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Abstract 

ABSTRACT 
 
Background: Most traffic safety research projects require accurate real world data which is 
collected in different databases around the world. This is especially important since the results of 
these projects form the basis for new crash test procedures and standards. In many of these 
databases the involvement of the frontal structures of the car in frontal crashes is coded by using 
the SAE J224 practice (Society of Automobile Engineers). There were indications that by using 
this practice the database would contain an overestimate of the car frontal structure involvement 
in real world crashes. One purpose of this thesis is therefore to develop a new method for real 
world crash investigations to better address this issue. One purpose was also to adopt this method 
in a data collection of fatal crashes in Sweden and examine injury causation mechanisms. Studies 
shows that the commonly used Hybrid III dummy is not fully reproducing the kinematical 
behavior observed in frontal sled test with belted PMHS (Post Mortem Human Subject).  A 
human FE-model (Finite Element) might be able to reproduce the behavior evidenced with the 
PMHS in order to study upper body kinematics in certain types of frontal collision events.   
 
Method: A new data collection method was developed with the purpose to examine actual load 
paths active in the car front during a frontal crash. An important purpose was to examine if there 
was a relation between these load paths and injury producing mechanisms. This was done in an 
examination and analysis of   61 fatally injured occupants in 53 car frontal crashes in a sample 
area covering 40 % of the population of Sweden. Sample period was one year (1st October 2000 to 
30th September 2001). An existing human FE-model was developed and validated with respect to 
upper body kinematics by using existing frontal belted PMHS tests. This was done by building a 
FE-model of the seat and seat belt used in the PMHS tests.   
 
Results: A generic car structure was developed which was used in the data collection 
methodology. By adopting this new method, Small Overlap (SO) crashes emerged as the most 
common crash configuration (48 %) among belted frontal fatalities. The injury producing 
mechanism in SO crashes is characterized by occupant upper body impacts in the side structure 
(door, a-pillar) of the car. This upper body kinematics is induced by both the crash pulse and the 
asymmetrical three point belt system. Current crash test procedures are not designed to fully 
estimate the performance of neither car structures nor restraints in SO crashes. In order to develop 
a better tool for reproducing this kinematical behavior a FE-model of a human body was refined 
and validated for belted conditions. This validation was performed with satisfying result. 
 
Conclusions: This study showed that by adopting new methods of data collecting new areas of 
traffic safety could be considered. In this study SO (48 %) crashes emerged as the most common 
crash configuration for belted frontal fatalities. Approximately ¼ of the fatalities occurred in a 
crash configuration comparable to current barrier crash test procedures. The body kinematics of 
PMHS in the SO crashes can be replicated and studied by using a FE-model of a human body in 
the collision load case model. With this tool possible collision counter measures could be 
evaluated for the SO crash configuration. 
 
 
Key words: Deep studies, fatal crashes, small overlap, human FE-modeling, body kinematics, real  
                    life safety 
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INTRODUCTION 

Frontal crash test development 
 
US-NCAP1 (New Car Assessment Program) 
was begun in the late nineteen seventies. The 
results of these tests were published in order 
to provide car buyers with safety information 
regarding the crashworthiness of different 
car models. Car manufacturers performed 
crash tests before the introduction of the US-
NCAP and are still using several crash test 
procedures as in-house assessments for 
crashworthiness performance.  
 
In the US-NCAP frontal crash test procedure 
the vehicle is propelled with a velocity of 
56.3 km/h in to a flat, rigid barrier that 
covers the entire front width of the vehicle. 
The front seats are occupied with two belted 
Hybrid-III ATDs (Anthropomorphic Test 
Device) human surrogates instrumented with 
measuring equipment. The performance 
evaluation of this test is depending on chest 
resultant acceleration and the HIC (Head 
Injury Criterion) value in the Hybrid-III 
dummies in the front seats.  
 
In the early 1990s there was a discussion in 
Europe regarding the validity of the full 
width frontal test. Researchers presented real 
world crash data suggesting that a crash test 
which involved a portion of the front would 
be more representative of European crash 
conditions2-5. This view was adopted by the 
car magazine Auto Motor und Sport in 
Germany which 1990 started to crash test 
cars for consumer information purposes for 
the first time in Europe6. This offset crash 
test was performed with a 50 % overlap in to 
a rigid barrier which was supposed to 
simulate a 50 % overlap frontal crash 
between two similar cars. 
 
The use of rigid barriers in offset crash 
testing was later criticized as being 
unrealistic with regard to car frontal 

structures deformations compared to real 
world crashes. Instead the use of deformable 
barriers for offset crash testing was proposed 
with barrier stiffness comparable to average 
stiffness of modern cars7. This approach was 
in 1996 used in a consumer information 
crash test in the UK developed by TRL 
(Transport Research Laboratory). This crash 
test was performed in 64 km/h into a 
deformable barrier with 40 % overlap. The 
choice of 40 % overlap was concluded to be 
the closest possible simulation of a car to car 
frontal collision between two similar cars 
with 50 % overlap. This method was soon 
adopted within Europe as Euro-NCAP for 
consumer information8. 
  

 
 
Figure 1. US-NCAP and Euro-NCAP crash 
test configurations. 
Besides the difference between US-NCAP 
and Euro-NCAP test methods in barrier 
configurations there is also a difference in 
performance evaluation. While the US-
NCAP evaluation only takes in to account 
dummy injury values the Euro-NCAP also 
consider structural deformations. 
 
Today the general opinion is that the US-
NCAP and Euro-NCAP crash tests serves as 
compliment to each other. The US-NCAP 
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test produces a more severe crash pulse 
which leads to large demands on interior 
safety systems whilst the Euro-NCAP is a 
test of car structure and compartment 
integrity. 
 
In Japan a NCAP test procedure was 
launched in 1996 and further updated in year 
20009. By this update of the test protocol the 
assessment procedure utilizes two frontal 
crash tests, one offset crash test similar to 
Euro-NCAP and one full frontal similar to 
the US-NCAP. By this approach the Japan 
NCAP test procedure is a combination of the 
NCAP crash test standards in Europe and in 
the US. In 2006 a NCAP program was 
launched in China which adopted almost an 
identical test protocol as the Japan NCAP. 

Frontal crash compatibility  
When the crashworthiness of the vehicle 
fleet improves by barrier crash testing the 
compatibility between different vehicles 
arises as next focus area. The compatibility 
between two colliding vehicles is considered 
to be the combination of the crashworthiness 
of the impacted car and the aggressiveness 
of the impacting car10-14. The aggressiveness 
of a car is usually expressed by three 
properties: 
 

1. Vehicle mass. By Newtonian physics 
it is obvious that a light car that 
collides head on with a heavier car 
will result in a higher deceleration of 
the lighter car. This will lead to 
larger body loadings on the 
occupants during the deceleration of 
the lighter car. Some authors have 
identified mass as the largest 
property causing aggressiveness in 
real world crashes15-16.  

 
2. Front-end stiffness. When a car with 

a stiffer front-end collides head on 
with a car with a less stiff front-end 
the less stiff vehicle will deform in a 
larger extent. 17-18. 

 

3. Geometrical differences. This 
property is usually expressed by 
bumper height. When a car with a 
low bumper height collides head on 
with a car with a high bumper height 
the lower car could be overridden. 
This could inflict large deformations 
of the compartment area of the lower 
car.  

 
Several research projects have been 
conducted in order to define a measurement 
of vehicle aggressiveness. Most frontal 
compatibility assessment proposals include 
bumper height and the stiffness of its 
supporting structures, the longitudinals. 

Real world crash data 
Both current crash test procedures and 
compatibility assessment proposals are to 
different extent based on real world crash 
data. There are several ongoing activities 
around the world with an aim to collect data 
and create databases containing 
representative real world crashes. These 
activities are called in-depth-studies and 
form a representative sample of all crashes 
occurring in the sample region or country. 
The data collection in an in-depth-study is 
more extensive compare to the official 
statistics which contains more crashes.  
 
In the USA NHTSA (National Highway 
Traffic Safety Administration) administers a 
large scale data collecting activity by the 
NASS-CDS (National Automotive Sampling 
System – Crashworthiness Data System)19. 
This database is the largest in the world and 
most frequently used for research purposes, 
since it is available on the internet. Other 
deep-study activities are the CCIS (Co-
operative Crash Injury Study) 20 in the UK 
and in Germany the GIDAS (German In-
Depth investigation Accident Study) 21.  
The most common method of describing the 
extent of vehicle deformations is the SAE 
J224 practice, CDC (Collision Deformation 
Classification) 22. By using the CDC coding 
the amount of deformations is a searchable 
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entry in the database and there is a 
possibility to group the vehicles with similar 
CDC coding as similar crash configurations. 
The CDC coding of deformations is used in 
the NASS-CDS database and with some 
modifications in the CCIS and GIDAS 
databases. 
 
The CDC code contains a seven-character 
code which describes the extent of 
deformations. The two first characters 
indicate the PDoF (Principal Direction of 
Force) which is the direction of the resulting 
force vector acting on the vehicle. The third 
character designates the area of deformations 
and is most commonly coded as a frontal, 
rear, side or top (rollover) impact. The 
fourth, and for this study most important 
character, designates the specific lateral 
damage location, Figure 2. The three 
remaining characters in the CDC code 
designate vertical damage, type of damage 
distribution and the extent of damage. 
 

 
Figure 2. Fourth CDC character 
description.  
 
If, for example, the left third of the front is 
deformed the fourth character will be coded 
as “L”, if the full width of vehicle is 
deformed this will be coded as “D”.  
 
It is important to keep in mind that the fourth 
character designates the extent of 
deformations or damage. For example, if a 
vehicle collides in a high speed with a tree in 
the center of the front, the full width of the 
vehicle will be deformed and could then be 
coded as a “D” crash. In this case the drive 
train would be the active load path in the 
vehicle, not the load paths to each side of the 
drive train.  
 
These considerations regarding the CDC 
coding could be illustrated by reviewing a 

case in the NASS-CDS database available on 
the internet23. The selected case (2001-081-
010) was a head on collision between a 4-
door sedan compact car and a large pickup. 
Both vehicles were occupied by belted 
drivers as only occupant and both were 
equipped with steering wheel airbags. The 
driver of the compact car was a 27 years old 
female which received a MAIS 5 injury 
(brain injury). The driver of the pickup was a 
41 years old male which received a MAIS 1 
injury (scalp contusion). The vehicles are 
shown in Figures 3-4. 
 
Both vehicles were coded with the same 
CDC code, 12FDEW4 which denotes a head 
on, full width collision. This coding is 
probably due to that more than ⅔ of the front 
ends of each vehicle is deformed, such as 
bumper and hood.  
 

 
 
Figure 3. Compact car 
 

 
 
Figure 4. Large pickup. 
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However, by analyzing the photographs 
available of the two vehicles it is obvious 
that they have collided in a configuration 
according to the right in Figure 5. 

 
Figure 5.Two possible configurations of the 
crash. 
 
In neither of the two vehicles, the drive train 
to dash panel nor the left longitudinals have 
been used as active load pats. The main 
interaction between the two vehicles has 
been by the left front wheel of each vehicle. 
There is a big difference between the 
configurations according to CDC coding and 
according to analysis of actual load paths in 
Figure 5. If this case is used for crash test 
assessment the CDC coding would support 
full width barrier crash testing as a valid 
configuration. If this case would be used for 
compatibility evaluation the CDC would 
suggest that the injuries to the driver in the 
compact car are due to front stiffness or 
bumper height of the truck.  
 
There is a need to develop the methodology 
in describing the deformations of the frontal 
structure in order to reconstruct proper 
configurations of real world data: this for 

both barrier crash test and compatibility 
evaluations. 

Crash test dummy considerations 
The Hybrid III 50th percentile dummy 
represents the state-of-the-art regarding 
frontal crash test ATD. This dummy was 
developed by GM (General Motors) mainly 
during the 1970s but has since then 
undergone a number of improvements and 
changes. Today the Hybrid III dummy is the 
only official ATD for compliance frontal 
crash testing in both the US and Europe.  
 
During the development of the Hybrid III 
dummy one of the key properties was to 
achieve similar stiffness of the dummy chest 
compared to a human chest. This property is 
also evaluated in the dummy chest validation 
process in which the chest anterior is 
impacted by a blunt pendulum. The force-
deflection curve from the validation test 
must be within corridors specified through 
pendulum tests by Kroell et al.24-25 on PMHS 
(Post Mortem Human Subject) chests. It is 
no doubt that the introduction of the Hybrid 
III dummy has enhanced the development of 
interior safety devices such as seat belt 
properties and airbags 
 
Sled testing with a standard three point belt 
system on a restrained PMHS shows a 
rotation of the torso around the restrained 
shoulder due to the asymmetrical belt 
loading26-28.The Hybrid III dummy do not 
show this behavior in to the same extent in 
the same sled test condition. The difference 
in body kinematics between the Hybrid III 
dummy and a PMHS is illustrated in Figures 
6-7. Both tests were performed with the 
same tests conditions; 50km/h 0° in a BMW 
3-series bucket with a standard three point 
belt. The signals were downloaded from 
NHTSA Biomechanics Database29. These 
two sled tests were performed at University 
of Heidelberg, Germany, by a contract from 
NHTSA and have number B2730 and B2732 
in the database.  
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There is one graph with four curves for each 
sled test; shoulder belt force and three 
integrations of accelerometer results called 
velocities. The T1 (Thorax 1) is the first 
vertebrae of thoracic spine of which both x- 
and y-accelerations have been integrated. 
The T1 accelerometer measurements were 
done in both in the Hybrid III dummy and 
the PMHS, these two velocities represents 
upper body movement. The third velocity is 
the integrated x-acceleration of the sled.  
 
In the sled test with the Hybrid III dummy 
(Figure 6), the shoulder belt force raises, 
reaches maximum and starts to decrease 
when T1 x-velocity asymptotic reaches the 
velocity of the sled. The movement of the T1 
is mainly in the x-z plane since there is 
negligible y-velocity.  
 
The curves from the sled test with the PMHS 
have a different pattern, especially the T1 y- 

velocity which reaches almost 7 m/s at the 
end of the diagram. The shoulder belt force 
reaches its maximum at the time when the 
T1 y-velocity starts to increase, i.e. upper 
body starts to rotate. T1 x-velocity do not 
asymptotic reaches the same velocity as the 
sled x-velocity which is an effect of the 
rotation. 
 
The comparison of Figures 6-7 shows that in 
these tests there is a significant difference in 
upper body kinematics between the Hybrid 
III dummy and the PMHS. There is therefore 
a opportunity for a tool to better reproduce 
human upper body kinematics for belted 
conditions as a compliment to the Hybrid III 
dummy. A human FE-model (Finite 
Element) might be able to more closely 
replicate the kinematical behavior of the 
PMHS. 
 

 

 
 
Figure 6. Sled test with Hybrid III        Figure 7. Sled test with PMHS. 
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AIMS OF THE THESIS 
 
 

I. To develop an investigation method of crashed vehicles in order to identify actual 
structural load paths acting in the vehicle during a frontal crash. 

 
II. To adopt this investigation method in a study of fatal crashes in Sweden. 

 
III. To identify crash configurations and injury causation mechanisms in this material. 

 
IV. To develop a method of validation and validation criteria of a human FE model for upper 

body kinematics in belted condition. 
 

V. To improve and validate an existing upper body FE model. 
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Method of crash investigation 
Both the subject cars and the scene of the 
crash were investigated; in case the subject 
car had collided with another vehicle 
(collision partner) this vehicle was also 
investigated. During the inspection special 
emphasis was given to documenting the 
deformations of the structure of the cars, 
such as beam structures. One important 
example of such beam structures in a car are 
the two longitudinal beams which are placed 
on each side of the drive train, connecting 
the bumper beam to the dash panel/floor 
structures. For this purpose a generic car 
total structure was developed which mainly 
was built of beam structures. This generic 
car structure was the result of a survey of 
body-in-white construction of all major car 
manufacturers present on the European 
market. 

 
 

 
Figure 8. Description of main parts in the 
generic frontal structure. 

During the inspection of the cars, 
deformations of each part presented in 
Figure 8 were recorded. Especially each 
separate beam structure was inspected with 
regards to: 
 

• Quantity; length of deformation. 
 
• Quality; deformation modes such as 

bending, buckling, tearing of steel 
plates etc. 

 
The purpose to inspect each separate 
structural part was to determine actual load 
paths active in the subject car during the 
crash. Additionally, this analysis was also 
done for the collision partner. A load path is 
typically defined as the parts of a vehicle 
that have sufficient stiffness to transmit the 
crash loadings to the rest of the car body. For 
frontal collisions 9 load paths were 
identified, see Figure 9. 
 
 

 
 
Figure 9. Frontal crash load paths. 
 
For each vehicle the presence of these 9 load 
paths was established by analyzing the 
quantity and quality of deformations of each 
structural part of the front. The presence of 
the drive train to dash panel load path was 
determined by analyzing if there was contact 
established with the dash panel and if the 
dash panel was deformed due to this contact.  
 
The PDoF was established by analyzing 
structural deformations in both subject car 

No. Description Note 
1 Bumper Beam
2 Longitudinal  (low. frontal beam) Beam
3 Shock tower (spring strut) 
4 Shotgun (upper frontal beam) Beam
5 Dash panel (fire wall) Plate Area
6 A-pillar  (upper a-pillar) Beams
7 Hinge pillar (lower a-pillar) Beams
8 Front sill Beams
9 Drive-train 
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and collision partner if present. The PDoF 
represents the direction of the resulting force 
acting on the car during the crash and this 
factor determines the direction of occupant 
movement relative to the car. The PDoF of 
each subject car were grouped into three 
categories, one center group with -
15°<PDoF<15° and two groups with more 
oblique directions, left PDoF<-15° and right 
PDoF>15°. 
 

 
 
Figure 10. Description of three groups of 
PDoF. 
 
Evidence of interior contacts such as steering 
wheel deformations, airbag contacts and 
deformations of door trim were collected 
during the car inspections. Seat belt usage 
was mainly determined by the presence of 
friction marks on seat belt webbing and on 
other seat belt parts.  
 
The autopsy report of each fatality was 
studied and injuries were classified 
according to the Abbreviated Injury Scale 
(AIS) 30. All fatalities were subjected to 
autopsy. Upper body loadings by the interior 
were analyzed by studying superficial 
injuries, especially skin contusions, 
abrasions and lacerations. Another important 
input to this analysis was received by 
studying rib fractures circumstances. 
Generally, a rib fracture that is caused by 
direct loading to the area of the fracture will 
force the fractured rib ends into the body 
with a large risk of underlying tissue or 
organ injuries. A rib fracture caused by 

indirect loadings will generally force the rib 
ends to point out from the body due to 
strength properties of the curved ribs31.  
 
Upper body kinematics was identified by 
using the PDoF and matching upper body 
loadings with evidence of interior contacts. 
By this way the injury producing mechanism 
for each injury was determined.  

Human FE-model validation 
The validation of the human FE-model was 
performed by modeling the complete PMHS 
sled tests which were chosen as reference. 
The validation was focused on upper body 
kinematics. One of the demands in the 
selection process of the PMHS reference 
tests was that the test series must include an 
additional test with a Hybrid III dummy in 
the same test setup. This additional test with 
the Hybrid III dummy was then also used in 
the validation process which was done in 
steps: 
 
Step1. Determination of upper body kine-
matics validation criteria. 
 
Step 2. Construction and validation of FE- 
models of the interior safety systems of the 
selected PMHS reference tests. The 
geometrical properties of the car model used 
in the sled test were used in the construction 
of the FE-model of the interior such as seat 
belt and seat. The physical properties was 
then validated by using a validated32 FE- 
model of a Hybrid III dummy and compare 
the results with the additional sled test with a 
Hybrid III dummy. When both the measured 
belt forces and dummy responses was 
similar in physical sled test and 
corresponding FE simulation, the physical 
properties of the FE-model of  interior safety 
systems was considered to be validated.  
 
Step 3. Validation of human FE-model. The 
Hybrid III dummy FE-model was replaced 
by the human FE-model in the validated FE-
model of the interior safety system. 
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Crash investigations 
All fatal crashes in a sample area were 
investigated during a time period of one 
year, from 1st October 2000 to 30th 
September 2001. The sample area consisted 
of three out of seven regions of the Swedish 
Road Administration, Western, Northern and 
Central.  
 

 
Figure 11. Sample area. 
 
The total sample area contains 
approximately 40 % of the   population   of 

Sweden. Approximately half of the fatalities 
occurred in the denser populated Western 
region.  
 
During the sample period there were 173 
fatalities among passenger car occupants in 
the sample area.  Of the 173 fatalities 
autopsy data revealed that 10 were “natural 
deaths” e.g. caused by myocardial infarction 
and not due to fatal injuries. These 10 were 
therefore excluded. 
 
Of the remaining 163 fatalities belt usage 
were determined and the crashes were 
categorized as being frontal, side, rear or 
rollover according to SAE J224 (third 
character of CDC code). In 8 of the cases the 
belt usage was not possible to determine 
mainly due to lack of evidence of significant 
occupant to seat belt interaction. The 
majority of these 8 crashes involved 
catastrophic deformations followed by fire 
destroying all traces from seat belt 
interactions. In order to avoid further 
confusion these 8 cases were also excluded 
from further analysis which then contained 
155 fatalities with known belt usage.  
 
The distribution of crash types of these 155 
fatalities is shown in Figure 12. The crash 
type distributions of belted and unbelted are 
presented in Figures 13-14. 
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The scope of further analysis was to examine 
belted fatalities in frontal collisions. This 
was 61 fatalities in 53 cars which were 
further analyzed.  

Human FE-model validation 

Validation reference tests 
A search in both the literature and the 
NHTSA Biomechanics Database29 was 
performed in order to find suitable PMHS 
tests for validation. The criteria used for this 
selection was: 
 

1. The human FE-model is built as a 
50-percentile male. Therefore the 
PMHS used in the reference tests 
must be as close as possible in size 
(length 175 cm) and mass (77 kg) to 
that proportions and a male. To 
avoid age related anomalies such as 
large amount of rib fractures, the age 
of the PMHS must be below 60 
years.  

 
2. The test must be performed in a 

well-defined environment, with a 
known bucket, seat and standard 
three-point belt system as only 
restraint. The test must also have 
been repeated with a Hybrid III 
dummy in equal test condition for 
reference.  

 
3. Tests performed in both 0° and 

oblique conditions in which the 
occupant is moving in an outboard 
movement.  

 
Two test series was found matching these 
criteria (Table 1), both of them were 
performed at University of Heidelberg.  
 
The first test series were performed in order 
to evaluate the influence of different restraint 
systems and the effect of different 
combinations of restraint systems28. 
 

PMHS Test 
series

Test 
no. 

Test 
bucket Age 

(year)
Length 

(m) 
Mass 
(kg) 

Crash 
conf. 

Test  
speed 
(kph) 

1 B2732 BMW HIII 0° 48 
1 B2730 BMW 34 1,80 71 0° 48 
1 B3018 BMW 29 1,84 68 0° 49 
        
2 79/22 VW  23 1,70 75 30° 30 
2 79/23 VW 39 1,80 81 30° 30 

 
Table 1. Specifications of selected reference 
tests for the validation process. 
 
The second test series was performed in 
order to investigate the performance of the 
three point belt system in oblique crashes33. 
A seat and a three-point belt system from a 
VW Golf Type I was mounted to a fixture on 
a sled, the fixture was then angled with 
respect to the sled in order to simulate 
oblique crashes. These tests have later been 
replicated with a HIII dummy and further 
analyzed by Törnvall34 in which body 
kinematics with regards to shoulder and head 
movements were investigated by film 
analysis. 
 
An additional test series (test series 3 in 
Table 2) was used in order to create 
statistical analysis of the 0° sled tests since 
there were few tests available in this sled test 
direction. This test series was performed at 
Medical College of Wisconsin in USA; the 
tests were performed to gather statistics 
regarding chest bands contours. This sled 
test series was not sufficiently documented 
with regard to belt material characteristics 
and geometric positions of seat belt anchor 
points to create a FE-model of this test set 
up. Two tests in the tests series were also 
performed with PMHS older than 60 years. 
Despite this fact, this test series was the only 
found with repeated tests with the same 
setup with three point belt system as only 
restraint. Thus, this sled test series was used 
to create statistical corridors of selected 
validation criteria.  
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PMHS Test 
serie

s 

Test 
no. 

Test 
bucket Age 

(year) 
Length 

(m) 
Mass 
(kg) 

Crash 
conf. 

Test 
speed
(kph)

3 B2770 Ford 58 1,74 64 0° 50 
3 B2771 Ford 67 1,70 73 0° 50 
3 B2772 Ford 44 1,75 86 0° 50 
3 B2773 Ford 57 1,78 73 0° 49 
3 B2774 Ford 66 1,73 77 0° 50 

 
Table 2. Specifications of selected reference 
tests for the statistical treatment. 

Human FE-model 
An upper body FE-model developed by 
Deng et al.35-36 in a research project 
performed by GM  as an agreement between 
GM and US DOT (Department of 
Transportation) was used. This thorax model 
was validated with good correlation through 
anterior pendulum tests with PMHS 
specified by Kroell et al.25-26 and lateral 
pendulum tests specified by Viano et al37. 

 
 
Figure 15. Assembly of the model. 
 
This upper body model was combined with 
parts from a Hybrid III FE-model developed 
by Fredriksson32. The lower body of the 
Hybrid III FE-model was attached to the 
upper body model mainly by a rigid 
connection to the sacral vertebra. The head 
of the Hybrid III FE-model was attached to 

the first cervical vertebra of the upper body 
model using the spherical joint already 
included in the Hybrid III FE-model. 
 
In order to improve the kinematical behavior 
of the total model the modeling of both the 
upper body muscle system and the spine 
were developed. 

Upper body muscle system 
A literature survey was performed in order 
to find a suitable muscle modelling 
approach.  The model chosen was originally 
proposed by Zajac et al.38, further developed 
by Brown39 and finally proposed by Cheng et 
al40. This model contains both an active 
(muscle contraction) and a passive part, only 
the passive part was used in this application. 
This was according to Kent et al.41 which 
concluded that the active part could be 
neglected in this application, belted high 
speed frontal impacts. Hence, the muscle 
force could be described as: 
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Equation1. Muscle model.  
 
Where c1=23.0, k1=0.046 and Lr1=1.17 are 
constants and Lmax is the maximal 
anatomical length of the muscle. V denotes 
deformation velocity of the muscle. The 
original model by Cheng et al. was mainly 
developed for normal muscle mechanics, the 
passive viscosity were therefore set to 
η=0.001 Ns/m for calculation stability 
purpose only. In order to update this model 
for more dynamic purposes the viscosity 
coefficient for muscles was set to 2000 
Ns/m2 according to Mutungi et al.42. The 
viscosity for each muscle was then 
calculated by using the values of PCSA 
(Physiological Cross Sectional Area) and L0 
(optimal fascicle length at which the muscle 
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produces maximal tetanic isometric force, 
F0) of each muscle respectively.   
 
The architectural data used for each muscle 
(Table 3) were proposed by Garner et al43. 
The division of larger muscles into muscle 
subparts and the skeletal locations of the 
attachment of these parts were proposed by 
Johnson et al44. 
 

Muscle 
No  
of  

parts 

PCSA 
(m2) 

F0  
(N) 

L0  
(m) 

Lmax 
(m) 

η 
(Ns/m)

Deltoid 5 0.00820 2045 0.128 0.179 128 
Supra-  
 spinatus 1 0.00208 688 0.043 0.057 97 
Infra-  
 spinatus 3 0.00333 1100 0.068 0.097 98 
Teres  
 minor 1 0.00068 223 0.057 0.078 24 
Sub-  
 scapularis 3 0.00357 1178 0.089 0.081 80 
Teres  
 major 1 0.00156 515 0.148 0.197 21 
Trapezius 8 0.00257 802 0.188 0.201 27 
Levator  
 scapulae 4 0.00038 125 0.190 0.197 4 
Rhomboid 
 minor 2 0.00067 221 0.176 0.188 8 
Rhomboid 
 major 

 
5 0.00066 217 0.179 0.198 7 

Pectoralis 
 minor 3 0.00049 161 0.150 0.158 7 
Pectoralis 
 major 8 0.00362 1175 0.190 0.246 38 
Lattisimus 
 dorsi 11 0.00143 462 0.393 0.400 7 

 
Table 3. Upper body muscle properties. 
 
With this muscle model a more realistic 
upper body kinematical behaviour in belted 
condition was achieved, the unique property 
of each muscle was represented in the 
model. 

Spine modelling 
The part of the spine that affects upper body 
kinematical behaviour was identified to be 
the lumbar and thoracic spine. The original 
modelling of the spine was done by using 
properties by Panjabi et al.45 taken for the 
thoracic spine representing the total spine. 
New data by Panjabi et al.46 for the lumbar 

spine was added to achieve a better 
representation of this part of the spine.  
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RESULTS 
There were 61 belted fatalities which were 
occupants in 53 cars. All these cars were 
successfully described by the generic car 
model. 

Subject cars 
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Figure 16.  Distribution of car year model 
of sample and the total Swedish car fleet at 
end of sample year. 

The distribution of year models of the 53 
subject cars in comparison to the distribution 
of year models of the total Swedish car fleet 
is presented in Figure 16. 
 
As shown in Figure 16 the distribution of car 
year models in the sample did not differ 
significantly from the total Swedish car fleet 
distribution. In the sample, 27 % of the cars 
were not older than four years. Of the 53 
sample cars, 19 (36 %) were equipped with a 
steering wheel airbag and 2 with a passenger 
airbag. 
 

Crash configurations of subject 
cars 
The load path usage in the cars of the 61 
fatalities is presented in Figure 18. This 
initial view of the results clearly indicates a 
trend of structural interaction being biased to 
the drivers’ side of the vehicle. The most 
common used load paths were the three to 
the left of the left longitudinal with a 
frequency of approximately 60 %.  In 
comparison, the drive train to dash panel 
load path was used in 44 % of the fatalities.  
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Figure 17. Description of frontal crash                       Figure 18. Frequency of front end load 
structural load paths                                                      path usage in the 61 fatalities.
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The subject cars were further divided into 
four groups of configurations with similar 
deformation patterns or load path usage. 
These were defined as follows: 
 

• SO (Small Overlap) crashes: The 
major load paths used in the crash 
are outside of either left or right 
longitudinal beams. 

• LO (Large Overlap) crashes: The 
major load paths used is the drive 
train to dash panel and one or two 
longitudinal beam. This 
configuration is typically simulated 
in barrier crash tests such as Euro-
NCAP and US-NCAP. 

• LOT (Large Overlap Truck): This 
configuration is characterized by a 
under ride deformation of subject 
car. The major load from the truck 
will act directly on the drive train on 
subject car causing large intrusions 
of passenger compartment.  

• O (Other): In all of these crashes 
there were direct loadings to the 
upper part of the passenger 
compartment (green house impacts). 
This was typically caused by 
collisions with large animals (e.g. 
horse or moose) or other crashes 
were objects intruded the 
windshield. 

 
The distribution of these crash 
configurations among the 61 fatalities is 
described in Figure 19.  
 
There was one case in this material that was 
particularly difficult to sort among these 
configuration categories. This was a crash 
between a car and a large bus in rural traffic 

5;8%

29;47%

15;25%
12;20%

Small overlap (SO)
Large overlap (LO)
Large overlap truck (LOT)
Other (O)

 
Figure 19. Distribution of crash config-
urations among 61 belted fatalities in 
frontal collisions. 
 
conditions (speed limit 50 km/h) in which 
the right front passenger of the car received 
fatal injuries due to seat belt loading. The 
deformations of the car were comparable to 
a barrier crash test in 50 km/h. This case was 
sorted as a LOT configuration when 
calculating numbers of crashes comparable 
to barrier crash testing which led to 14 (23 
%) cases in LO configuration. However, 
there were no intrusions similar to the other 
cases in the LOT configuration group, the 
deformations of the car were more similar to 
the cases in the LO configuration group.  In 
the analysis of injury producing mechanisms 
this case was sorted as a LO crash which 
made 15 cases in the LO configuration 
group. 
 
The characteristics of these crash 
configuration types are exemplified below. 
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Small overlap   

                       
 
Figure 20. Subject car overview (SO case 1).       Figure 21. Left side of subject car (SO case 1). 
 
Case 1: The subject car of model year 2000 
which was equipped with a steering wheel 
airbag collided with another car of similar 
size. The fatally injured driver of subject car 
was a male, there were also three other 
occupant which received minor injuries. 
Crash configuration of the collision partner 
was also a small overlap and the driver, a 
female, was fatally injured. 
 
Used load paths in subject car were the 
upper front structure (shot gun beam and 
shock tower) and left front wheel which 
deformed the hinge pillar and sill. There was 
no contact between drive train and dash 
panel, this load path was not present in the 
crash. 
 

Case 2. Subject car of model year 1996 
which was equipped with a steering wheel 
airbag collided with a van. The fatally 
injured male driver was the only occupant of 
the subject vehicle. Crash configuration of 
the collision partner was also a small overlap 
and the driver was fatally injured.  
 
Used load paths in subject car were the 
upper front structure (shot gun beam and 
shock tower) and left front wheel which 
deformed the hinge pillar and sill. There 
were also evidence of direct contacts 
between the collision partner and the hinge 
pillar and a-pillar attachment area in the 
roof.  
 
 

 
 
Figure 22. Subject car overview (SO case 2).              Figure 23. Side of subject car (SO case 2). 
 



Fatal car crash configurations and injury panorama-with special emphasis on the function of restraint system 

 

 

             
 
Figure 24. Front of subject car (SO case 3).             Figure 25. Engine compartment of subject 
                                                                                     Car (SO case 3). 
 
Case 3: In this case the subject car collided 
with a truck. The model year of subject car 
was 1998 and it was equipped with a 
steering wheel airbag. The fatally injured 
driver was a male; the driver was the only 
occupant of subject car. 
 
The full width of subject car had 
deformations, Figure 24, but a more 
thorough examination of the origin of these 
deformations revealed actual load paths. The 
main interaction between the vehicles was 
between the left front wheel of the truck and 
the outer left structure of subject car. As 
shown in Figure 25 the left longitudinal have 
a bending mode deformation and could 
therefore not be considered as a major load 
path. There were no traces of direct loads 
from the truck on the radiator of subject 
vehicle, Figure 24. The deformations of the 

structures in front of the radiator such as the 
slam panel are more due to stretching of 
these structures to the left caused by large 
deformations of its attachments points in the 
outer left structures. There were no contact 
between drive train and dash panel 
established. The main load paths was the 
shut gun beam, left wheel deforming hinge 
pillar and sill and direct loads to the hinge 
pillar.  

Large overlap   
Case 1: Subject car of model year 2000 
collided with the rear left side of the 
collision partner. Subject car was not 
equipped with a steering wheel air bag. The 
fatally injured driver, a male, was the only 
occupant of subject car.  
 

 

          
 
Figure 26. Subject car overview (LO case 1).             Figure 27. Engine compartment of subject   
                                                                                      Car (LO case 1). 
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Figure 28. Front of subject car (LO case 2)           Figure 29.  Subject car overview (LO case 2).  
 
Load paths active in this crash were drive 
train to dash panel, left longitudinal and left 
wheel to sill and hinge pillar.  
 
Case 2: Subject car of year model 1985 col-
lided head on with another car, subject car 
was not equipped with any airbags. Both the 
driver, a male, and the right front passenger, 
a female, were fatally injured. The driver of 
the collision partner, a male, was also fatally 
injured.  
 
Used load paths in subject car were drive 
train to dash panel, right longitudinal; right 
shot gun beam and right wheel to hinge 
pillar and sill.  

Large overlap truck  
Case 1: Subject car of year model 1979 
collided head on with a large truck. The 
fatally injured driver, a male, was the only 
occupant of subject car. 

Note, the roof had been cut off by the rescue 
personal, turned 90° and placed back on the 
car in Figure 30. The bumper of the collision 
partner initially contacted above the bumper 
and direct to the drive train of subject car. 
When the crash proceeded the loadings 
forced the front structure downwards of 
subject car. The longitudinals of subject car 
has no deformations lengthwise, only 
bending deformations downwards, Figure 
30. The result of this downward deformation 
of the frontal is that the whole car front slips 
under the bumper of the collision partner. 
Finally, the front of the collision partner 
exerts direct loadings on subject cars roof 
structure, Figure 31.  As shown in Figure 31, 
the front of the roof (roof header) has been 
deformed backwards in line with the b-pillar 
which strongly indicates direct contact 
between the upper body of the driver and the 
front of the collision partner. 

           
 
Figure 30. Subject car overview (LOT case 1)         Figure 31. Roof of subject car (LOT case 1). 
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Figure 32. Subject car overview (O case 1)             Figure 33. Roof of subject car (O case 1). 

Other 
Case 1: Subject car of year model 1997, 
equipped with a steering wheel airbag, 
collided with a moose. The fatally injured 
driver received fatal head/neck injuries. 
 
There were also a right front passenger and 
rear seat passengers in the car which 
received minor injuries. 

Injury panorama and mechanisms 
All of the five fatalities in the configuration 
group O (Other) received fatal injuries in 
head/neck caused by intrusion in the 
windshield area. This configuration was 
therefore excluded from further analysis. 
The distribution of serious injuries (MAIS 
3+) in body regions for the other three crash 
configurations is presented in Figure 34.  
 
A general trend was fewer serious head 
injuries (AIS 3+) in LO crashes, 40 %, 
compared to other crash configurations,     
79 % in SO crashes and 100 % in LOT 
crashes. Regarding chest AIS 3+ injuries the 
general trend was more in LO crashes, 93 %, 
compared to SO crashes 79 %. 
   
In large overlap crashes with trucks (LOT) 
all occupants sustained AIS 3+ injuries in 
both the head and chest.  This was due to 
severe deformation of the frontal upper 
compartment area.  The injuries were 
produced either by direct contact with the  
 

bumper of the truck or intruding car 
structures.  It was therefore not meaningful 
to further investigate the injury producing 
mechanisms since they were already known. 
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Figure 34.  Percentage of AIS 3+ injuries 
in different body regions by crash 
configuration. 
 
The following analysis of injury mechanisms 
is focused on SO and LO crashes, and 
considers injuries to the head, chest, 
abdomen and upper extremities. 

Head injuries 
The injuries to the head for SO and LO 
crashes are presented in Table 4, the injuries 
are increasing in severity when moving 
downwards in the table.  
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Injury description SO 

Crashes
LO 

Crashes
No injury (AIS=0) 1 2 
Skin only 5 5 
Face fracture only 0 2 
Intracranial injury without skull fracture 11 5 
Intracranial injury with skull fracture 9 1 
Massive crush (AIS=6) 3 0 
Total 29 15 

 
Table 4. Head injury types distribution in 
SO and LO crashes. 
 
There was a large difference regarding head 
injury severity between LO and SO crashes. 
In LO crashes 6 persons (40 %) sustained 
AIS 3+ injuries and 4 persons (27 %) 
sustained AIS 4+ injuries. In SO crashes 23 
persons (79 %) sustained AIS 3+ injuries 
and 20 persons (69 %) sustained AIS 4+ 
injuries. 
 
An analysis of the location of the injury 
producing forces to the head was performed; 
the result of this analysis is presented in 
Figure 35. This was done for the persons that 
sustained a head injury, 13 cases in LO 
crashes and 28 cases in SO crashes. The 
location of the injury producing force was 
denoted as inboard (right for a driver), centre 
or outboard (left for a driver).  
 
There were a clear pattern in this analysis, in 
LO crashes the injury producing force was 
located in the centre aspect of the head in 11 
(85 %) of the person with a head injury. In 
comparison, in SO crashes the injury pro-
ducing force was located in the outboard 
aspect of the head in 22 (79 %) of the 28 
persons with a head injury. 
 
The dominating head contact source in SO 
crashes was structures in the outboard side 
such as the door side, A-pillar, roof rail or 
the collision partner passing the side.  
 
 
 
 

 
The outboard side was the head contact 
source in 20 (87 %) of the cases with an AIS 
3+ head injury in SO crashes. The steering 
wheel was the dominating head contact 
source in LO crashes, 3 (50 %) of the cases 
with an AIS 3+ injury in LO crashes.  
 
In 9 (31%) of the 29 fatalities in SO crashes, 
the occupant was a driver in an air bag 
equipped car.  Six of these 9 drivers had AIS 
3+ head injuries. 
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Figure 35. Location of injury producing 
force for SO and LO crashes. 
 
 
.  
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Figure 36. Distribution of rib fractures with regard to rib cage aspect.
 

Chest injuries 
The rib fractures were analyzed with regard 
to height and aspect of the rib cage. There 
was a clear difference regarding rib fractures 
pattern of the cases in SO and LO crashes, 
Figure 36.  
 
In SO crashes rib fractures were most 
frequent at lateral outboard aspect and the 
rib fractures were also evenly distributed in 
height. In LO crashes the rib fracture pattern 
mainly followed the path of the diagonal 
belt; the fractures were evenly distributed on 
both sides of the rib cage with anterior as 
most fractured aspect.  
 
Lung injury occurrence in the SO cases was 
in analogy with the rib fracture pattern; 16 of 
the fatalities in SO crashes received lung 
AIS 3+ injuries and of these received 14 
persons injuries to the outboard lung. These 
injuries were mainly in the lower part of the 
lung and in combination with lateral rib 
fractures in this area.  
 
There where also a difference in heart and 
chest aortic injuries between SO and LO 
crashes, Table 5.  
 

Aortic AIS 4+ injuries Crash 
config. 

Heart  
AIS 3+ 
injuries Ascending Isthmus Descending

SO 3 1 7 0 
LO 6 0 3 1 

 
Table 5. Heart and chest aortic injuries. 

 
 
 
 
In LO crashes 6 of 15 (40 %) received heart 
AIS 3+ injuries whilst in SO crashes only 3 
of 29 (10 %) received this injury type. When 
looking at aortic AIS 4+ injuries at the 
“classic” isthmus location 7 of 29 (24 %) 
received this injury in SO crashes whilst in 
LO crashes 3 of 15 (20 %) received this 
injury. 

Upper extremity injuries 
 
The distribution of AIS 2+ injuries is 
presented in Table 6. 
 
 SO Crashes LO Crashes 
 Outboard Inboard Outboard Inboard 
Humerus 8 0 0 1 
Radius 2 0 1 1 
Hand 1 0 1 0 
Clavicle 0 2 1 1 

 
Table 6. Upper extremity AIS 2+ injuries. 
 
A clear pattern could be seen regarding 
upper extremity injuries; in SO crashes 8 of 
29 (28 %) received an outboard humerus 
fracture. This pattern was not seen among 
the casualties in LO crashes. In SO crashes 
two persons received an inboard clavicle 
fracture; these were both drivers in an airbag 
equipped car. 
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Abdominal injuries 
Abdominal injuries were more frequent in 
SO crashes compared to LO crashes, there 
were 10 of 29 (34 %) in SO crashes 
compared to 2 of 15 (13 %) in LO crashes 
that sustained AIS 3+ abdominal injuries.  
 
During the examination of injury causation 
mechanisms there was one mechanism that 
had a strong correlation with abdominal 
injuries; rearward deformation of the b-
pillar. In some cases of SO crashes, the 
collision partner continued along the side of 
subject vehicle and finally struck the B-pillar 
of subject vehicle. In these cases the B-pillar 
was deformed rearwards and by this moving 
the upper belt attachment rearwards which 
increased diagonal belt loadings. In SO 
crashes there were 10 persons with total 13 
AIS 3+ abdominal injuries; 6 (46 %) of these 
13 injuries were produced when this 
mechanism was present. 

Injury mechanisms 
During the analysis process body loadings 
on each body region were established. By 
this process the loading source of each AIS 
3+ injury in each body region was 
established, the result of this analysis is 
presented in table 7. 

 
There were in total 29 persons with head 
AIS 3+ injuries in this material, 20 (69 %) of 
these persons received their head injuries by 
contact with outboard side (door side, A-
pillar, and roof rail or collision partner). In 
comparison, only 3 received head AIS 3+ 
injuries by head striking the steering wheel, 
all of them were drivers in non airbag 
equipped cars. 
 
Contact with outboard side was also the 
largest source behind chest AIS 3+ injuries, 
there were totally 36 persons with chest AIS 
3+ injuries and 16 (44 %) received these 
injuries by contact with outboard side. The 
second largest source of chest AIS 3+ 
injuries was seat belt loadings. 
 
There were totally 12 persons with 
abdominal AIS 3+ injuries, 6 (50 %) of these 
were belt induced in SO crashes with the 
mechanism of B-pillar deformation 
described earlier present. 
 
The material was analyzed with regard to the 
age of the fatally injured occupant and crash 
configuration in which the fatality occurred. 
The result of this analysis is presented in 
Figure 37 where the age of the occupant is 
sorted in four age groups. 

 
 

Head Chest Abdomen 
Source 

LO SO Total LO SO Total LO SO Total 
Outboard  
    side 

0 20 20 2 14 16 0 2 2 

Seat belt 
 

0 0 0 6 6 12 1 6 7 

Steering  
    wheel 

3 0 3 5 0 5 1 1 2 

Airbag 0 2 2 1 2 3 0 1 1 

Instrument 
    panel 

3 1 4 0 0 0 0 0 0 

Total 6 23 29 14 22 36 2 10 12 

 
Table 7. Largest injury producing load source in body regions with AIS 3+ injuries. 
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Figure 37. Age distribution of fatalities 
with respect to crash configuration. 
 
Elderly (60+ years) was the largest age 
group in Figure 37 and half of the fatalities 
in this age group were in LO crashes. 
Totally, in 11 of the 15 (73 %) fatalities in 
LO crash configuration, the occupant was 
older than 60 years. 

Human FE-model validation  
An initial analysis of test series 1 in Table 1 
revealed that the PMHS in test number 
B3018 rotated out from the diagonal portion 
of the belt so this test was excluded from 
further analysis. By this way it was only one 
test remaining for comparison purposes. 
However, this test was well documented and 
no fractures occurred during the test which 
makes it excellent for comparison purposes. 

Step 1. Determination of validation 
criteria 
For the test in 0º the following validation 
criteria for upper body kinematics were 
selected. 
 

1. Resultant acceleration of pelvis and 
T1. 

2. Shoulder belt force. 
3. The integrated values of T1 x- and y- 

accelerations called velocities. 
 
The two first validations criteria assure that 
both external and internal forces are similar 

in the PMHS test and the simulation model. 
The third validation criteria address the 
movement of the T1 in the x-y plane. 
However, it is important to keep in mind that 
the T1 accelerations are measured in a local 
coordinate system; due to upper body 
rotation the integrated values of the 
accelerations are not fully equal to the 
velocities in these directions.  
 
The analysis of tests B2770-B2774, test 
series 3 in Table 2, showed that the scat-
tering of the acceleration signals were too 
large to be able to use them to create 
statistical boundaries of T1 and pelvis 
acceleration. However, after integration of 
the T1 accelerations it was possible to use 
these integrations for statistical purposes. 
The results of these integrations and 
shoulder belt forces from tests B2770-B2774 
are presented in Figure 40.  
 

 
 
Figure 10. Response curves from test    
series 3 (B2770-2774). 
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The values at t1 and t2 was taken from the 
graphs in Figure 40, these values are 
presented in Table 8 together with statistical 
values. 
 

T1 x velocity 
(m/s) 

T1 y velocity 
(m/s) 

Shoulder belt 
force (kN) Test no 

at t1 at t2 at t1 at t2 at t1 at t2 
B2770 9.2 4.6 0.4 4.3 7.2 0
B2771 7.7 4.7 1.2 3.3 6.6 0 
B2772 8.3 3.7 0.9 1.8 8.0 0 
B2773 6.9 3.4 0.1 4.0 6.1 0 
B2774 9.7 4.1 0.9 3.3 8.3 0 

Average 8.4 4.1 0.7 3.3 7.2 0 
Standard 
deviation 

1.1 0,6 0.4 1.0 0.9 0 

Range of 
variation 

2.8 1.3 1.1 2.5 2.2 0 

 
Table 8. Statistical treatment of test series 
3, test number B2770-2774. 
 

 

 
 

The statistical values in Table 8 were later 
used as statistical boundaries in the 
validation process. For the reference tests in 
30º there were no reliable accelerometer 
signals available, it was therefore decided to 
validate the 30° test by using the digitalized 
film analysis of shoulder and head 
movement by Törnvall25. 

Step 2. . Design and validation of the 
interior safety system  
Sled FE-models of both a BMW 3-series and 
a VW Golf Type I was created. Simulations 
with these sled models were performed by 
using a validated34 FE-model of a HIII 
dummy. These simulations were then com-
pared to the corresponding sled tests with 
Hybrid III dummy of test series 1 and 2.  
 

 

 

Figure 41. Comparison of Hybrid III dummy responses in test B2732 (BMW 3-series) and 
simulation responses with FE-models of a Hybrid III and interior of a BMW 3-series . 
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The FE-model of BMW 3-series interior was 
adjusted until a reasonable good match 
existed between dummy responses in the 
sled test and the simulation. This validation 
was done by comparing lap and diagonal 
seat belt forces, pelvis and chest resultant 
acceleration and integrated values of chest 
and pelvis acceleration in x-direction. This 
comparison is shown in Fig. 41. 
 
This validation was considered to be 
successful; the overall match of the 
responses in Figure 41 was good except for 
two mechanisms. The first difference was a 
lower panel knee contact in the physical sled 
test; this is shown by a larger peak in 
resultant pelvis acceleration compared to the 
simulation. It was not possible to introduce 
lower panel contact in the simulation model 
due to the lower panel stiffness was not 
known for the BMW 3-series. The other 
difference was in the elastic properties in the 
belt system, in the simulation model the 
duration of shoulder belt loading was longer 
compared to the sled test. This is also shown 
by the duration of the resultant thorax 
acceleration. The elasticity in the seat belt 
system includes both belt webbing elasticity 
and elasticity in belt attachment points. 
These factors were difficult to reproduce in 
the model.  
 
The Golf Type I sled test with Hybrid III 
dummy was done additionally by Törnvall34  
to the PMHS test performed in Heidelberg. 
However, in this sled test there were not 
reliable measurements of neither pelvis 
acceleration or belt force measurements. The 
validation was therefore done by using 
thorax (T1) resultant acceleration and the 
integrated values of chest acceleration in x- 
and y-directions, the result are shown in 
Figure 42. 
 
 
 
 
 
 
 

The validation of the FE models of the 
interiors of the BMW 3-series and the VW 
Golf Type I was considered to be good 
enough to proceed with next step. 
 

 
 
Figure 42. Comparison of Hybrid III 
dummy response from a 30° sled test with a 
Golf Type I  and corresponding FE-models 
of Hybrid III dummy and interior. 
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Figure 43.  Comparisons of a 0˚ sled test with a PMHS in a BMW 3-series (B2730) and 
simulation with FE-models of a human and interior.

Step 3. Validation of human FE -
model 
The FE-model of Hybrid III dummy was 
replaced in the sled FE-models of the BMW 
3-series and the VW Golf Type I with the 
human FE-model. The comparison in 
responses between the 0º BMW 3-series sled 
test with the PMHS (B2730) and the 
simulation with the human FE-model are 
shown in Figure 43. 
 
As shown in Figure 43, the overall 
agreement in response characteristics bet-
ween the PMHS test and the FE model is 
good. However, there is a difference in 
shoulder belt loading; the duration is longer 
in the simulation model. This effect is also 
shown in a larger rebound when looking at 
chest resultant acceleration. This difference   

in   behavior is due to a larger elasticity in 
the simulation FE-model of the belt system 
described earlier. 
 
The differences in the responses from the 
PMHS test and the simulation were taken at 
t1 and t2; these results are compared with the 
statistical data from tests B2770-B774 in 
Table 9.  
 

T1 x-
velocity 

(m/s) 

T1 y- 
velocity 

(m/s) 

Shoulder 
belt force 

(kN)  

at t1 at t2 at t1 at t2 at t1 at t2 
Difference 
between PMHS 
and simulation 

0.5 1.2 0.9 1.4 0.4 0 

Standard deviation 
B2770-B2774 1.1 0.6 0.4 1.0 0.9 0 

Range of variation 
B2770-B2774 2.8 1.3 1.1 2.5 2.2 0 

 
Table 9. Comparison of statistical data. 
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As shown in Table 9, all differences in 
response values between the PMHS test and 
simulation were lower than the range of 
variation in tests B2770-B2774. 
 
The differences in responses between the 30º 
VW Golf Type I with the PMHS (79/22 and 
79/23) and the simulation with the human 
FE-model are shown in Figure 44. 

As shown in Figure 44, the displacement in 
x direction shows good agreement. In y 
direction the displacement starts somewhat 
later in the simulation both reaches the same 
values as the PMHS tests. In z direction the 
match is not good, especially the shoulder 
movement at 80 ms which is probably due to 
the rebound which starts at that moment. 

 

 
 

 

Figure 44.  Comparisons of two 30˚ sled test with a PMHS in a Golf Type I (79/22 and 79/23) 
and simulation with FE-models of a human and interior.
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DISCUSSION 
The use of the SAE J224 practice in 
describing the extent of involvement of the 
frontal structure has limitations. The fourth 
character in the CDC code denotes the 
extension of damage or deformation, not the 
actual load paths used in the crash. This 
limitation was demonstrated with an 
example from the NASS-CDS database 
(2001-081-010) where the analysis of actual 
load paths resulted in a completely different 
crash configuration compared to the CDC 
coding. There might occur a bias in the 
translation of data when the fourth character 
in the CDC code is used to describe the 
extension of overlap between the vehicles 
involved. By this way the extension of 
overlap will be overestimated. This may 
have implications when using this data for 
both validity check of barrier crash testing 
and compatibility investigations. 
 
In order to improve the data collection 
procedure a new methodology was 
developed. This new method emphasis the 
identification of actual load paths used in the 
frontal structure of the car during a frontal 
collision. The same methodology could also 
be used in other crash directions.  
 
This new data collection methodology was 
applied in a study where a representative 
sample of fatal crashes in Sweden was 
collected. From this study belted fatalities in 
frontal collisions were further studied.  By 
analysis of actual load paths in the frontal 
structure of both subject car and the collision 
partner the crashes could be further divided 
groups of configurations with similar usage 
of load paths.  
 
One of these groups of configurations was 
small overlap (SO) crashes which are 
characterized by major load paths used in the 
crash are outside of either left or right 
longitudinal beams. One longitudinal beam 
could be involved but mainly by a bending 
mode of deformation. In total there were 61 

belted occupants fatally injured in frontal 
collisions, 29 (48%) of these received their 
injuries in SO crashes. This result differs 
from analysis done by using the CDC 
coding, Huelke47 reported 544 frontal 
collisions investigated by the University of 
Michigan and O’Neill48 investigated 257 
fatal NASS cases. They found that 40-45 % 
of the cases were full width (D in CDC) and 
only 10-15 % of the cases were coded 
similar to a SO crash, or as L (closer to SO 
crashes) in the CDC coding. This difference 
may be due, in part, to differences in 
methodology than differences in crash 
configurations in Sweden and the US. 
O’Neill did also state that direct damage 
information does not translate exactly to 
equivalent test types. 
 
The occurrence of SO crashes has been 
described earlier by other authors. Planath et 
al.4 stated that a crash test with a barrier 
covering the width of car by 20-40 % would 
simulate most frequent crash types. Hobbs49 

suggested that the greatest benefit is likely to 
accrue in a crash test where the engine is not 
substantially loaded. Kullgren et al.50 found 
that existing crash tests do not address the 
performance of the vehicle construction in 
small overlap less then 30 %. 
 
In barrier frontal crash testing with existing 
methods such as the Euro-NCAP and US-
NCAP the major load path is transmitted 
through the drive train to dash panel load 
path51. The crash configuration group that 
closest corresponds to these barrier test is 
large overlap (LO) crashes in which the 
drive train to dash panel and longitudinals 
are the major load path. In this material only 
approximately ¼ of the fatalities occurred in 
LO crashes.  
 
There where a large difference in injury 
causation mechanisms between SO and LO 
crashes. Nearly all fatally injured persons in 
SO crashes were seated nearside to the side 
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the crash occurred. The occupant upper body 
is moving towards outboard side with an 
oblique direction, contacts by head and torso 
with outboard side area are causing the 
majority of the injuries. This oblique upper 
body movement is mainly due to three 
factors. The first factor is the oblique pulse 
direction or PDoF; in SO crashes there is 
lateral portion of the crash pulse due to 
glance off forces. The second factor is the 
upper body rotation in the asymmetrical 
three point belt system. The third factor is 
rotation of the subject car which contributes 
to a relative movement of the outboard side 
towards the occupant. The loadings from 
outboard side produced head injuries in 
outboard aspect the head and rib fractures 
with the fractured rib end pointing into the 
chest cavity on outboard lateral aspect of the 
rib cage. In fact, 79 % of head AIS 3+ 
injuries and 44 % of chest AIS 3+ injuries 
for all belted frontal fatalities in SO and LO 
crashes combined were produced by this 
mechanism. The majority of these injuries 
occurred in SO crashes. 
 
The injuries in LO crashes were 
characterized by serious or more severe 
chest injuries and less head injuries 
compared to SO crashes. Rib fracture pattern 
suggested that chest loadings were applied to 
the anterior aspect of the rib cage by forces 
from the diagonal portion of the seat belt and 
the steering wheel. This rib fracture pattern 
is similar to the pattern in PMHS sled tests 
in 0° direction26-28, 52. The majority (73 %) of 
the fatalities in LO crashes were elderly (60+ 
years) occupants. This finding is supported 
by Sjögren et al.53 which found that serious 
chest injuries were more common than 
serious head injuries among fatally injured 
elderly drivers compared with younger 
drivers.  
 
The injury producing mechanisms seen in 
SO crashes could not fully be reproduced in 
crash testing by using a Hybrid III dummy.  
 
In order to investigate if a human FE-model 
could reproduce the rotational behavior 

observed in sled tests with belted PMHS a 
validation process of a human FE-model was 
performed. This process started with a 
search for suitable reference tests with quite 
extensive demands to be able to fulfill the 
validation. This resulted in few test found for 
reference, as a matter of fact the two tests 
performed at Heidelberg (B2730 and B3018) 
were the only to fulfill all demands in 0°.  
However, the PMHS in test B3018 
completely rotated out from the diagonal 
portion of the belt which led to only one 
reference test available. The choice to use 
another test series to create statistical 
boundaries might cause some considerations 
regarding the statistical approach but this 
was considered to be the best possible use of 
available tests.  
 
The only available test series in an oblique 
sled with belted PMHS was done by 
Kallieris et al.33 in the late 1970ies. There 
were no reliable accelerometer signals 
available from these tests, instead shoulder 
and head motions from film analysis by 
Törnvall34 were used. However, to compare 
the motions of a point in a simulation model 
and an exterior point in a film analysis of a 
PMHS is leading to many sources of errors. 
The validation in oblique directions was 
therefore only done to compare overall 
behavior. 
 
The choice of validation criteria is limited 
with regard to available measurements in the 
PMHS. However, the spine represents the 
most rigid part of the upper body, thus 
measurements in T1 (first thoracic vertebrae) 
is probably the best measure of upper body 
kinematics. Acceleration measurements on 
lighter bone structures such as ribs or collar 
bone will produce signals with large scatters 
due to the lightness of the structure and its 
ability to randomly change orientation 
during the test. The choice of using resultant 
accelerations of T1 and pelvis together with 
diagonal belt loading assures that both 
external and internal forces are similar in the 
PMHS test and the simulation model. The 
upper body kinematical behavior is best 
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demonstrated by using the integrated 
acceleration signals in x- and y-directions of 
T1. Integrated acceleration signals are by 
definition best suitable to express 
kinematical behavior. 
 
The modeling and validation of sled models 
of both BMW 3-series and VW Golf Type I 
were considered to be successful; the 
responses of the HIII dummy FE-model in 
the simulation model and in the sled test had 
a good match. By this the sled models was 
considered to be validated with exception for 
the elasticity in the belt system which was 
too large in the simulation model. 
 
The validation of the upper body kinematics 
of the human FE-model in 0° direction was 
completed with a good match of overall 
behavior. The elasticity in the belt model 
caused some differences in diagonal belt 
force and resultant T1 acceleration. 
However, the differences between 
simulation and the PMHS test were within 
the range of variation created by the 
additional test series. Thus, this model could 
be used to evaluate human kinematical 
behavior in belted conditions to evaluate 
different restraint solutions effect on the 
kinematical behavior. 
 
However, more development needs to be 
done in order to achieve a fully validated 
human FE-model. There is a need to develop 
modeling techniques. But also additional test 
with PMHS with fully documentation of the 
physical properties of the restraints and seat 
is needed to achieve this goal. 
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SUMMARY AND CONCLUSIONS 
 

I. A new method to inspect structural deformations in real world crashes was developed. The 
purpose with this method was to identify actual load paths active in the cars during a 
crash. With this information proper crash configurations could be reconstructed 

 
II. This method was used in a study of fatal frontal crashes with belted occupants. During one 

year all fatal crashes in an area containing approximately 40 % of the population of 
Sweden was examined. 

 
III. Approximately half (48 %) of the belted fatalities in frontal collisions occurred in a SO 

(Small Overlap) configuration where the drive train to dash panel load path is not present. 
The injury mechanism in this configuration was characterized by an oblique movement 
and interaction with the outboard side. Contacts with the outboard side area were the cause 
to 79% of  AIS 3+ head injuries and 44 % of  AIS 3+ chest injuries in SO and LO (Large 
Overlap) crash configurations combined. The majority of these injuries occurred in SO 
crashes. Only approximately ¼ of the fatalities occurred in LO crashes which is similar to 
existing crash test procedures such as Euro-NCAP and US-NCAP. There is therefore a 
need to further develop laboratory methods that also could reproduce the injury producing 
mechanisms discovered in this material. These results are also showing the need to 
develop existing methods of field crash investigations. 

 
IV. A validation method was developed in order to validate the upper body kinematics in 

belted condition. As validation criteria mainly the integrated accelerations of T1 (first 
thoracic vertebrae) in x and y directions were used. This was considered to be the best use 
of available signals in existing PMHS tests. 

 
V. An existing upper body human FE-model was used which was connected to a lower body 

and head from a Hybrid III FE-model. The muscle system of the upper body and the spine 
modeling was improved. This model was then validated with regard to upper body 
kinematics in belted condition with use of PMHS tests with an overall good result. This 
result shows that it is possible to reproduce human kinematical behavior with an FE-
human model. With this tool measures such as improved restraint systems can be 
evaluated with respect to real human kinematical behavior. 
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SWEDISH SUMMARY 
 
Bakgrund: De flesta trafiksäkerhetsprojekt som bedrivs är beroende av tillförlitliga fältdata från 
verkliga krascher vilket insamlas i databaser runt om i världen. Detta är i synnerhet viktigt 
eftersom resultaten av dessa forskningsprojekt bildar underlag till standarder och lagkrav. I många 
av dessa databaser kodas hur mycket av frontstrukturen som använts i kollisionen med hjälp av en 
praxis som heter SAE J224 (Society of Automobile Engineers). Det fanns en indikation att 
användandet av denna praxis medför att uppskattningen av hur mycket av bilens frontstruktur som 
används i kollisionerna överskattas. Det fanns därför ett behov att utveckla en ny metod att 
insamla fältdata för att bättre representera dessa faktorer. Denna nya metod användes sedan för att 
insamla fältdata från dödliga krascher i Sverige samt undersöka skademekanismer i dessa 
krascher. Studier visar att den krockdocka som övervägande används i krockprovning idag är 
Hybrid III, denna docka kan dock inte reproducera den kinematik som kan observeras vid 
krockprov som utförts med PMHS (Post Mortem Human Subject eller kadaver). En FE-modell 
(Finit Element) av en människokropp skulle kunna reproducera denna kinematik som observerats 
i försök med PMHS: 
 
Metod: En ny metod att undersöka bilar som varit inblandad i krascher har utvecklats med syfte 
att undersöka faktiska lastvägar aktiva under kraschen. Ett viktigt syfte med detta var att 
undersöka sambandet mellan dessa lastvägar och skademekanismer hos de åkande. Detta utfördes 
genom undersöka samt analysera 61 omkomna åkande i 53 bilar som frontalkrockat inom ett 
samplingsområde som täcker 40 % av Sveriges befolkning. Insamlandet pågick under ett års tid. 
En befintlig FE-modell av en människa utvecklades och validerades med avseende på 
överkroppskinematik med hjälp av befintliga data från tester med bältade PMHS: Detta 
genomfördes genom att bygga FE-modeller av de stolar och bältessystem som användes i testerna 
med PMHS. 
 
Resultat: En generisk bilmodell skapades samt användes vid undersökningen av inblandade bilar. 
Genom användandet av denna metod utkristalliserades SO (Small Overlap) eller krockar med litet 
överlapp som den största krockkonfigurationen (48 %) i detta material. Skademekanismen i denna 
krockkonfiguration karakteriseras av att överkroppen slår i sidoområdet i bilens insida (dörr eller 
A-stolpe). Denna överkroppskinematik induceras av dels riktningen på krockkrafterna och dels på 
grund av den asymmetriska belastningen från trepunktsbältet. De krockprovsstandarder som finns 
idag adresserar inte fullt ut denna krockkonfiguration. En uppenbar anledning till detta är att 
Hybrid III dockan som används inte till fullo reproducerar denna kinematik av en verklig 
människa. I syfte att utveckla ett verktyg för att kunna reproducera detta beteende validerades en 
FE-modell av en människa med avseende på kinematik i det bältade fallet. Denna validering 
genomfördes med tillfredsställande resultat. 
 
Konklusion: Genom att använda denna nya metod vid datainsamling visade denna studie att nya 
outforskade områden inom trafiksäkerhet kan belysas. Denna studie visade att krockar med litet 
överlapp (48 %) var den vanligaste krockkonfigurationen i frontalkollisioner där bältade åkande 
omkommer. I ungefär ¼ av de bältade omkomna skadades i krockkonfigurationer som motsvarar 
de som provas i existerande frontala krockstandarder. Kinematiken som framkallas i krockar med 
litet överlapp kan adresseras med en FE-modell av en människokropp. Med hjälp av detta verktyg 
kan sedan skyddssystem utvecklas. 
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