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Abstract
In recent years an increasing interest has evolved concerning seat integrated 
safety belts in cars, regarding both 3- and 4-point belts in various configurations. 
One safety advantage of seat integrated safety belts appears in the case of so-
called small overlap crashes. 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, the A- as well as the 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. The purpose of the present study was to 
investigate seat integrated safety belt configurations that may involve a seat 
structure design that intentionally deforms and absorbs energy during a crash. 
Common 3-point configurations were used as references. The aim was to 
investigate how the physical properties influence the interaction of the seat back 
frame and the safety belt. Numerical simulations were carried out using the 
explicit LS-DYNA FE-analysis software. A FE-model of a seat structure, floor 
pan and B-pillar was established. A 50th percentile Hybrid III FE-dummy model 
was used as occupant and for studying the biomechanical responses. Different 
physical properties of the seat structure and different belt load limit forces were 
used as parametric variables. Only frontal crashes were considered. Responses 
concerning chest deflection, head- and chest displacement, change of pelvis angle, 
pelvis submarining tendency, lap- and torso belt forces, seat back frame 
deflection, ride-down efficiency, seat structure natural frequency, upper neck 
loads and neck injury criteria were studied. The results indicate that 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. Further, the combined 
use of different energy absorption mechanisms influences the biomechanical 
response as well as the structural response of an integrated safety belt 
configuration. An optimal solution with respect to multiple objectives requires a 
proper combination of parameters. Beside the optimisation of traditional 
biomechanical responses, the multiple objectives can be the minimisation of 
weight and cost as well as optimal control of passenger kinematics. The present 
study will hopefully create a basis for future research and possibly for the design 
of seat integrated safety belts.
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Thesis
This thesis consists of the following papers;  
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Gavelin, A., Lindquist, M., Oldenburg, M., Modelling and Simulation of Seat 
Integrated Safety Belts Including Studies of Pelvis and Torso Responses in 
Frontal Crashes. Submitted for journal publication.  

Paper B
Gavelin, A., Lindquist, M., Oldenburg, M., Numerical Studies Concerning Upper 
Neck and Head Responses in Frontal Crashes with Seat Integrated Safety Belts. 
To be submitted for journal publication.  
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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 Surgery at Umeå University (UmU)3. Previous 
work in the project has been published in [1, 2].

The overall purpose of the project is to try to increase the interface between 
“classic” mechanics and biomechanics. At present, one example of this is the so-
called Head Injury Criteria (HIC) which is widely used in crash test analyses. The 
aim is to develop and demonstrate methods based on the interaction between 
“classic” mechanics and biomechanics that can be used in automotive safety 
work.

The contribution to the project from LTU is the vast 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 of 
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 overall research question of the project is; How can automotive safety 
systems be improved through deep studies of accident events and consideration of 
the interaction between “classic” mechanics and biomechanics?  

The purpose of the present study is to investigate how physical properties 
influence the interaction of the seat back frame and the safety belts as well as the 
biomechanical responses of the occupant. The approach is to study 3- and 4-point 
seat integrated safety belt configurations in frontal crash situations and to 

1 Luleå University of Technology, Department of Applied Physics and Mechanical Engineering, 
Department of Solid Mechanics, SE-97187 Luleå  
2 SAAB Automobile AB, SE-46180 Trollhättan  
3 Emergency and Disaster Medical Centre, Department of Surgery, Umeå University, SE-90185 
Umeå  
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investigate the biomechanical responses of the occupant. A number of mechanical 
parameters are varied and common 3-point configurations are used as references. 
The aim is to find combinations of mechanical parameters that would at least 
equal or preferably lower the biomechanical responses of the occupant. All in 
order to create a basis for future research and possibly the design of seat 
integrated safety belts. It should also be stressed that the aim is not to find and 
present an optimised concept.  

3 Brief history
A summary of the history and development of occupant protection and safety 
belts can be found in e.g. [3, 4, 5]. The history of traffic safety in general and in 
Sweden in particular can be found in [6]. A brief summary follows here.  

The interest of traffic injury prevention began to spire in the late 1930s and early 
1940s. However, 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. 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 traffic in 1967 and the transition was accomplished smoothly. This 
gave a boost to traffic safety research, development and legislation. The work has 
paid off and since the early 1970s the numbers of fatalities and seriously injured 
people have decreased in Sweden. The 1950s also meant research and 
development of safety belts in different configurations. Some car 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. The safety belt systems of today are sophisticated 
devices with advanced functions.

4 Background  
Car safety is steadily increasing due to the industry response to customer demands 
and legislation. Nevertheless, a large number of people are still killed or seriously 
injured in automotive accidents. In 2003, around 40 000 people were killed in 
motor vehicle accidents in the EU countries and the USA respectively according 
to [7]. Thus, there is still a lot of work that can and needs to be done in the field of 
automotive safety.  

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 
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car body. Typically, the belt retractor, the so-called slip-ring (or D-ring) and often 
also the outboard anchor 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 seat 
structure. However, an increasing interest has evolved in fully seat integrated 
safety belts i.e. with all 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 (SIR), belt-in-seat (BIS) and integrated structural seat 
(ISS).

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. 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 the so-called 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. This is often referred to as the ride-down distance [8]. An extreme 
example of this would be with a non-stretch belt and with the occupant 
completely tied to the car. In this case the ride-down distance of the occupant and 
crushing distance of the car would be equal. 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 1. 

Figure 1. Schematic presentation, different ride-down distances. 
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The initial speed 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 on its reel 
(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 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 stop after the car, 
at t2. This will also reduce the acceleration as well as the forces transmitted to the 
occupant. Thus, in order to increase ride-down distance it is desirable to “allow 
more” energy absorbing deformation. The focus of research work in general is on 
how to minimise the time between t0 and tc and thus increase the occupant-
restraint coupling.

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 with movable or removable seats, such 
as mini-vans. A number of different studies concerning various configurations of 
both 3- and 4-point seat integrated safety belts have been made, e.g. in [5, 9, 10, 
11, 12, 13, 14]. 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. Also, with shorter belt lengths the so-called film spool effect 
is reduced. Thus, further investigations seem motivated.  

Other studies, e.g. in [15, 16] 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 is 
usually the consequence in these cases. Especially the weight and hence the fuel 
consumption increase issues are in conflict with environmental targets. Thus, it is 
therefore necessary to develop seat integrated belt systems that add as little extra 
weight as possible before introduced in volume production cars.  
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One 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 [2] indicate small overlap crashes as being the most 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 can probably be avoided with seat integrated safety belts. 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 drive car 
and right-hand traffic) rotates towards the A-pillar and the zone where the 
colliding car strikes. Thus, the colliding car may hit the upper body and the head 
of the occupant. In a case like this with 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. Thus, these conclusions 
are yet another incentive to further investigate and develop the concept of seat 
integrated safety belts.  

In motor sports multipoint harness style safety belts can be found in practically all 
kind of race cars. 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. The two concepts 
are in general not really comparable. In general the safety belts used in race cars 
are not attached to the seat back frame. Instead they are attached to parts of the car 
structure which of course is much more rigid than a seat back frame. 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 
tight belt fit is not very comfortable for the occupant. Besides the belts, the seats 
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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. Finally, 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 
[17]. Thus, this must be accounted for when comparing seat integrated safety belts 
in production cars relative multipoint safety belts in motor sports. A study 
concerning this subject has been made in [18].  

5 Biomechanics
The mechanical characteristics of the human body can be specified in terms of 
physical parameters in the same manner as any mechanical structure. This special 
field of mechanics is referred to as biomechanics. As defined in [19] 
biomechanics is mechanics applied to biology. The biological world is a part of 
the physical world around us and is naturally an object of inquiry in mechanics. 
Biomechanics seeks to understand the mechanics of living systems. 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.

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. A complement to full-scale crash tests is the use of 
mathematical models in computer aided computation and simulation, see below. 
At present, there are no mathematical models that can completely replace tests 
with real cars and animals or cadavers. However, research and development of 
mathematical models are constantly improved.  

6 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 
cars. Hence, the information search has also focussed on safety belt concepts.  

A lot of sources have been studied during the work of the present thesis. 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 
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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 
concerning crash test information of vehicles, components and biomechanics.  

7 Computer aided computation and simulation  
The studies conducted in the present thesis have been completed by the use of 
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 [20]. 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, mathematical models offer a very fast and 
cheap 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 
minimise 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 [12], this makes mathematical models very well suited for 
parametric studies. Thus, the use of mathematical models makes it possible to 
perform simulations over and over with equivalent circumstances, e.g. in order to 
perform crash test simulations.  

4 www.nhtsa.dot.gov 

http://www.nhtsa.dot.gov
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8 Software  
The LS-DYNA FE-analysis software (LS-DYNA) [21] 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 both pre-processing as well as post-processing tools.

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 and LS-DYNA 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 [22] 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.  

9 The present study  
This chapter gives an overview of the work performed in the present study and 
also some additional information to the appended papers.  

9.1 Method
FE-analysis was used in order to perform frontal crash simulations with a belted 
50th percentile Hybrid III (HIII) FE-dummy model as occupant. A number of 
mechanical parameters were varied in 3- and 4-point seat integrated safety belt 
configurations and a common 3-point configuration was used as reference model. 
Only frontal crashes were considered. The biomechanical responses detected from 
the FE-dummy model were used to compare with the common and integrated 
configurations. In order to obtain a satisfying integrated safety belt configuration 
the biomechanical responses of the occupant need to be at least equal or 

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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preferably lower compared to those of the common 3-point configurations. This 
reasoning formed the basis for the interpretations of the results. It should be noted 
that the response levels are only relative and comparable within this specific study 
and should not be used to draw general conclusions concerning seat integrated 
safety belt configurations. Thus, the results in the present study can only be 
related to each other.

9.2 Model development 
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-
dummy model, etc. 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.  

9.3 Model description
The models are thoroughly described in appended Paper A. Some additional 
background information follows below.  

In [13] seat excursion is referred to as the total forward displacement of the torso 
belt upper anchor point relative to the vehicle. The displacement results from the 
deformation of the seat structure and that of the floor underneath the seat. In [13] 
it was concluded that seat excursion is an important parameter to optimally design 
a seat integrated restraint system. Moreover, the magnitude of seat excursion can 
be limited by proper structural design of the seat, the seat anchor to the floor and 
the structural design of the floor. It was also found that the seat excursion is 
dependent on the overall system stiffness of the seat and of the floor, but 
independent of the seat-floor stiffness distribution. With this reasoning the lower 
seat frame and floor pan were modelled as rigid material and the seat back frame 
was modelled as a non-rigid material. The dimensions of the seat and the slope 
angles of the seat top and the seat back rest were about average values taken from 
a number of crash test protocols at the NHTSA Vehicle Database [23].  
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A 50th percentile HIII FE-dummy model was added to the model and used as 
occupant. The FE-dummy model used was developed by [24] and supplied by the 
distributor of the FE-analysis software8. The Oasys Primer software [22] was used 
to position the FE-dummy model on to the seat and also to fit the different belt 
configurations to the FE-dummy model and to apply slip-rings and retractors. The 
same static and dynamic friction coefficients between the seat and the FE-dummy 
model and the safety belt and the FE-dummy model were used in all simulations.  

Safety belt load limit functions including belt pay-out were modelled and the 
loading phase of the belts included so-called film-spool effect and belt stretch. 
The mechanical characteristics were controlled with different load curves 
describing different levels of the belt load limit forces and belt pay-out. The basic 
load curve characteristics were taken from [5] and the different load curves were 
then extrapolated. The load limit function is further commented on below. The 
maximum belt pay-out for the belt load limit functions was set to 200 mm. 
According to [25] must at least 200 mm of load limited torso belt be provided for 
most small passenger vehicles to keep the occupant response at the proper force 
level. Thus, 200 mm was considered to be a reasonable choice. Parametric 
combinations with no load limit functions were also included in order to study the 
interaction with seat integrated safety belts.  

The common 3-point configurations consisted of a retractor and a so-called slip-
ring, both positioned on the B-pillar. That is, the slip-ring was equivalent to the 
torso belt anchor point. Another anchor point with a slip-ring and a fixed anchor 
point were both positioned on the lower seat frame. That is, the latter anchor point 
with the slip-ring was equivalent to the so-called buckle point and in this case 
positioned at the inboard side.

The integrated 3-point safety belt configuration consisted of the 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. As above, an anchor point with a slip-ring and a fixed anchor 
point were both positioned on the lower seat frame. That is, the latter anchor point 
with the slip-ring was equivalent to the so-called buckle point and in this case 
positioned on the outboard side.

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

http://www.erab.se
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The integrated 4-point safety belt configurations consisted of a lap belt and 
harness style torso belts with the so-called buckle point at the front of the FE-
dummy model. The 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 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. Retractors at 
each end of the lap belt were positioned on the lower seat frame. The arrangement 
with “2+2” retractors described above was necessary in order to receive a belt fit 
comparable to the belt fit for both of the 3-point configurations. In a real retractor, 
a spring force pulls the safety belt back into the retractor when not in use. This 
spring force also creates the initial fit of the safety belt of the occupant. Both of 
the 3-point configurations had just one belt loop that passed through one or two 
slip-rings between the fixed anchor point and the retractor. Thus, a single retractor 
is able to create the initial belt fit. In this model of the integrated 4-point 
configuration the safety belt was divided in four parts, all connected at the so-
called buckle point. A number of simulations with different retractor 
arrangements were performed and compared. The simulations with “2+2” 
retractors gave the most satisfying initial belt fit.  

9.4 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, 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.

9.5 Parameters
The parameters used are thoroughly described in appended Paper A and Paper B. 
Some additional background information follows below.  

The seat back frame was modelled as both rigid and non-rigid. The simulations 
with rigid seat back frames used the non-rigid seat back frame but in this case 
anchored to the floor pan with rigid elements. Concerning the simulations with 
non-rigid seat back frames, two parameters of the seat back frame were varied in 
order to describe different mechanical responses and different amount of energy 
absorption. These were the cross section dimensions of the tubular beam elements 
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and the yield strength of the material. The cross section dimensions had an outer 
diameter (Do) of 28 mm and the wall thickness (t) was varied; t = 1, 2 and 3 mm. 
The material was modelled as steel. The yield strength ( y) of the material was 
varied differently in series 1 and series 2, see below. The rest of the material 
parameters were kept constant and with typical values for steel and with a piece-
wise linear elastic-plastic material model.  

The choice of Do and t was based on the dimensions of an equivalent tubular 
beam in a seat back frame of a production car with a common 3-point safety belt. 
These dimensions were Do  27,8 mm and t  1.2 mm. It was considered to be a 
reasonable choice to start the studies with geometrical dimensions that are 
actually used in a real seat back frame and then proceed with the studies from that 
point. By varying t, different levels of section modulus were achieved. Also, with 
different values of t, the mass of the seat back frame varies. The symmetrical 
geometrical properties of a round geometry were also considered when modelling 
the seat back frame. That is, a round geometry has the same section modulus in all 
directions and therefore no consideration needs to be made to the direction of the 
deformation.  

9.6 Simulations
The explicit LS-DYNA FE-analysis software [21] was used to carry out the 
simulations. The same initial velocity (v0), (negative) constant acceleration (a), 
and gravitation (g) were used in all simulations. Two simulation series were 
performed and analysed. The studies in appended Paper A and Paper B were 
based on the simulations made in series 2, the definitive study. The base models 
in series 2 were developed from the ones used in series 1, the preliminary study. A 
number of parameters in the models used differed between series 1 and series 2. 
Both the common and the different parameters used are described below.  

Series 1; Preliminary study
In simulation 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 [26] and with a piece-wise linear 
elastic-plastic material model. The other three were based on the same 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.  
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The y of the material of the seat back frame was varied from 250 MPa to 800 
MPa in steps of 50 MPa. Thus, a total of 12 different levels were used. Also, t was 
varied as described above.

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.  

Series 2; Definitive study
The models in simulation series 2 used the belt material according to the 
constitutive characteristics approximated from the studies in [26] and with a 
piece-wise linear elastic-plastic material model. Also, belt load limit functions 
were used and the load limit force was varied. Concerning both of the 3-point 
configurations the load limit force used was a 4, 5 or a 6 kN. Concerning the 4-
point configurations the load limit force used were a 2, 2.5 or a 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 two 3-point and a 4 and a 5 kN in the 4-point configurations respectively. 
However, the responses from these simulations were ambiguous and difficult to 
interpret. The unambiguous response and the fact that the load limit forces usually 
do not exceed 6 kN in production belt reels were the reasons for not using higher 
load limit forces than a 6 and a 3 kN respectively. Additionally, all configurations 
were also simulated with no load limit function.  

The y of the material of the seat back frame 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. Also, t was 
varied as described above.

Both biomechanical and mechanical responses of the simulations in series 2 were 
studied. The studied responses are thoroughly described and evaluated in 
appended Paper A and Paper B.
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10 Summary of appended papers
As mentioned above, the studies in appended Paper A and Paper B were based on 
the simulations made in series 2, the definitive study. The Oasys T/HIS [27] and 
the Oasys D3PLOT [28] post-processing software were used to carry out the 
studies and the interpretations of the simulations. All results were filtered 
according to SAE 60 Hz before they were analysed.

10.1 Paper A
In Paper A, 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 are described. The descriptions include dimensions, geometries, 
element types, constitutive characteristics and material models used. The different 
parameters that were varied are also described including yield strength and 
dimensions of the seat back frame as well as belt load limit forces. 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. 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 
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frame had a negative effect on the ride-down efficiency. Finally, no tendencies of 
pelvis submarining were observed.  

10.2 Paper B
The previous work made in Paper A is continued in Paper B and 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 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. 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.  
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11 Conclusions
The present study does indicate that there must be a certain combination between 
the geometric- and constitutive properties of the material in the seat back frame. 
This underlines the findings in [12] where it was also found that seat parameters 
are important to system performance and should be paid attention to in the system 
design process. 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, 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.  

The same method and models were used in the studies in Paper A and Paper B 
and both indicated a major difference between the integrated 3-point and the 
integrated 4-point configurations used in the simulations. The origin of these 
differences is the fact that 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. 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.  

12 Additional comments
Due to the limitations of the models a couple of results need to be commented on. 
The legs of the FE-dummy model did move about in a non-realistic manner, 
especially during the rebound phase and this of course affects the biomechanical 
responses. In a real world crash the head of the driver would either strike the 
steering wheel or be caught by an air bag before reaching the head displacements 
in the present study. In a corresponding manner, the passenger’s head would 
either strike the dash board or be caught by an air bag. A number of full-scale 
crash tests protocols at the NHTSA Vehicle Database [23] concerning mid and 
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medium size cars were studied. The distance between the nose of the crash test 
dummy (driver) and the rim of the steering wheel was between 350-500 mm at an 
angle of 10-14°. The distance between the chest of the crash test dummy 
(passenger) and the dash board was between 500–620 mm. Also, the distance 
between the knees of the occupant and the lower side of the dash board was 
between 110–250 mm. Due to the choice to omit the steering wheel and the pedals 
in the models, the results of the simulations might be more suited to studies of 
passenger responses. Anyway, in the present study these circumstances were 
present in all of the simulations and as mentioned above, the results here should 
only be related to each other and not to full-scale crash tests. The aim here was to 
study the responses of different integrated safety belt configurations without the 
interference of air bag, steering wheel, dash board, pedals and windshield.

Concerning the results of the rebound some reflections may also be stressed. The 
rebound phase was not considered in the present study. However, high levels of 
the upper neck forces and moments were reached during the rebound phase. The 
seat back frame in the present study was modelled with elastic-plastic material 
with different y and t. As a consequence, various degrees of elastic spring back 
of the seat back frame occurred. This obviously affects the rebound of the 
occupant. In a hypothetical case of an elastic material with a very high y, the 
plastic regime would not be reached and the seat back frame could act like a 
spring and thus catapult the occupant towards the seat back frame.  

13 Suggestions for future work  
The present study 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 a proper combination of parameters. Beside the optimisation of 
traditional biomechanical responses, the multiple objectives can be the 
minimisation of weight and cost as well as optimal control of passenger 
kinematics.  

During the work with the present study a number of questions and considerations 
emerged, some concerning the field of automotive safety and some concerning 
refinement and development of models and what parameters to study in the future. 
As mentioned above, due to limitations of the model and to the number of 
parameters, there were no belt pretension functions in the models. In future 
studies, aiming to optimise seat integrated safety belt configurations, the model 
needs to be developed further. A reasonable first step could be to include a 
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steering wheel with or without air bag and also to include a dash board with a so-
called knee bar. Belt pretension functions are practically standard equipment in 
modern cars. Thus, in future optimisation studies, it is also reasonable to include 
belt pretension functions with seat integrated safety belts.

Only one initial velocity was concerned in the present study. Obviously, further 
studies of the performance of seat integrated safety belts should include tests at 
both lower and higher initial velocities.

Future work should continue to study the interaction between mechanical 
properties of seat structure, anchor points and belts and the biomechanical effect 
on the occupant. This would include studies with parameters in the anchor of the 
lower seat frame to the floor pan. The next step would be to try to optimise the 
combination of mechanical properties.  

The interaction of the occupant and the seat back during the rebound phase needs 
to be studied more accurately. Especially in the case of seat integrated safety belts 
and whether the seat back frame is supposed to deform to some extent and 
therefore may be in a non-favourable position when the occupant’s back and head 
strike it. The force levels when the occupant strikes the seat back rest were high 
enough to actually induce plastic deformation to the seat back frame in some 
simulations.  

Finally, a very important issue in the future work of developing an effective seat 
integrated safety belt is of course thorough testing to verify the results of the 
simulations.  
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ABSTRACT 
In general, different studies show that there are some advantages with seat 
integrated safety belts. 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
Car safety is steadily increasing due to the industry response to customer demands 
and legislation. Nevertheless, a large number of people are still killed or seriously 
injured in automotive accidents. 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 and the so-
called slip-ring are mounted on the B-pillar. Other anchor points are either 
mounted on the floor or on the lower seat structure. However, an increasing 
interest in fully seat integrated safety belts has evolved, i.e. with all 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.

mailto:andgav@ltu.se
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One 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 small overlap crash as the most 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 can probably 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 seem 
motivated.

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

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 2. Seat back frame (highlighted). The outer diameter (Do) of the tubular beam elements 
were 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 were 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;  = 7800 kg/m3, E 
= 210 GPa,  = 0.3 and Et = 300 MPa. The constitutive characteristics of the 
material are schematically described in Figure 3.  

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

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, developed by [6], was 
added to the model and used as occupant (Figure 4). The Oasys Primer software 
[7] 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.



Paper A 

Anders Gavelin – Licentiate Thesis 
5

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

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 [7]. 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 [8]. The constitutive characteristics are 
described in Figure 5.

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

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).  

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.  

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. 
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According to [9] must at least 200 mm of load limited torso belt 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 
forces were equal in each of the corresponding configurations.

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 seat belt 
configurations without interference from other parts of the interior. 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.  

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 [10], any study concerning safety belt configurations must consider 
the risk of occupant submarining because this greatly influences the design of the 
system. Lap belt ride-up and submarining is a problem that can occur with any 
safety belt configuration. During submarining the pelvis rotates anticlockwise 
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 will 
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 [11] 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 displacements 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 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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Figure 10. Simulation time graphs including velocity and acceleration characteristics as well as 
description of the occupant-restraint coupling phase and the rebound phase.  

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 represent 
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. 
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Figure 11. Max chest deflections.  

Change of pelvis angle
Negative signs indicate a clockwise rotation and positive signs indicate an 
anticlockwise rotation of the pelvis around the y-axis (Figure 12). 

Figure 12. Rotation of the pelvis around the y-axis. Negative signs indicate clockwise rotation and 
positive signs indicate anticlockwise rotation.  

The change of pelvis angle varied more between the 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).  
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In almost all the simulations the pelvis rotated clockwise relative to the horizontal 
x-direction. The exceptions were a few cases 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 
anticlockwise.  

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

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

Figure 14. Max relative chest (T1) displacement, x-direction.  
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Figure 15. Max relative pelvis displacement, x-direction.  

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.  

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.  

Figure 16. Max lap belt force (average values).  
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Figure 17. Max torso belt force.  

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).

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 apparently 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.
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Figure 18. Comparison of the occupant-restraint coupling phase, 3pI (left) and 4pI (right).  

The body loading with the 4pI was divided in 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 phase 2 
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 phase 3 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 
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 deformation with 3pB and with rigid 3pI and 
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.
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Figure 19. Max seat back frame deflections, average values.  

Ride-down efficiency  
The ride-down efficiency is expressed by the restraint energy density of the T1 
vertebra in absolute values (Figure 20).

Figure 20. Max restraint energy density, T1 vertebra (absolute values).  

It is obvious that 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; with 
rigid seat back frames and no load limit function.  
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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.

Figure 21. Typical dynamical responses of the seat back frame.  

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 mainly two ways of reducing safety belt forces only 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. The occupant must be stopped 
before striking the interior. 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.  
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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 
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 [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).

Figure 22. Force components at the buckle point of the 4pI.  

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 
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body the torso belt forces decrease temporarily, i.e. the torso belts slacken. Later, 
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 respectively, 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 and the dynamic response and 
the natural frequency of the seat back frame contribute to a poor occupant-
restraint coupling in the early phase. One issue concerning the natural frequency 
of the seat structure is the occupant comfort [12]. 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 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 



Paper A 

Anders Gavelin – Licentiate Thesis 
21

differed between cases with rigid and non-rigid seat back frames and the values 
were generally lower with the rigid seat back frames. 

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 is typical in the case of 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, [13] concluded that a lap belt angle of 60° was considered as 
the most effective. The lower seat structure should prevent the forward movement 
and sinking and thus the submarining of the pelvis. Regarding the 3pI, [10] 
concluded that the occupant must be supported by a firm seat structure early on in 
the crash event. A firm structure decreases the risk of submarining significantly. 
Further, [10] stated that according to the ECE regulations the requirements for 
seat-anchored lap belts must be 60° ± 10° in order to avoid lap belt ride-up. 
Concerning the 3pB, [14, 15] both 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, [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 [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. Also, modern seat structures appear to 
reduce the risk of submarining. In a study using FE-simulations [8] found that an 
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insufficient seat cushion could not resist the downwards motion and the rear 
rotation of the pelvis. This in turn caused both lap belt ride-up and 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° in the models. 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 and the torso as well as with 
the seat structure. A subsequent paper will cover studies of upper neck loads and 
head kinematics.  

CONCLUSIONS 
The present study showed the following; 

- Concerning chest deflection and ride-down efficiency of the 3pI showed 
better results 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 and 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 compared to 
the 4pI.
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- Concerning both of the integrated configurations, the lap belt 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 a 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 
Neck and head injuries are 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 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 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, 
NIC, Nij

INTRODUCTION
In recent years, an increasing interest has evolved 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. One 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 [4] indicate 
small overlap crash as the most 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 can probably be avoided with seat 
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integrated safety belts. Thus, these conclusions are one incentive to further 
investigate and develop the concept of seat integrated safety belts.

A research project was initiated in order to investigate how a non-rigid seat 
structure influences the performance of seat integrated safety belts. In this project 
finite element analysis was used to investigate and compare seat integrated 3-
point and 4-point safety belt configurations with common 3-point configurations 
with anchor points on the car body. A Hybrid III dummy model was used as 
occupant. A study concerning the performance of these systems has been 
published in [5] 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 present study continues the previous work made by the authors 
in [5] and is based on the same method and models.  

Neck and head injuries are 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 [6].  

The general opinion appears to be that the harness style 4-point safety belt 
configuration increases neck loads compared to the common 3-point 
configuration. However, there are few scientific studies comparing neck loads in 
this particular context, i.e. frontal crashes with seat integrated 4-point safety belts 
and non-rigid seat structures. Thus, further investigations seem motivated. 

A vast number of studies concerning neck injuries in rear-end collisions have been 
made and they often concern so-called whiplash injuries. The number of studies 
concerning neck injuries in frontal crashes is more limited in comparison. As 
summarised in [7], 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. It can be hypothesised that the interaction 
between the body of the occupant and the safety belt may transfer injurious loads 
to the neck.

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 
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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) [8] was 
used in the simulations. The method and models are thoroughly described in [5] 
and will only be described briefly here.  

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.

Figure 1. FE-model of seat structure and sled, seat back frame (highlighted). The outer diameter 
(Do) of the tubular beam elements were 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.  

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 were 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. 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 



Paper B 

Anders Gavelin – Licentiate Thesis 
4

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.  

A 50th percentile Hybrid III (HIII) FE-dummy model, developed by [9], was 
added to the model and used as occupant. The Oasys Primer software [10] 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. These features were modelled and fitted around the FE-
dummy model using the Oasys Primer software [10].  

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 so-called buckle point at the front of 
the FE-dummy model (Figure 4).  
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Figure 2. FE-model with a common 3-point safety belt. 

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

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. 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 [3] and the different load curves were then 
extrapolated (Figure 5).  

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.  

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. 
Parametric combinations with no load limit functions were also included.  
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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 performance of 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)  
- 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.  

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 scull, i.e. where the scull 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 [7] 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 [7]. 
Both are based on the relative velocity and relative acceleration between the T1 
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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 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 intercept values for a HIII dummy in [11]. The calculations were 
performed using a built-in function in the Oasys T/His software [12].  

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).  

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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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, 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.  

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 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 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 represent 
results with rigid seat back frames.  

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).
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Figure 7. Max relative chest (T1) displacement, x-direction.  

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.

Head displacements  
As for the chest deflections, 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).

Figure 8. Max relative head displacement (centre of gravity), x-direction.  
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Figure 9. Max relative head displacement (centre of gravity), z-direction.  

Configurations with rigid seat back frames obviously 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 a logical consequence since no belt pay-out exists. 
Concerning all 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.  
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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.  

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



Paper B 

Anders Gavelin – Licentiate Thesis 
13

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.

Figure 13. Max upper neck shear forces (absolute values).  

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

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 15. Max upper neck tension forces (absolute values).  

The max upper neck extension moment values (Figure 16) were noticeably 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.  
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Figure 16. Max upper neck extension moments (absolute values).  

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 17. Max upper neck flexion moments.  

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.  
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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.  

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 poorer ride-down efficiency at the initial phase.  

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.  
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Figure 20. Typical response curves, NICgeneric. The NICprotraction value is equivalent to the absolute 
value of the min NICgeneric value.  

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

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).
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Figure 22. NICmax values.  

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).

Figure 23. NICprotraction values.  

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).
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Figure 24. Nijmax values.  

DISCUSSION  
The same method and models were used in the previous studies in [5] 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. Obviously, 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 imply 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 
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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 
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.
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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, 
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 
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 and 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.  
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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 
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 [5] indicate in general that the 3pI 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 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.

Additional comments 
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 
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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 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 a proper combination of 
parameters. Beside the optimisation of traditional biomechanical responses, the 
multiple objectives can be the minimisation of weight and cost as well as optimal 
control of passenger kinematics.  

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.  



Paper B 

Anders Gavelin – Licentiate Thesis 
24

ACKNOWLEDGEMENTS  
The financial support from VINNOVA (The Swedish Governmental Agency for 
Innovation Systems), The Vehicle Research Program (ffp) and SAAB Automobile 
AB is gratefully acknowledged.  

REFERENCES  

1. Rashidy, M., Deshpande, B., Gunasekar, T. J., Morris, R., Munson, R. A., 
Lindberg, J. A., Summers, L., Analytical Evaluation of an Advanced Integrated 
Safety Seat Design in Frontal, Rear, Side, and Rollover Crashes, Society of 
Automotive Engineers Inc., SAE Technical Papers Series, 2001, Number 2001-06-
0017.

2. Bostrom, O., Haland, Y., Benefits of a 3+2 Point Belt System and a Inboard 
Torso Side Support in Frontal, Far-Side and Rollover Crashes, Proc. 18th

International Technical Conference on Enhanced Safety of Vehicles (ESV),
Nagoya, Japan, 2003.

3. Rouhana, S.W., Bedewi, P.G., Kankanala, S.V., Prasad, P., Zwolinski, J.J., 
Meduvsky, A.G., Rupp, J.D., Jeffreys, T.A., Schneider, L.W., Biomechanics of 4-
point Safety belt Systems in Frontal Impacts, Stapp Car Crash Journal, 2003, 
Vol. 47.

4. Lindquist, M., Hall, A., Björnstig, U., Car Structural Characteristics of Fatal 
Frontal Crashes in Sweden, International Journal of Crashworthiness, 2004, Vol. 
9, No. 6, pp. 587-597.

5. Gavelin, A., Lindquist, M., Oldenburg, M., Modelling and Simulation of Seat 
Integrated Safety Belts Including Studies of Pelvis and Torso Responses in 
Frontal Crashes, Submitted for journal publication. (Available in: Gavelin, A., 
Seat Integrated Safety Belts A Parametric Study Using Finite Element 
Simulations., Luleå, Sweden, Licentiate Thesis, Number: 2006:21, Division of 
Solid Mechanics, Luleå University of Technology, 2006).

6. Pike, J. A., Automotive Safety: Anatomy, Injury, Testing & Regulation,
Warrendale, PA, USA, Society of Automotive Engineers Inc., 1990.  



Paper B 

Anders Gavelin – Licentiate Thesis 
25

7. Bohman, K., Boström, O., Håland, Y., Kullgren, A., A Study of AIS1 Neck 
Injury Parameters in 168 Frontal Collisions Using a Restrained Hybrid III 
Dummy, Stapp Car Crash Journal, 2000, Vol. 44, pp. 103-116.

8. Livermore Software Technology Corporation, LS-DYNA Keyword User’s 
Manual, Version 970, Livermore, California, USA, Livermore Software 
Technology Corporation, 2003.

9. Fredriksson, Lars A., A Finite Element Data Base for Occupant Substitutes,
Linköping, Sweden, Doctoral Thesis, Department of Mechanical Engineering, 
Linköping University, 1996.

10. Arup LS-DYNA Environment (2004, November – last update), Oasys
PRIMER Version 9.1, [Online], Available: www.arup.com/dyna/ [2006, January 
30].

11. Eppinger, R., Sun, E., Bandak, F., Haffner, M., Khaewpong, N., Maltese, M., 
Kuppa, S., Nguyen, T., Takhounts, E., Tannous, R., Zhang, A., Saul, R., 
Development of Improved Injury Criteria for the Assessment of Advanced 
Automotive Restraint Systems – II, chapter 3, National Highway Traffic Safety 
Administration, Washington DC, USA, NHTSA Docket No. 1999-6407-5, 1999.

12. Arup LS-DYNA Environment (2004, November – last update), Oasys T/HIS 
Version 9.0c, [Online], Available: www.arup.com/dyna/ [2006, January 30].

http://www.arup.com/dyna
http://www.arup.com/dyna







