7977,19 

ReEnDe_T1 
(Nm/kg) 

18,65 
(15) 60 785,61 20000 13170,1 13729,7 7053,57 

Fn_shear 
(N) 

1174 
(20) 43,48 919,84 8000 7623,1 14764,1 4000 

Fn_tens
(N) 

563 
(22) 60 316,42 8000 15000 8485,72 4362,03 

Fn_ comp 
(N) 

524 
(26) 49,68 460,75 8007,38 7583,75 14621 4000 

Appendix 2. Results from Step 1: Mechanical responses.

Objective
function 
(Unit) 

Value
(of iter) 

Sback_x 
(mm) 

Sfront_lz
(mm) 

Srear_lz
(mm) 

Sfront_rz
(mm) 

Srear_rz
(mm) 

Mass
(Weighted) 

Chest_
(mm) 

6,974 
(19) 149,63 1,018 2,003 1,016 1,973 1,072 

Chest_x 
(mm) 

155,0 
(15) 17,979 1,144 0,993 1,031 0,986 1,618 

ReEnDe_T1 
(Nm/kg) 

18,65 
(15) 17,396 0,966 1,026 0,981 1,055 1,648 

Fn_shear 
(N) 

1174 
(20) 118,46 0,711 13,54 0,67 13,41 1,174 

Fn_tens
(N) 

563 
(22) 122,83 2,469 0,8 2,482 0,751 1,311 

Fn_comp 
(N) 

524 
(26) 123,01 0,82 17,02 0,692 0,843 1,210 



Paper D 

Anders Gavelin - Doctoral Thesis 
29

Appendix 3. Results from Step 1: Biomechanical responses. 

Objective
function 
(Unit) 

Iter Chest_
(mm) 

Chest_x
(mm) 

ReEnDe_T1
(Nm/kg) 

Fn_shear
(N) 

Fn_tens
(N) 

Fn_comp 
(N) 

Chest_
(mm) 19

6,974 
(Obj 
func) 

351,5 42,78 1399 1192 676 

Chest_x 
(mm) 15 14,20 

155,0 
(Obj 
func) 

19,35 3351 1565 800 

ReEnDe_T1 
(Nm/kg) 15 15,56 156,9 18,65 

(Obj func) 2703 1855 714 

Fn_shear 
(N) 20 10,29 357,5 43,61 

1174 
(Obj 
func) 

861 589 

Fn_tens
(N) 22 7,924 302,3 38,51 1546 

563 
(Obj 
func) 

762 

Fn_comp 
(N) 26 10,50 347,1 45,23 1193 825 

524 
(Obj 
func) 
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ABSTRACT 
A lot of money and time can be saved using numerical models and simulation in 
the development process of a vehicle. However, any numerical model needs to be 
evaluated in order to perform as accurate as possible. The aim of the present study 
is to develop a FE-model of a seat structure with integrated safety belts evaluated 
to full scale experiments. Simplified seat structures with 3-point integrated safety 
belt configurations and corresponding FE-models were established. The 
dimension and the material states of the seat back frame were varied. A 50th 
percentile Hybrid III dummy was used as occupant. A number of biomechanical 
and mechanical responses of both experiments and simulations were compared 
and evaluated. The majority of the simulated responses showed good agreement 
with or slightly underestimated the corresponding experimental responses during 
belt loading. The simulated responses differed compared to the experimental 
responses during belt unloading in some cases. Some inadequacies of the FE-
model were discovered and suggest areas for further development. The FE-model 
developed and evaluated in the present study may well be used in future studies.  

KEY WORDS 
FE-models, FE-analysis, simulations, evaluation, experiments, sled tests, 
biomechanics  

INTRODUCTION
The state-of-the-art 3-point safety belt restraint systems available in modern cars 
are important safety devices with sophisticated and advanced functions. The 
common 3-point safety belt usually has some of its anchor points on the car body. 
However, it is also possible to mount all safety belt anchor points on the seat 
structure. Fully seat integrated 3-point safety belts can already be found in 

mailto:andgav@ltu.se
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production cars, for example in sport coupe and convertible models with no B-
pillars.

In recent years a number of studies have been published concerning various 
configurations of seat integrated safety belts, e.g. [1 - 5]. These studies include 
experiments as well as simulations with numerical models. In general, the studies 
show that there are some advantages with seat integrated safety belts. However, 
an increase in weight, size and cost compared to a common seat structure is 
usually the consequence. Hence, further investigations concerning the material 
properties of the seat structure are motivated.  

A lot of money and time can be saved using numerical models and simulation in 
the development process of a vehicle. However, any numerical model used for 
simulation needs to be evaluated to experiments or tests in order to make 
simulations as useful and as accurate as possible. Studies concerning evaluation of 
FE-models to full scale experiments have been made in e.g [1, 4 - 8]. In [9] a 
human FE-model was evaluated to crash test experiments with post mortem 
human subject (PMHS). As concluded by [6], a comparison of a seat’s structural 
response during dynamic sled testing is a very effective method of evaluating the 
accuracy of the FE-models employed.  

The present study continues the previous work by the authors, [10, 11]. In these 
studies finite element (FE) models and numerical analysis were used to compare 
3- and 4-point seat integrated safety belt configurations with common 3-point 
safety belt configurations. Parametric studies were performed where the 
mechanical characteristics of the seat back frame were varied and biomechanical 
responses of the occupant were studied and compared. However, the FE-models 
were not evaluated to experiments in these studies.  

The aim of the present study is to develop a FE-model of a seat structure with 
integrated safety belts that is evaluated to full scale experiments in the form of 
sled tests. The purpose is to establish a FE-model that can be used in simulations 
that considers biomechanical responses of the occupant as well as mechanical 
responses and material properties of the seat structure. A more long-term purpose 
is to establish a base for further studies with increased usefulness and accuracy of 
seat structures with integrated safety belts.  
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METHOD
A seat structure with a simplified seat back frame and a 3-point seat integrated 
safety belt configuration was established. The dimension and the material states of 
the seat back frame were varied in three different configurations. This seat 
structure was evaluated both by full scale experiments and FE-analysis. A 50th 
percentile Hybrid III crash test dummy (HIII dummy) and a corresponding HIII 
FE-dummy model were used as occupant.  

Full scale experiments
The seat structure was mounted onto a crash test sled used for the full scale 
experiments that could be considered as rigid. The HIII dummy was positioned 
onto the seat. A support plate was mounted to the sled in order to support the feet 
of the HIII dummy in a more adequate manner. Furthermore, the feet of the HIII 
dummy were fastened to the support plate in order to prevent the legs to move 
around in an unrealistic manner during crash. In this study no dash board, steering 
wheel or airbag was used. See Figure 1.

The total mass of the complete sled including the seat structure, HIII dummy and 
measuring equipment was approximately 2115 kg.  

A simplified seat structure was established. The components of the lower seat 
were taken from a modern production seat. These components consisted of the 
complete lower seat frame with the anti submarine beam as well as the upholstery, 
springs and padding. A new set of components were used in each of the 

Figure 1. Crash test sled with HIII dummy as occupant. 
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experiments, due to the residual deformation of the anti submarine beam. The seat 
back frame consisted of a simplified structure made of tubular steel beams with 
two vertical members and one horizontal member. The horizontal member was 
positioned between the vertical members at their top ends. See Figure 2.  

The tubular steel beams were made of SSAB Docol1 22MnB5 Boron steel 
material. The material dimensions and states were varied in three different 
experimental configurations as shown in Table 1.  

1 Docol is the product name of SSAB cold-reduced steel sheet material.  
  For more information visit SSAB on the Internet: www.ssab.com.  

Figure 2. Lower seat frame, bracket and simplified seat back frame.  

Configuration 1 2 3 
Experiment 
number 4817 4818 4819 

Dimension,  
Øy x t (mm) 48 x 2 30 x 2,5 30 x 2,5 

Mass (kg/m) 2,25 1,68 1,68 

State Cold-rolled Cold-rolled Cold-rolled
& hardened 

Yield strength
(MPa) 470 470 1100 

Bending
resistance (mm3) 3191 1372 1372 

Table 1. Configurations of the tubular steel beams used for the seat back frame. 

http://www.ssab.com
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The seat back frame was held in place with two sturdy steel clamps that were 
inclined 20° rearward and welded to the floor pan of the sled. The mounting to the 
floor pan could be considered as rigid, see Figure 3. The vertical members were 
inserted 200 mm into the clamps and tightened. The length of the vertical 
members from the upper end of the steel clamps to the centreline of the horizontal 
member was 665 mm in experiment 4817 and 575 mm in experiments 4818 and 
4819. The distance between the vertical members was 400 mm.  

The upholstery and padding of the seat back from a production seat was 
positioned between the back of the HIII dummy and the simplified seat back 
frame. This was done in order to get an accurate position of the HIII dummy in 
the horizontal x-direction relative to the submarine beam of the lower seat 
structure. This was not done in experiment 4817.  

The safety belt consisted of a seat integrated 3-point configuration. The retractor 
was positioned close to the floor pan behind the seat structure. See Figure 4. The 
retractor included a load limiter with a limiting force of 4 kN. No belt 
pretensioner was used.

Figure 3. Seat back frame held in place with sturdy steel clamps 
welded to the floor pan of the sled. Left side (A) and right side (B).  
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The upper slip-ring of the diagonal belt was positioned on the horizontal member 
of the seat back frame. The centre of the slip-ring was located 50 mm from the 
centre line of the left vertical member. The additional anchor points were mounted 
at the same positions as for the production seat and welded to the sled floor pan. 
The belt buckle was positioned on the right side of the seat. See Figure 5.

The HIII dummy was instrumented to measure accelerations, forces and 
displacements. Additional gauges were used to measure belt forces and the 
deformation of the seat back frame. One belt force gauge was positioned on the 
diagonal belt above the shoulder of the occupant close to slip-ring on the seat back 
frame, one on the diagonal belt approximately one third of belt length from the 
belt buckle and one on the lap belt close to the left anchor point.

Figure 4. Retractor position (encircled) close to the floor 
pan behind the seat structure.  

Figure 5. Position of the upper slip-ring of the diagonal belt (A). The additional anchor points of 
the safety belt on the floor pan. Left side (B) and right side with belt buckle (C).  
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The gauge used to measure the deformation of the seat back frame was positioned 
on a supporting frame mounted to the sled floor pan behind the seat structure. The 
gauge probe was anchored to the mid point of the horizontal member of the seat 
back frame, see Figure 6.  

The desired crash pulse was calibrated to generate a 0,65 m deformation in 80 ms 
from an initial velocity of 14 m/s (50,4 kph). Thus, the theoretical crash pulse was 
175 m/s2.

Simulations
The explicit LS-DYNA Version 971 FE-analysis software (LS-DYNA) [12] was 
used in order to perform the numerical simulations. Generic FE-models of the 
crash test sled, the seat structure and the 3-point seat integrated safety belt 
corresponding to the experimental configurations were established. A 50th 
percentile Hybrid III (HIII) FE-dummy model available via the distributor of the 
LS-DYNA software2 was added to the FE-model and used as occupant. See 
Figure 7.

2 Engineering Research AB, ERAB, www.erab.se  

Figure 6. Gauges to measure belt forces (A). Positioned at arrows. Gauge to 
measure deformation of the seat back frame (B). Gauge position (encircled). 
Anchor point of gauge probe (arrow).  

http://www.erab.se
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The FE-dummy model was slightly modified. The torso and pelvic of the FE-
dummy model was coated with shells of a so-called null material ([12] MAT 009).
Null material is completely bypassed by the element processing and will thus not 
add any stiffness to the model. The coating shells had a finer mesh density than 
the corresponding mesh on the torso and pelvic and used to improve the contact 
interaction with the safety belt. The shell coatings were attached to the 
corresponding parts of the FE-dummy model with a contact algorithm that 
transfers the loads on the elements of the coating to the nearest elements of the 
FE-dummy model ([12] CONTACT TIED NODES TO SURFACE).

The sled as well as the mounting bracket for the lower seat frame, the support 
plate for the feet of the HIII dummy and the steel clamps for the seat back frame 
had simplified geometries and were modelled as rigid parts. As for the HIII 
dummy in the full scale experiments, the feet of the FE-dummy model were 
attached to the floor pan.

The FE-model of the complete lower seat frame with the anti submarine beam as 
well as the upholstery, springs and padding was provided by the supplier of the 
production seat used in the full scale experiments. The material characteristics, 
material models and contact algorithms were evaluated and modelled by the 
supplier of the production seat. The supplier had modelled the different parts of 
the lower seat according to CAD data. Material data for the steel parts were taken 
from material databases and material data for the padding were derived using 

Figure 7. FE-model, right and left view, of crash test sled and simplified seat 
structure with a belted HIII FE-dummy model as occupant.  
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dynamic pendulum tests. An automatic contact algorithm ([12] AUTOMATIC 
GENERAL CONTACT) defines all internal contact within the lower seat.  

The simplified seat back frame was modelled using tubular beam elements. The 
dimensions and the material states were varied in the same way as in the 
corresponding experiments, see Table 1. An elastic-plastic material model was 
used ([12] MAT 024) to model the material of the tubular beam elements. The 
material characteristics were modelled with data from stress-strain experiments, 
see Figure 8.  

The stress-strain experiments were performed in quasi static loading conditions. 
The static yield stress was 470 MPa for the cold-rolled material and 1100 MPa for 
the cold-rolled & hardened material. However, in the dynamic experiments of the 
present study the strain rate had an influence of the characteristics of the material 
in the seat back frame. The model of the cold-rolled material was adjusted to 
account for the strain rate dependency by applying the Cowper-Symonds (C-S) 
model available in the material model ([12] MAT 024). The C-S model scales the 
yield stress Y  according to  

P
1

S
YY C

1

where S
Y  is the static yield stress and  is the effective plastic strain rate. The 

values of the parameters used in the C-S model were taken from experiments on 
high-tensile steels performed by [13] and adjusted in order to fit the material 
behaviour in the present study. The values used in the simulations with the cold-
rolled materials were; C = 3200 s-1 and P = 1,9. The rest of the material 
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Figure 8. Material characteristics data from stress-strain tests.  
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parameters used in the material model were;  = 7800 kg/m3, E = 205 GPa and  = 
0,3. These material parameters were used for both the cold-rolled and the cold-
rolled & hardened material models.  

The safety belts in all configurations were modelled using two types of elements. 
LS-DYNA [12] includes special features to model safety belts, slip-rings and 
retractors. The belt geometry was modelled as close as possible to the belt 
geometry used in the experiments. However, an exact representation of the 
experimental setup was not achieved. The upper anchor point of the torso belt was 
positioned on the horizontal part of the seat back frame with a slip-ring. The upper 
point of the torso belt was located above the shoulders of the FE-dummy model. 
The two additional fixed anchor points were positioned on each side of the lower 
seat frame with the belt buckle on the right side. The retractor was positioned on 
the floor pan behind the seat structure. The material characteristics of the safety 
belt webbing as well as the retractor were provided by the supplier of the 
hardware used in the full scale experiments.  

The load limit function was modelled by substituting a safety belt element close to 
the retractor with a discrete element ([12] MAT S06) with nonlinear characteristics. 
As for the load limit function used in the full scale experiments, the maximum 
force was 4 kN. The characteristics of the discrete element also included the 
properties of the film spool effect and belt pay-out.  

Film analysis of the full scale experiments showed that the sled made a pitch of 
about 2,5º during the crash phase. Further, the sled also had a vertical 
displacement component. Using film tracking, the pitch and vertical displacement 
was found and added to the FE-model.  

Studied responses
The results from the simulations were compared with the results from the full 
scale experiments. This was done by comparing a number of responses such as:  

- Seat back frame displacement.  
- Belt forces in diagonal and pelvic parts.
- Chest deflection.
- Resultant acceleration in head, chest and pelvic.  
- Relative x-displacement of chest and pelvic.  
- Upper neck forces, shear (Fx) and axial (Fz).
- Upper neck moment, backward - forward (My).  
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The acceleration measuring points were equivalent to the centre of gravity of the 
head, the T1 vertebra of the spine and the H-point of the pelvic. The relative 
displacements in the forward x-direction were the integrated values of the 
corresponding acceleration responses. The seat back frame displacement was 
measured at the midpoint of the upper horizontal member of the seat back frame. 
The upper neck forces and moments were measured at the base of the skull of the 
HIII dummy and at a corresponding joint in the FE-dummy model.  

RESULTS  
The responses from both experiments and simulations are presented in graphs 
below with a line style according to the legends. In this section the different 
experiments are referred to only with their respective number according to Table 
1, i.e. 4817, 4818 and 4819. All results were filtered according to SAE 60 Hz.  

Experiment characteristics
The crash pulse used in the simulations was average sled pulse from the three full 
scale experiments. The accelerations, integrated velocity and integrated 
displacement responses of the sled as well as the average responses values are 
shown in Figure 9.

The average values of the experimental responses were; acceleration or crash 
pulse 176 m/s2, initial velocity 14 m/s, time from impact to stop 80 ms, sled 
displacement 0,65 m.  

Figure 9. From left, sled accelerations, integrated velocities and integrated displacements from the 
experiments (E). The thick solid lines represent average response values (Aver) used in the 
simulations.  
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Seat back frame displacement  
The seat back frame displacement in the forward x-direction was measured 
relative to the displacement of the floor pan. The experimental and simulated 
responses are shown in Figure 10.

The relative seat back frame displacements of 4817 with the cold-rolled 48x2 mm 
material and 4819 with the cold-rolled & hardened 30x2,5 mm material both 
reach max values during 60-95 ms. The average max displacements of 4817 and 
4819 were about 21 and 30 mm respectively and the reminding deformations were 
8 and 5 mm. The corresponding simulations underestimated the max 
displacements in 4817 and 4819 with 9 mm 2 mm and the reminding 
deformations with 6 and 3 mm respectively. The response curve of 4818 changed 
to a steeper slope at 63 ms. The corresponding simulation showed a very good 
agreement during belt loading at 53-89 ms including the change of slope at 63 ms. 
Experiment 4818 with the cold-rolled 30x2,5 mm material showed a larger 
displacement than the other experiments. The average max displacement was 125 
mm at 95 ms with a reminding deformation of about 84 mm. The corresponding 
simulation underestimated the max displacement with 5 mm while the reminding 
deformation was overestimated with 8 mm. The responses from both experiments 
and simulations did oscillate.  

Figure 10. Seat back frame displacements relative to floor pan, x-direction, experimental responses 
(E). From left, simulated responses (S) corresponding to 4817, 4818, 4819 (thick solid lines).  



Paper E 

Anders Gavelin - Doctoral Thesis 
13

Belt forces  
The experimental and simulated responses of the belt forces are shown in Figure 
11, Figure 12 and Figure 13 respectively.

The force responses of the diagonal belt measured above the shoulder showed 
good agreement between experiments and simulations during belt loading to 59-
62 ms. Experiment 4817 and 4819 showed a peak values of about 5,7 and 5,2 kN 
respectively at 61-63 ms. This was not shown in 4818. The average max belt 
forces of the experiments, except the peak values, when the load limit function 
was activated were 4,7-4,8 kN. The simulations generated somewhat noisy 
responses with average max belt forces around 4,8 kN during the load limit phase. 
The simulations showed good agreement with the experiments during belt 
unloading. However, the simulation corresponding to 4817 reached zero about 10 
ms earlier.  

The force responses of the diagonal belt measured at the belt buckle showed good 
agreement between experiments and simulations during belt loading to 65-67 ms 
when max values were reached. The simulations reached max values of 5,3-5,4 

Figure 11. Belt forces, diagonal belt, above the shoulder, experimental responses (E). From left, 
simulated responses (S) corresponding to 4817, 4818, 4819 (thick solid lines).  

Figure 12. Belt forces, diagonal belt at the belt buckle, experimental responses (E). From left, 
simulated responses (S) corresponding to 4817, 4818, 4819 (thick solid lines).  
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kN. Experiment 4817 reached a max value of 6 kN while 4818 and 4819 reached 
max values of 5,5 and 5,4 kN respectively. The experimental responses reach max 
values at 67-68 ms and the simulations at 64-65 ms. The belt unloading phase of 
the simulations decreased 5-10 ms earlier than the experiments but with similar 
characteristics.

The simulated force responses of the lap belt were slightly higher than the 
corresponding experiments during the initial phase of belt loading at 15-45 ms but 
then showed good agreement to 61-63 ms. The experimental responses showed a 
small dip during belt loading around 55 ms. The experimental responses reached 
max values at 68-69 ms and the corresponding simulations at 70-72 ms. 
Experiment 4817 and 4818 reached max values of 9,7-9,8 kN while 4819 reached 
a max value of 8,6 kN. The simulations reached max values of 8,9-9,2 kN. The 
characteristics of both experimental and simulated responses were basically equal 
during the belt unloading phase from about 80 ms until zero force was reached.  

Figure 13. Belt forces, lap belt, experimental responses (E). From left, simulated responses (S) 
corresponding to 4817, 4818, 4819 (thick solid lines).  
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Chest deflection  
The dummy chest deflection responses of both experiments and simulations are 
shown in Figure 14.

The dummy chest deflection responses of the experiments were quite equal during 
belt loading and reach 20-21 mm at 72-77 ms. The corresponding simulations 
were 4-5 ms earlier but with the same characteristics. The simulations did 
overestimate the chest deflection with 2,5-3,5 mm. These values appeared at 69-
72 ms which was slightly earlier compared to the experiments. Peak values of 25 
mm at 102-104 ms in 4818 and 4819 did not appear in 4817. The peak values of 
the experiments were considerable underestimated by the simulations.  

Head, chest and pelvic accelerations  
The dummy responses of both experiments and simulations concerning the 
resultant accelerations of the head, chest and pelvic are shown in Figure 15, 
Figure 16 and Figure 17 respectively.

Figure 14. Chest deflection, experimental responses (E). From left, simulated responses (S) 
corresponding to 4817, 4818, 4819 (thick solid lines).  

Figure 15. Head resultant accelerations, experimental responses (E). From left, simulated 
responses (S) corresponding to 4817, 4818, 4819 (thick solid lines).  
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All responses of the resultant head accelerations had a first turning point at 65-77 
ms, a second at 79-83 ms and a third at 101-104 ms. The experimental responses 
showed a dip during belt loading around 55 ms. The experiments were 
overestimated with 11-66 m/s2 by the simulations at the first turning point. The 
responses of both 4817 and 4818 were underestimated with 18 m/s2 by the 
simulations at the second turning point while the simulation corresponding to 
4819 was 2 m/s2 lower. Both simulations and experiments showed good 
agreement at 81-97 ms. However, the simulations corresponding to 4818 and 
4819 both made a slightly change of slope at 93-97 ms. The experiments reached 
max values of 571-635 m/s2 that were underestimated by the simulations with 30-
75 m/s2 and were within 5 ms in time. However, the characteristics of the 
simulated responses corresponding to 4818 and 4819 at 100-110 ms differed from 
the experiments. The peak values of 4818 and 4819 at 113-116 ms was not 
present in 4817 or any of the simulations.  

The resultant chest accelerations responses of both experiments and simulations 
were equal to 38-39 ms with the experimental response of 4817 slightly lower. 
The simulations corresponding to 4817 and 4818 showed a slightly earlier 
response compared to the experiments during belt loading at 41-50 ms while the 
simulation corresponding to 4819 showed good agreement. The simulation 
corresponding to 4817 showed good agreement with the experiment at 50-61 ms. 
The experimental responses regarding 4818 and 4819 both had a slightly less 
slope then the corresponding simulations from 51-52 ms. The max values of the 
experiments were 344-384 m/s2 at 65-68 ms. The simulations corresponding to 
4817 and 4818 underestimated the max value with 34 and 9 m/s2 and was 6 and 3 
ms earlier respectively. The simulation corresponding to 4819 overestimated the 
max value with 9 m/s2 and was equal in time. The characteristics of the simulated 
responses were wider than the experimental at 60-80 ms. The simulations 
somewhat underestimated the experimental responses at 80-100 ms.  

Figure 16. Chest resultant accelerations, experimental responses (E). From left, simulated 
responses (S) corresponding to 4817, 4818, 4819 (thick solid lines).  
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The experimental responses of the resultant pelvic accelerations oscillated to 
about 45 ms. This was not shown in the corresponding simulations. The responses 
of both experiments and simulations showed good agreement during belt loading 
at 45-63 ms. The experimental responses showed a small dip around 55 ms and 
reached max values of 481-520 m/s2 at 69-71 ms. The simulation corresponding 
to 4817 underestimated the max value with 27 m/s2 and was equal in time. The 
simulation corresponding to 4818 underestimated the max value with 22 m/s2 and 
was 4 ms later. The simulation corresponding to 4819 overestimated the max 
value with 13 m/s2 and was equal in time. The experimental responses at 81-95 
ms were relatively equal while corresponding simulations declined faster.  

Chest and pelvic displacements  
The dummy integrated relative displacement responses of both experiments and 
simulations regarding the chest and the pelvic in the forward x-direction are 
shown in Figure 18 and Figure 19 respectively. The responses of both chest and 
pelvic of 4817 and 4819 were quite equal while 4818 showed slightly lower 
responses in both cases.

Figure 17. Pelvic resultant accelerations, experimental responses (E). From left, simulated 
responses (S) corresponding to 4817, 4818, 4819 (thick solid lines).  

Figure 18. Integrated relative chest displacements, x-direction, experimental responses (E). From 
left, simulated responses (S) corresponding to 4817, 4818, 4819 (thick solid lines).  
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The simulated chest displacement responses showed good agreement with the 
corresponding experiments during belt loading to 52-55 ms. The max responses of 
the experiments were 298-318 mm at 94-95 ms while the corresponding 
simulations underestimated the max responses with 24-50 mm. The experimental 
responses were also underestimated by the simulations during the rebound phase.  

The simulated pelvic displacement responses showed good agreement with the 
corresponding experiments during belt loading to 60-64 ms. The max responses of 
the experiments were 254-256 mm at 80-100 ms while the corresponding 
simulations underestimated the max responses and were 21-27 mm shorter. The 
difference between experimental and simulated responses increased during the 
rebound phase to about 140 ms.  

Upper neck loads
The experimental and simulated dummy upper neck force and moment responses 
are shown in Figure 21, Figure 20 and Figure 22 respectively.

All responses of the upper neck Fx had a first turning point at 64-65 ms, a second 
at 80-84 ms and a third at 104-105 ms. The responses started to increase at 43-45 

Figure 19. Integrated relative pelvic displacements, x-direction, experimental responses (E). From 
left, simulated responses (S) corresponding to 4817, 4818, 4819 (thick solid lines).  

Figure 20. Upper neck Fx, experimental responses (E). From left, simulated responses (S) 
corresponding to 4817, 4818, 4819 (thick solid lines).  
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ms. The simulated responses then increased steeper and overestimated the 
experimental responses at 45-75 ms. The experimental max values at the first 
turning point were overestimated with 181-255 N by the simulations. At the 
second turning point the simulations underestimated the experimental responses 
with 110-141 N. The simulation corresponding to 4817 showed good agreement 
during the increase of force at 87-99 ms. The simulations corresponding to 4818 
and 4819 had slightly different characteristics than the experiments at 87-99 ms. 
The experimental responses at the third turning point reached max values of 1212-
1330 N. These max values were underestimated by the simulations with 107-180 
N and were 2-4 ms earlier in time. The simulation corresponding to 4817 showed 
good agreement at 107-110 ms during the decrease of Fx from the max value. The 
simulations corresponding to 4818 and 4819 dropped from the max values 5-9 ms 
earlier than the experiments.  

All responses of the upper neck Fz had a first turning point at 69-77 ms, a second 
at 79-83 ms and a third at 101-103 ms. The responses started to increase slightly 
at 19-44 ms and more obvious at 41-43 ms. The responses of 4818 and 4819 had 
an initial upper neck Fz of 91 and 114 N respectively. The experimental responses 
showed a dip around 55 ms. The simulated responses were within 22-128 N of the 
experiments at the first turning point. At the second turning point, the simulations 
were within 48-240 N of the experiments. The simulations corresponding to 4818 
and 4819 both made a slightly change of slope at 94-97 ms. The experimental 
responses at the third turning point reached max values of 2139-2464 N. The 
simulated max value corresponding to 4817 was overestimated with 68 N and 1 
ms later. The simulated max values corresponding to 4818 and 4819 were 
underestimated with 260 and 41 N and 1 ms earlier and 2 ms later respectively. 
However, the characteristics of the simulations corresponding to 4818 and 4819 at 
97-112 ms differed.  

Figure 21. Upper neck Fz, experimental responses (E). From left, simulated responses (S) 
corresponding to 4817, 4818, 4819 (thick solid lines).  
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All responses of the upper neck My had a first turning point at 62-64 ms, a second 
at 81-85 ms, a third at 96-99 ms and a fourth at 107-115 ms. The simulated 
responses showed good agreement with the experiments to 46-53 ms when the 
simulated responses started to increase steeper. The experimental max values at 
the first turning point were 32-38 Nm and were overestimated by the simulations 
by 11-15 Nm but within 1 ms in time. At the second turning point, the 
experimental responses varied from 7 to -2 Nm and were overestimated with 9-18 
Nm by the simulations and within 2 ms in time. At the third turning point, the 
experimental responses were 18-24 Nm and were overestimated with 1-11 Nm by 
the simulations and within 2 ms in time. Both the experimental and simulated 
responses then decreased and showed good agreement to 107-113 ms. The 
experimental responses reached comparatively high values at the fourth turning 
point that varied from -79 to -106 while the corresponding simulations varied 
between -25 and -47 Nm and were 2-7 ms early.  

Figure 22. Upper neck My, experimental responses (E). From left, simulated responses (S) 
corresponding to 4817, 4818, 4819 (thick solid lines).  
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DISCUSSION  
The aim of the present study is to develop a FE-model of a seat structure with 
integrated safety belts that is evaluated to full scale experiments in the form of 
sled tests. The purpose is to establish a FE-model that can be used in simulations 
that considers biomechanical responses of the occupant as well as mechanical 
responses and material properties of the seat structure.

In summary, the characteristics of the experimental responses during belt loading 
showed good agreement with the corresponding simulations except regarding 
chest deflections. The responses of both experiments and simulations also showed 
good agreement in time during belt loading. The experimental responses 
concerning belt forces and resultant accelerations showed good agreement or were 
slightly underestimated by the simulations. The simulated responses regarding 
seat back frame displacements showed good agreement with two of the 
experiments but underestimated the third. The experimental responses concerning 
upper neck loads were both over and underestimated by the simulations. The 
experimental responses concerning chest and pelvic displacements were 
underestimated by the simulations. The experimental responses regarding the 
rebound and belt unloading phase of resultant head accelerations and upper neck 
loads were not simulated well by the FE-model. The crash pulse as well as the 
integrated velocity and integrated displacement were quite equal among the 
different experiments and close to the predicted values. Hence, the experimental 
environment conditions as well as the repeatability concerning the crash pulse 
were good.

The present study indicate that it is possible to develop and evaluate a FE-model 
with good agreement to experimental results concerning a number of 
biomechanical responses of the occupant as well as mechanical responses of the 
seat structure. The FE-model developed and evaluated in the present study may 
well be used in future studies regarding the performance of seat structures with 
integrated safety belts and occupant interaction. The present study may well serve 
as a basis for future research. Possibly, this study can be useful in designing seat 
structures with integrated safety belts. However, some issue of the FE-model were 
discovered and suggest areas for further development and improvement. The 
influence on the material behaviour due to the strain rate can be further 
investigated in order to improve the performance of the FE-model.  
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The force responses of the diagonal belt showed good agreement between 
experiments and simulations during belt loading and the load limit phase except 
for peak values in 4817 and 4819 at 61-63 ms of 5,7 and 5,2 kN respectively. 
Thus, just prior to when the load limit function was activated. A corresponding 
peak value was not shown in 4818. Hence, it appeared that the seat back frame 
with the lower yield strength as well as the lower bending resistance in 4818 gave 
a smother response of the belt force. Nevertheless, the average max diagonal belt 
forces of all three experiments, except the peak values, when the load limit 
function was activated were 4,7-4,8 kN. This was higher than the load limit force 
of 4 kN. Thus, the friction forces added 0,7-0,8 kN.

The integrated relative displacement responses of both chest and pelvic in 4817 
and 4819 were quite equal while 4818 showed slightly lower responses. Thus, 
slightly lower chest and pelvic displacements with the seat back frame with the 
lower yield strength as well as the lower bending resistance.

However, the seat back frame with the higher yield strength as well as the lower 
bending resistance in 4819 showed lower max values concerning diagonal belt 
force at buckle, lap belt force, resultant accelerations, and upper neck loads. For 
example, the experimental lap belt force responses of 4817 and 4818 reached max 
values of 9,7-9,8 kN while 4819 reached a max value of 8,6 kN. Thus, the 
combination of material properties and dimensions in 4819 generated the lowest 
max response values except for the slightly lower chest and pelvic displacements 
and the peak values of the diagonal belt forces described above.

Regarding the belt pay-out, an investigation of the simulations corresponding to 
4817 and 4819 showed max belt pay-out of about 290 mm while only 211 mm in 
the simulation corresponding to 4818. Thus, the belt pay-out was about 79 mm 
shorter with the seat back frame with the lower yield strength as well as the lower 
bending resistance. Furthermore, adding the simulated max displacement of the 
seat back frame to the max belt pay-out generated a total displacement of 301, 331 
and 319 mm for 4817, 4818 and 4819 respectively. Hence, concerning 4818 and 
4819 with seat back frames with the same bending resistance but different yield 
strength, the difference in total displacement was only 12 mm.  

A number of the studied responses showed similar characteristics; the resultant 
head accelerations and the upper neck Fx and Fz, the resultant chest accelerations 
and the diagonal belt forces at the buckle, the resultant pelvic accelerations and 
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the forces of the lap belt. Corresponding similarities between belt force and 
acceleration responses were also noted by [5].  

The experimental responses regarding resultant pelvic accelerations oscillated to 
about 45 ms. This was not shown in the corresponding simulations. This was 
possible due to different friction characteristics between the experiments and the 
simulations. However, the overall agreement between experimental and simulated 
resultant pelvic acceleration responses was good. 

The simulated force responses of the diagonal belt at the belt buckle showed a belt 
unloading phase that decreased 5-10 ms earlier than the experiments but with 
similar characteristics. This was likely due to differences between the experiments 
and the FE-model regarding the contact characteristics of the diagonal belt and the 
torso. The characteristics of both experimental and simulated lap belt force 
responses were basically equal during the belt unloading phase. Compared to the 
belt unloading phase of the diagonal belt described above, the lap belt did not 
separate from the pelvic during belt unloading in the same manner. 

The experimental responses concerning upper neck loads were both over and 
underestimated by the simulations. The simulated responses also showed different 
characteristics compared to responses of the experiments in some cases. The 
kinematics of the occupant during crash is complex. It appears that the kinematics 
of the head of the FE-dummy model and the head of the HIII dummy differ 
somewhat in this study. This suggests that the FE-dummy model used is not 
thoroughly evaluated to the corresponding HIII dummy concerning upper neck 
loads and head kinematics.  

The experimental responses from about 110 ms regarding the rebound and belt 
unloading phase concerning resultant head accelerations and upper neck loads 
were not simulated well by the FE-model. However, airbags are basically standard 
equipment of modern cars. Hence, the rebound phase of the present study is not 
really representative. Further, as stated by [5], injury to occupants usually occurs 
before 100 ms.  

As stated by [6], the differences between the experimental setup and the 
modelling assumptions must be taken into account to produce a valid correlation. 
The experimental setup in 4817 differed from 4818 and 4819. The vertical 
members of the seat back frame were 665 mm in 4817 and 575 mm in 4818 and 
4819. Thus, the upper slip-ring of the diagonal belt was positioned 90 mm higher 
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from the shoulder of the FE-dummy model in 4817. The different length of the 
vertical members was also present in the corresponding FE-models. Furthermore, 
the belt passed over the horizontal member and through the upper slip-ring close 
to the left vertical member as described above. Also, the vertical members reached 
about 50 mm above the centreline of the horizontal member. Because of the larger 
diameter of the steel tubes in 4817 some extra friction force was likely present 
between the belt and both the vertical and the horizontal member in the 
experiment. This probably influenced the peak force value of the diagonal belt in 
4817 at 61-63 ms discussed above. Also, the experimental force responses 
concerning the diagonal belt at the buckle of 4818 and 4819 reached max values 
of 5,5 and 5,4 kN respectively while 4817 reached a max value of 6 kN. This was 
also probable due to extra friction forces in 4817.

Another difference between the experimental setups was that the HIII dummy was 
positioned about 50 mm more rearward on the seat in 4817 compared to 4818 and 
4819. This also meant that the HIII dummy was positioned further from the anti 
submarine beam. These differences likely influenced some of studied responses. 
One noted difference was that the forehead of HIII dummy came in contact with 
the knees in 4818 and 4819 which resulted in peak values regarding resultant head 
accelerations at 113-116 ms. This was not present in 4817 or any of the 
simulations. Another difference concerned the experimental upper neck Fz 
responses of 4818 and 4819. Both showed an initial upper neck Fz of 91 and 114 
N respectively when the crash phase started. This was also not present in 4817 or 
in the simulations.  

The dummy chest deflection responses of 4818 and 4819 showed peak values at 
102-104 ms. This appeared because the chin of the HIII dummy hit the chest. This 
did not appear in 4817. The differences concerning the experimental setup in 4817 
compared to 4818 and 4819 described above was likely the reason to this. The 
chin of the FE-dummy model hit the chest in all simulations but the peak values 
were considerable underestimated. This was likely due to the characteristics of the 
FE-dummy model used. An evaluation of the chest deflection properties of FE-
dummy model may correct this. In summary, the chest deflection was not 
simulated well by the FE-model.  

An error in the experimental setup influenced a number of the experimental 
results presented above. The belt anchor point on the left side of the seat deformed 
somewhat during belt loading in the experiments. The lap belt forces, resultant 
head and pelvic accelerations as well as upper neck Fz all showed a small dip in 
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the experimental responses during belt loading at about 55 ms. Also, the 
experimental resultant chest acceleration responses showed a small change of 
slope at 51-52 ms. Non of this was present in the FE-models. Thus, the 
corresponding simulations differed from the experimental responses to some 
amount because of this.  

The studies in e.g. [1, 4, 7, 8] used full scale experiments to evaluate numerical 
models and study occupant safety performance. Their studies also showed good 
agreement between experiments and simulations in general. Thus, the results of 
the present study further underline the usefulness of numerical simulation in 
occupant protection research.

The present study indicate that it is possible develop and evaluate a FE-model 
good agreement to experimental results concerning a number of biomechanical 
responses of the occupant as well as mechanical responses of the seat structure. 
The present study may well serve as a basis for future research. Possibly, this 
study can be useful in designing seat structures with integrated safety belts.

Additional comments  
The present study has focused on the evaluation of a simplified FE-model of a 
seat structure with integrated safety belts. The simplifications were done in order 
to simplify both the experiments as well as the simulations. Thus, the results and 
conclusions in the present study must only be interpreted and used with that in 
mind and should not be used to draw general conclusions concerning seat 
structures with integrated safety belt configurations.

The previous work by the authors [10, 11] mentioned above used a less detailed 
FE-model compared to the FE-model used in the present study that was not 
evaluated to experiments. Further, the crash pulse used was different and a 
number of parameters had different values. However, it is still of interest to 
investigate how the results of the previous studies relate to the results of the 
present study with the evaluated FE-model. In brief, a comparison of the different 
studies indicated in general that the response values differed notably. Thus, the 
results in the previous studies should only be used for comparison among 
themselves.  

A comparison with the biomechanical limit values specified in the Federal Motor 
Vehicle Safety Standard No. 208 (FMVSS208) [14] revealed that the max values 
regarding both the experimental as well as the simulated responses of the present 
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study were lower. However, general conclusions concerning the performance of 
the configurations used in this study should not be made because of the simplicity 
of both the experimental setups and the FE-models.  

The Head Injury Criteria (HIC) is frequently used in crash test studies. However, 
the use of HIC for defining belt restraint performance where there is no head 
impact is not recommended as concluded by Prasad & Mertz in [15]. Thus, HIC 
was not used in the present study.

CONCLUSIONS  
The present study showed the following;

- It is possible to develop and evaluate a FE-model with good agreement to 
experimental results concerning a number of biomechanical responses of 
the occupant as well as mechanical responses of the seat structure.  

- The FE-model developed and evaluated in the present study may well be 
used in future studies regarding the performance of seat structures with 
integrated safety belts and occupant interaction.  

- The majority of the simulated responses showed good agreement with or 
slightly underestimated the corresponding experimental responses during 
belt loading.  

- The simulated responses differed compared to the experimental responses 
during belt unloading in some cases.  

- The simulated responses of upper neck loads and especially chest 
deflections suggest that the FE-dummy model used is not thoroughly 
evaluated to the corresponding HIII dummy.  

- The experiments showed good repeatability concerning the crash pulse. 
Thus, the experimental conditions were quite equal.  

- A number of differences between the experimental setups and the FE-
models influence the studied responses.

- Some issues of the FE-model were discovered and suggest areas for 
further development.  
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