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EXECUTIVE SUMMARY 

In the ADRIA project one of the focus points is head injury assessment. The objectives in this part of 
ADRIA are the evaluation of the head injury criterion HIC and the identification of potential head 
injury mechanisms. In case these injury mechanisms will be found, recommendations could be made 
for new head injury criteria. The methodology used in this part of ADRIA is presented in interim 
report Dl  [ m R D í  Yï]. The methodoiogy inciudes the reconstruction of reai worid accident cases, 
providing head ioading conditions and HI@ values. The head loading conditions serve as input for 
victim head load simulations using the Finite Element head model presented in interim report D3 
[ADRD3 981. The HIC values, the head loading conditions, the predicted brain responses and the 
medical data describing the head injuries, are compared next. In this way HIC can be evaluated and 
potential head injury mechanisms may be identified. 

This report describes the methodology being applied to four real world accident cases. During the 
reconstruction work it became clear that physical reconstructions were needed in order to enable a 
reliable reconstruction of the accidents. Two of the four originally selected accident cases have been 
replaced with accident cases from the CREST database, since for these cases physical reconstruction 
were already performed. For the two remaining accident cases presented in interim report D1, 
physical reconstructions have been performed at the University of Valenciennes in France. 

The accident reconstruction activities have resulted in predictions of the head loading conditions in 
the form of prescribed head centre of gravity velocities and belonging HIC values. For the first 
accident case also a parameter study has been performed. The deformation history in the passenger 
compartment was found to have a significant influence on the severity of the head to steering wheel 
impact. For the second accident case the reconstruction was expected to predict somewhat less severe 
head loading than in the real accident, because in the physical reconstruction vehicle deformations 
were found not quite as severe as in reality. This was also the case in the third accident case. In this 
accident case also the effect of energy absorbing crush zone in the steering column was studied. 
Modelling this crush zone did cause some problems and can still be improved. The fourth accident 
case could not be reconstructed successfully due to the victim being unbelted and the large rotation of 
the vehicle of study in the accident. 

With the head load simulations the local brain responses to the global head loading conditions have 
beer, reconstructed. The brain responses hzve beer, presented in the form of strain, Von Mises stress 
and pressure distributions in several cross-sections through the brain. The results showed quite 
different brain responses for the first accident case than for the second and third accident case. For the 
fourth accident case no head load simulations were performed. Different brain response parameters 
could be linked to either linear or angular head loading. The influence of the deformation history 
modelling in the reconstruction of the first accident was reflected in the severity of the brain response 
rather than in the distributions of the stresses and strains. 

Evaluation of HIC learned that HIC is not suitable for predicting the risk of types of injury that are 
linked to strain and Von Mises stress response of the brain. The risk of injuries linked to the intra- 
cranial pressure response may correlate better with HIC. HIC could not be evaluated with respect to 
specific brain injury types, but HIC has been compared with the head AIS levels reported. This 
showed a limited degree of correlation between the two. Although potential head injury mechanisms 
could not yet be identified, links between rotational loading and strain / Von Mises response and 
translational loading and pressure response were observed. These results are equally important, since 
the final objective in head injury assessment should be to link the risk of specific injury types to the 
global head loading conditions. Furthermore, the patterns of the intra-cranial pressure responses do 



indicate a potential relation with coup and contre-coup injuries, such as brain contusion. Coup and 
contre-coup pressure levels could not be linked to the occurrence of this type of injury though. 

Evaluation of the methodology resulted in the identification of a number of sources of uncertainty 
encountered during the processes of accident reconstruction and head load simulation. Where some of 
these uncertainties can not be eliminated, others could be in the future. Nevertheless the method is 
considered suitable for the evaluation of HIC and the identification of injury mechanisms. Part of the 
results of this task h the ADRIA project will consist of recommendations for improvement of the 
methodology. 
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1 Introduction 

1.1 Scope 
The general objective of the European research project ADRIA is to reduce the number and severity 
of casualties among vehicle occupants involved in frontal collisions in the European Community. The 
project is divided in four different tasks, of which Task i is concerned with head injury assessment. in 
this task the min objectives are the evakation of the Head Injwy Criterion (HE)  and the 
identification of brain injury mechanisms using numerical simulation techniques. 

Within Task 1 of the ADRIA project five different activities are defined. Activity 1.1 concerns the 
analysis of fifty accident cases and the selection of five accident cases that are to be reconstructed. 
The reconstruction of these accident cases is dealt with in activity 1.2 Activity 1.3 deals with the 
simulation of the brain mechanics of the victims involved in the five accident cases, in response to the 
head loads derived from the accident reconstructions. Activity 1.4 deals with the evaluation of HIC 
and the identification of potential injury mechaïisms. Finally activity 1.5 concerns afi evaluation of 
the methodology used and the results obtained, resulting in the formulation of conclusions concerning 
HIC and recommendations for improved injury criteria and for future research in the field of head 
injury biomechanics. 

1.2 Contents and outline of this report 
This report presents the results of the accident reconstruction and head load simulation activities, as 
well as of the injury mechanism identification activity. Both INRETS (UVHC) and TUE have 
contributed to its contents. The report is a combination of interim reports D2, D4 and D5, which were 
planned originally as three separate task 1 deliverable reports. 

Interim report D2 would concern the numerical reconstruction of two of the real world accident cases 
that have been selected as described in ADRIA interim report D1 [ADRDl 971. Report D4 would 
present the victim head load simulations using the Finite Element head model that has been presented 
in interim report D3 [ADRD3 981. Report D5 would deal with the evaluation of the HIC as a 
predictor of risk to head injury and the identification of potential head injury mechanisms. In this 
combined Task 1 interim report D2-4-5 the three original interim reports are bundled. The general 
methodology applied in Task I of ADRIA was already presented in interim report D1 znnd is therefore 
not presented in this report. 

Cnapter 2 (delivered by WKETS) describes the reconstruction of the reai worid accidents and thus 
represents deliverable D2. The methodology used for the reconstruction of the accidents is presented, 
after which the results are presented in separate sections for each accident case. Chapter 3 (delivered 
by TUE) deals with the victim head load simulations and represents deliverable D4. The head model 
that was used for these simulations has already been presented in deliverable report D3 of the ADRIA 
project and therefore it is not presented in this report. The predicted brain responses are presented in 
the form of pressures, Von Mises stresses and principal and effective strains. The distributions of 
these output parameters are visualised in cross-sectional plots of the brain. In chapter 4 (delivered by 
TUE) HIC is being evaluated and an attempt is made to identify potential brain injury mechanisms. 
This chapter thus represents the original deliverable D5. HIC values found during the accident 
reconstruction are compared both with the predicted brain responses and the medical descriptions of 
head injury data. Finally in chapter 5 (INRETS and TUE) the general methodology applied and the 
results obtained, are reviewed and discussed. 

-7- 



2 Accident Reconstruction 

In this chapter we will present the reconstruction of the four accident cases. During this process it 
turned out that the method of reconstruction needed to be modified. This was due to problems with 
determination of vehicle decelerations. Partly because of this modification some of the originally 
selected accident cases needed to be replaced. This is further explained in section 2.1. The 

the reconstruction work on the four accident cases is presented. This includes a brief review on the 
accident conditions, a presentation of the physical and numerical reconstructions, and finally a 
discussion of the results. 

remnstructien EIethc!c! as it is app!iec! in this preject is explained in section 2.2. h sections 2.3 to 2.6 

2.1 Replacement of accident cases 
Among the accidents of the ADRIA database, few cases allowed us to put our methodology of 
reconstruction into practice. Cases in which victims with head injuries were involved in most cases 
also involved severe deformition of the vehicles' occupant compartments. To apply our methodology 
we need simple and well-documented accident cases. Originally, four accident cases were selected 
from the ADRIA accident database [ADRDl 971. However, for two of these cases the deformation of 
the occupant compartments was found to be too severe for enabling an accurate reconstruction. 

A second problem encountered is the method for determining the deceleration of the vehicle's 
occupant compartments. This problem applies particularly to the three cases that involve car-to-car 
collisions. For these cases the stiffness of both vehicles must be considered, making reconstruction 
more difficult. 

Mathematical models of the mechanical behaviour of the vehicles' front-end structures were 
originally planned to be used for identifying the deceleration of a vehicle's occupant compartment. 
Several models are available. Emori [EM0 681 assumed that frontal crush could be represented by a 
linearly increasing force-deflection curve. The stiffness of the front-end structure was defined for 
different classes of vehicles, such as: micro, subcompact, compact, middle, full size and large. 
Matsumoto [MAT 901 studied the influence by modelling the crush behaviour with two simplified 
trapezoids. More recently, Wood [WOO 931 and Fossat [FOS 941 divided the crash pulse in two 
different parts in their model. 

The problem lies in the high level of simplification and generalisation in these models. Characteristics 
of the frontal crush properties of cars were mainly studied in O" frontal crashes against rigid barriers. 
Als=, they d~ net represent the characteristics ef specific brands and types of cars hut correspend te a 
large variety of automobiles. Models like these are generally used for kinematics reconstruction and 
are implemented in reconstruction software for car collisions (e.g. ANAC, which has been developed 
by INRETS). However, they should not be used for an accurate reconstruction of a specific accident. 

An alternative way of determining the occupant compartment decelerations could be the use of more 
detailed Finite Element models of the front-end car structures. However, such models are currently 
not available to us. Since development and validation of such models is very time consuming, they 
are not suitable for use in this project. Therefore, the best alternative way to identify the occupant 
compartment decelerations is to perform physical reconstructions of the collisions. They also allow 
verification of the accident conditions estimated in the kinematics reconstruction (impact velocities 
and offset), by means of comparing front-end deformations in the physical reconstruction and the real 
accident. 
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Originally no physical reconstruction of accidents were scheduled in Task 1 of ADRIA. However, in 
the CREST' programme, which concerns child safety in traffic accidents, physical reconstructions 
were planned for all their accident cases selected. Therefore it was decided to replace the two ADRIA 
accident cases with too severe deformations with two accident cases from the accident database in the 
CREST project. The CREST database was reviewed in search of adult victims with head injuries 
involved in the accidents. This resulted in the selection of two new accident cases for reconstruction 
in this project. These two cases replace the first and the fourth of the four accident cases presented in 
A n P T A  intorim rpnnrt l3l í A l 3 R l 3 l  971 1 z y ' . A A  x 111CWL1111 '"Y"" Y L L ' _ I . Y  I , I J .  

Reconstruction of the accidents was found to be more time consuming than originally planned. 
Because also physical reconstructions needed to be performed for the remaining ADRA accident 
cases, it was decided to reconstruct four accident cases with four victims of study, instead of five. 
Therefore, two accident cases of the original ADRIA database (case 2 and 3 in ADRIA report Di) 
and two other cases, selected from the CREST database have been reconstructed. 

2.2 Methodology for accident reconstruction 
The analysis of an accident by an accident investigation team forms the first step in the accident 
reconstruction process. The data that are acquired in such an analysis concern the tyre tracks, the 
deformation and failure of vehicle structures, the final position of the vehicles, photographs of 
vehicles and accident scene, and information from victims or possible witnesses. Sometimes the 
points of impact of victim body parts in the occupant compartment can be identified as well. The 
victim data concern the description of injuries (injury type, location and severity) on the different 
parts of the body, including MRI or CT scans. The quality of the reconstruction of a specific accident 
mainly depends on the quality of the data available. 

After a suitable accident has been selected, the reconstruction consists of three main steps. These are 
(1) a reconstruction of accident kinematics, (2) a physical reconstruction of the accident and (3) a 
numerical reconstruction of the accident. In figure 2-1 these steps are visualised in a fiow chart. 

Reconstruction of accident kinematics 

An expert from an accident investigation team generally performs the reconstruction of accident 
kinematics. The objective is to determine the pre- and post-impact directions and velocities of the 
vehicle(s) involved in the accident and the "AV" of the vehicle(s). The AV is the change in the 
velocity of the vehicle's occupant compartment during the collision phase (i.e. from the moment of 
initial contact until the moment of separation). According to the principle of conservation of energy, 
the kinetic emrrgy of the vehic!e(s> kefme the impct  is c q ~ l  to the s im of the kinetic energy of the 
vehicle(s) after the impact and the energy dissipated during the collision. This energy balance results 
in the following equation for the dissipated energy for (each of) the vehicle(s): 

1 w - - M . E E S ~  
d - 2  

where Wd is the energy dissipated by the vehicle, M is the mass of the vehicle and EES is the 
Equivalent Energy Speed. This speed corresponds to the velocity of a frontal vehicle-to-rigid-barrier 
impact that will lead to an equal level of frontal deformation as that found in the real accident. To 

' CREST is a SMT EC Programme (contract no. SMT4-CT95-2019). 
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determine the EES value, detailed photographic documentation of various crash tests are compared 
with the one of the accident. 

Physical 
Reconstruction 

Accident 9 

' 

I Kinematics i 
I Reconstruction I 

. 
6 c t i o n s  and v e l o c a  

and p o s t - i m M  
I 

of the vehicle v ANo 
with Accident 

Experimental 
Acceleration 

Reconstruction 

e3 loads 

Figure 2-1: Schematic view of the methodology for accident reconstruction. 

Physical reconstruction of the collision 

A physical reconstruction of the collision of the studied vehicle is performed in order to evaluate the 
deceleration generated to the vehicle's compartment. This experiment can be realised either on a test 
track with similar vehicles as the ones involved in the accident or in a catapult, where the vehicle of 
study is impacted against a rigid banier. In both cases, accelerometers mounted at the left and right B- 
pillar are used to record the deceleration of the occupant compartments. In the case of using a catapult 
the vehicle's impact speed equals the EES. Whether a physical reconstruction is accurate can be 
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evaluated by comparison of the front-end deformations of the vehicles in the reconstruction and in the 
real world accident. 

Although the exterior (front-end) deformation of the vehicle used for the physical reconstruction may 
in the end correlate well with that of the vehicle involved in the accident, the intrusions in and 
deformations of the occupant compartment will probably still be different. As the intrusions in the 
occupant compartment are the result of a chain reaction of deformations of different front-end car 
rtnxfi~res, slight differences in each link can finally lead to a deformation mechanism that is quite 
different from that in the real accident. Also, accurate data concerning the deformation history of the 
structures intruding the occupant compartment can not be obtained. Accelerometers mounted on the 
instrument panel will record both the deceleration of the vehicle and the acceleration due to the 
intrusion of furnishings into the occupant compartment. The generally complex deformation modes 
(they include combined rotational and linear motion) and local vibrations of these structures will 
further complicate the interpretation of the accelerometer output. 

In spite of the limitations encountered in a physical reconstruction of an accident, it enables both a 
verification of the results from the kinematics reconstruction and the determination of the deceleration 
of the vehicle’s occupant compartment. For determining the loads applied to the victim’s head during 
the accident however, a physical reconstruction is not good enough. Therefore a numerical 
reconstruction of the accident is necessary. 

Numerical reconstruction of the victim’s response 

For the numerical reconstruction a multibody model of the occupant compartment and the victim has 
been developed in MADYMO [MAD 971. With the multibody model the victim’s response to the 
collision is reconstructed, taking into account the interaction between the victim’s body and the 
structures inside the vehicle’s occupant compartment. In this way we can correct for the differences 
seen in the occupant compartment deformations of the vehicles involved in the real accident and the 
physical reconstruction. 

The model consists of a car with a deforming occupant compartment and a Hybrid I11 dummy 
representing the victim. The chassis is represented by a single rigid body, which is connected to the 
inertial space by a planar joint, and the relevant structures of the occupant compartment are 
represented by a collection of bodies, which are linked together with joints. The model comprises 
some key interior structures such as the seat, the dashboard, the toeboard, the windscreen and the 
steering wheel. A conventional three-point belt with a retractor restrains the dummy for the cases in 
which the victim was belted during the accident. The steering wheel and the steering column are 
modelled as a multibody system-. The mmkl of the steering wheel is defined according to the shape of 
the vehicle’s steering wheel. In a general way, nineteen ellipsoids are used, one representing the hub, 
two others the branches and the sixteen others the rim. For cases with unbelted victims, a finite 
element model of the steering wheel is implemented in the vehicle model. 

In the numerical model structural deformation of the vehicle is not induced by external forces. 
Instead, the intrusions into the vehicle’s occupant compartment are modelled by prescribed motions 
of the intruding structures. Motion data are derived by interpolating between the initial (undeformed) 
and the final (deformed) state of the vehicle involved in the accident. 

In the simulation the vehicle and the dummy are brought in motion with the initial velocity recorded 
during the physical reconstruction. Next, the vehicle is decelerated (based on the acceleration data 
acquired from the physical reconstruction) and meanwhile the occupant compartment deforms by 
means of the prescribed motions of the intruding bodies. The simulation with the multibody model 
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allows us to identify the linear and rotational accelerations and velocities of the victim’s head, the 
impact forces applied to the head and values for the Head Injury Criterion (HIC). 

During a frontal impact the following three main events can be distinguished: 

e the overall deceleration of the vehicle, 
0 the action of restraint systems on the victim, 

compartment. 
dKect cnnlact hetween ‘nndy parts nf the victim- and interinr stnctixes of the ncciipznt 

All these events have their influence on the overall response of the victim to the collision of the 
vehicle and more in particular to the loads applied to the victim’s head. In modelling the contact 
between victim and vehicle interior also accurate modelling of the intrusions into the occupant’s 
compartment are of major importance. In order to model these three events as accurate as possible, 
the models were subjected to a continuous improvement. 
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2.3 Accident case 1: Renault 9 impacting tree 
This accident case is extracted from the CREST database and the accident data is supplied by the 
Peugeot-Renault Laboratory of Accidentology and Biomechanics. 

2.3.1 Accident description 

Ir, augi?st 1903, 2 Ren2dt 9 vehicle wrs nin_ning nn 2 sernndary read. The riad was slippery by the 
presence of thick mud. The female driver lost the control of his vehicle and struck a tree found on the 
other side of the road. The four occupants were badly injured and particularly the female driver was 
severely injured to the head. A sketch plan of the accident is presented in Figure 2-2. The diameter of 
the tree was 0.83m. The general vehicle data are presented in Table 2-1. The deformations observed 
on the Renault 9 are described in Table 2-2. 

Studied victim 
for the reconstruction 
Occupants not selected 
for the reconstruction i I 

I 
Final position I 

of vehicle \ 
\ 

I 

Trees 

Figure 2-2: Sketch plan of the first case of accident 
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Table 2-1: 

I Overhang' 
Wheel base 
Mass 
Speed of collision entrance 
Equivalent Energy Speed 
Number of people in the vehicle 
Seat occupied by the studied victim 

Table 2-2: 

0.65 m 
2.80 m 
855 kg 
50-55 k d h  
50-55 k d h  
4 
driver 

Renault 9 vehicle data: general 
Length 13.95 m 

Right side dashboard 
Steering wheel 

front body panel (junction 
with pedal panel) 

1 Width I1.50m I 

no displacement 
backward movement of 8 cm 
gone up to 11 cm 
shifting of 9 cm to the right of vehicle 
backward movement of 26.5 cm 

General Renauit 9 data 

Renault 9 vehicle data: deformation 
Left front extremitv I backward movement of 60 cm 
Right front extremity 
Engine 

I backward movement of 2 cm 
I backward movement of 19 cm 

Left wheel base I reduction of 14.5 cm 
Right wheel base I reduction of 4.5 cm 
Left side dashboard I backward movement of 10 cm 

The victim was a female driver of 38 years old. She measured 1.63m, weighed 60 kg and was 
restrained by a conventional 3-point belt with a retractor. The victim was hospitalised for a period of 
twelve months. The injuries and medical data concerning the victim are as follows: 

. Head injuries: 
AIS2 = 5 
Initial examination: 

victim in coma, with right oriented reaction 
Permanent diiatation of left eye pupii (mydriase) 

small haemorrhages of the forward extremis, (head) of the right nucleus 
caudatus (vascular injury) 

direct impact in left eye area 
no obvious DA13 found from CT scan images 
small haemorrhage of head of right nucleus caudatus 

Analysis of CT scan image: 

Conclusions: 

= Distance between the front wheels axle and the front bumper 
' = Abbreviate injury Scale 
= Diffuse Axonal Injury 

1 
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Thorax: 
Profound traces of belt. 

Profound traces of iliac crests. 

Contusion of the right ankle. 

Pelvis : 

. Lower limbs : 

2.3.2 Physical reconstruction 

In the physical reconstruction the vehicle impacts a rigid barrier. A 0.83m diameter steel cylinder 
was filled with concrete and fixed to the barrier. The cylinder represented the cylindrical shape of the 
tree. A Renault 9 vehicle identical to the one involved in the accident has been used. Four crash 
dummies were placed in the vehicle. Two no-instrumented Hybrid I1 dummies were placed on the 
driver’s and front passenger’s seat. Two instrumented child dummies were placed in the back of the 
car. The vehicle was equipped with accelerometers at the right and left B-pillar. The impact point was 
at the left car front. The measured speed of the car against the rigid wall was 51.5 kmíh, being an 
average of the estimated Equivalent Energy Speed. 

The comparison of the damage to both vehicles is presented in Figure 2-3. The deformations of the 
vehicle in the physical reconstruction were found in agreement with those of the vehicle involved in 
the real accident. The longitudinal linear accelerations that were measured during the physical 
reconstruction, are given in Figure 2-4. Lateral acceleration of the vehicle was not measured during 
the reconstruction. 

Figure 2-3: Comparison of both damaged vehicles 

2.3.3 Numerical reconstruction 

The next step in the reconstruction process consists of the numerical simulation of the victim’s 
response to the frontal impact. In the first modelling step, shown in figure 2-5, the occupant 
compartment of the vehicle is defined in the final damaged state of the accident. Two simulations 
have been performed with the first version of the model. In the first simulation the right B-pillar 
acceleration signal from the physical reconstruction is used and in the second one, the left B-pillar 
acceleration is used as simulation input. 

To evaluate the influence of the applied vehicle deceleration and the intrusions in the passenger 
compartment, the model was afterwards modified in two steps. In the second model the impact of the 
vehicle against the against the tree is explicitly modelled. The stiffness of the front-end structure is 
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evaluated by simulations using the Equivalent Energy Speed, determined by expert from the accident 
investigation team, as input. In the third model the deformation history of the occupant compartment 
is included by means of a combination of “null systems” [MAD 971, which have a defined trajectory 
representing the intrusion of the car’s interior components. In all models, the victim is represented by 
a 5” percentile Hybrid 111 dummy. The three-point belt and stiffness of car interior components are 
the same in the three models. 

Experimental accelerations of the R9 vehicle 

O 
h ed 

2 v -loo 
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Figure 2-4 Experimental accelerations on the vehicle of reconstruction 

First model of reconstruction 
In the first model, we only use acceleration data available from the physical reconstruction. These 
were limited to longitudinal accelerations of the left and right B-pillar. The anticlockwise yaw 
rotation of the vehicle and the intrusion into the interior compartment is therefore not taken into 
account. 

The co-ordinate system (X,Y,Z) is connected to the inertial space, representing the road. The Renault 
9 vehicle is defined as a system of two bodies. The first body represents the vehicle and the second 
body represents the steering wheel. The first body consists of twelve planes, representing the chassis, 

body is connected to inertial space by a three-dimensional planar joint. The steering wheel is defined 
as a rigid body, composed of 19 ellipsoids. Three ellipsoids represent hub and branch of the steering 
wheel and the others represent the rim. It is connected to the vehicle by a three-dimensional bracket 
joint. The mass of the vehicle was supplied by the accident investigation team that collected the 
accident data. Inertia are expressed by Burg’s and Steffan‘s formulas extracted from literature [MAC 
971. 

el. Liie iûe35oaïd, the dashboard, the yv’iridscïeeri, the sea: c~shion a d  the seat b a c k  ûf t he  driver. This 

The dummy database used in the numerical reconstruction represents the 5th percentile female Hybrid 
111, since the size and the weight of this dummy correspond best with those of the victim. To position 
the dummy a preliminary geometrical model was developed. The vehicle was defined in the 
undamaged state and the driving position of the victim was evaluated. Once positioned, the vehicle 
has been redefined in its damaged state and the dummy lower limbs have been positioned in the final 
residual gaps as can be seen in the Figure 2-6. 
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Figure 2-5: 3D representation of the dummy and the vehicle. 

Figure 2-6 Representation of the model at the initial time 

A number of contacts have been defined between parts of the dummy and the model of the vehicle. 
Firstiy, contacts were assigned io the dummy and the seat. The upper legs, the lower ioïso and the 
back were initially defined in penetration with the seat in order to take into account the dummy’s 
presence. In the same way, contacts were defined between the shoes and the toeboard. Secondly, 
during impact many parts of the dummy may come into contact with the interior furnishings. The 
contacts defined in a first approximation were the following: 

Knees against lower dashboard, 
Tibias against lower part of the seat, 
Face + chin against the steering wheel hub, 
Face + chin against the steering wheel branch, 
Face + chin against the left steering wheel rim, 
Head against the left steering wheel rim, 
Hand against the steering wheel rim, 
Hand against the dashboard. 
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Furthermore, preliminary simulations showed that the right arm came into collision with the steering 
wheel, so sets of contacts was defined between the lower right of steering wheel rim and the dummy's 
right arm. 

HIC Res. Lin. Acc. Peak Res. Rot. Acc. Peak 
(rads') 

Right Accel. 1314.3 1564 12077 
Left Accel. 1386.1 1489 11518 

A conventional three-point belt system was incorporated in the model. The belt stiffness characteristic 
was defined as a force-relative elongation function. A retractor was included in the belt system. The 
retractor reel locks lms after the start of the simulation. After locking the film spool effect starts 
acting by a force-belt outlet function. The foam characteristics of the dashboard was defined 
according to values found in literature. Two different characteristics were included in the steering 
wheel model. A first one (which was experimentally measured) was defined for the hub and branches 
and another one was defined the rim. The stiffness and damping definitions for contact with the 
dummy were those available in the MADYMO dummy database. 

Hub Force Rim Force 
(NI (NI 

3255 6676 
3909 5943 

The two systems were initially animated with the constant velocity of impact measured during the 
physical reconstruction. The vehicle was decelerated with the pulses from the physical reconstruction. 
The first simulation was executed with the right B-pillar acceleration and the second one with the left 
B -pillar acceleration. 

Table 2-3: Head loads and HIC calculated with the first model 

B Ei 

Figure 2-7: Representation of the head impact time against the steering wheel 
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Head linear velocity expressed on the X-axis 
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Figure 2-8: Linear velocities of the head. Signals are defined in the inertial co-ordinate system. 
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Figure 2-9 Rotational velocities of the head. Signals are defined in the inertial co-ordinate system. 
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Second model of reconstruction 

The main goal of this second model is to take into account the anticlockwise rotation of the vehicle 
during the impact against the tree. As lateral accelerations were not recorded during the physical 
reconstruction, we have estimated a stiffness value for the front structure and defined a contact with a 
rigid ellipsoid as can be seen in figure 2-10. Although this model gives only a rough estimation of the 
decelerations, we have used this method because it was the only one available. The stiffness of the 
front structure of the vehicle was evaluated by simulations using the EES (Equivalent Energy Speed), 
determined by accidents’ experts, as input. We considered that the total kinetic energy of the vehicle 
just before the coiiision is being absorbed by a linear dissipative spring. 

r 

figure 2-10 Representation of the second model at the initial time 

The EES is the velocity of the vehicle into a fixed rigid barrier that would result in the same level of 
damage as the one documented in the vehicle’s accident. In case of an impact against a fixed obstacle 
such as this case, the EES is equal to the impact velocity. The equivalent kinetic energy before the 
collision, is expressed mathematically by: 

where Wd : Energy dissipated during the collision by the considered vehicle, 
m : vehicle mass, 
EES : Equivalent Energy Speed. 

Among various model of the frontal crush properties of cars, Emori’s model gave the best results. 
Emori [EM0 681 showed that the resisting force due to crushing of the vehicle structure increases 
linearly with the deformation for the case of frontal collision. As a linear dissipative spring is used, 
the following equation represents the energy absorbed as a function of residual crush : 

1 
2 

E=-k .X2 

where k : spring stiffness, 
X : maximum deformation. 
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By equating the former expressions, the stiffness of the vehicle's front structure can hence be 
deduced: 

Because it is difficult to measure exactly the maximum deformation of the vehicle's front structure 
along the total width, three front-end stiffnesses were calculated; the first one for the maximum 
measured deformation and the two others with a 5% and 10% error on the maximum measured 
deformation: 

k Front end stmcture = 265285.6NIm for a 0.9m maximum crush of the spring, 
k Front end smcmre = 293945.3N/m for a 0.855m maximum crush of the spring, 
k Front end stmcture = 327513.1N/m for a 0.8im maximum crush of the spring, 

With these stiffnesses three simulations have been performed. Longitudinal linear accelerations 
obtained numerically have Deen compared with the experimental linear acceieration recorded on the 
right B-pillar of the vehicle. As can be seen in figure 2-11, the longitudinal linear accelerations 
predicted with the second stiffness (293945.3 N/m) show the best agreement with the experimental 
acceleration. Therefore this stiffness was used in the following simulations for this accident case as 
well. In figure 2-12 also the lateral acceleration of the vehicle is shown for the three simulations. 
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Figure 2-11: Comparison of longitudinal linear accelerations from the numerical modei and the physical 

In the first model, the vehicle moves in longitudinal direction only. This second model allows to take 
into account the restitution phase of the collision because the car adopts a negative velocity and 
rebounds slightly. This also influences the head loading of the dummy. The resulting head velocities 
show a variation that is slightly more significant than is seen in the former simulations. The peak 
forces are larger than the ones obtained with the previous model and also HIC is larger now, as can be 
seen in the following table 2-4. 

reconstruction. 
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figure 2-13: Representation of the collision restitution phase 
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Head linear velocity expressed on the X-axis 
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Figure 2-14: Linear velocities of the head predicted with the second numerical model. Signals are defined in the 
inertial co-ordinate system. 
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Head rotational velocity expressed on the X-axis 
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Figure 2-15: Rotational velocities of the head predicted with the second numerical model. Signals are defied in 
the inertial co-ordinate system. 
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Third model of reconstruction 

The objective of this third numerical modelling step is to evaluate the influence of the intrusion on the 
dummy kinematics and particularly on the head loading conditions. The main difference of this model 
with respect to the former ones concerns the relative motion of the furnishings that is now modelled. 
This new model is based on of the second model with the vehicle's front structure stiffness set to 
293945.3 N/m. 

During a physicai reconstruction however, the movement of for instance the Oasii~oard is difficult to 
measure. For &is reason, as renindecl by Maisüx~ûiû [MAT 901, ïealwaïd Uispkicer~erits of 
dashboard are generally assumed to move proportionally with time after impact. By carrying out a 
full-scale frontal barrier crush test at 56km/h, he found that dashboard deformation occurred from 
25ms until 8Oms after impact. As no comparison is possible with the experimental test, three 
deformation time interval lengths (50, 60, 70ms), and three starting deformation times were chosen. 
This led to six different simulations. 

e intrusion from 20 until 70ms 
0 intrusion from 2U until 8Ums 
0 intrusion from 20 until 90ms 
0 intrusion from 30 until 8Oms 
0 intrusion from 30 until 90ms 
0 intrusion from 40 until 90ms 

The representation of the toeboard and the steering wheel displacement during the vehicle movements 
is illustrated in Figure 2-16. The simulation kinematics can be seen in figure 2-17, from which the 
order of contacts could be derived. The Head Injury Criterion, the head linear and rotational resultant 
peak acceleration and the resultant peak force against the hub and the rim of the steering wheel are 
presented in the table 2-5. Figures 2-18 and 2-19 show the predicted linear and rotational velocities of 
the head. 

steering wheel 
toeboard displacement 

Figure 2-16: Intrusions during impact of the vehicle. 
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Figure 2-17: Simulation kinematics 

Intrusion 

20 to 70ms 
20 to 80ms 
20 to 90ms 

HIC Res. Lin. Acc. Peak Res. Rot. Acc. Peak Hub Force Rim Force 
W s 2 )  (rads2) (N) (NI 

2000.3 2501 16683 1201 4126 
3726.1 3554 22 192 734 3987 
5476.6 3458 25499 792 3632 

30to80ms 
30 to 90ms 
40 to 90ms 

Table 2-5: Head loads and HIC predicted with the third model 
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Head linear velocity expressed on the X-axis 
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Figure 2-18: Linear velocities of the head predicted with the third numerical model. Signals are defined in the 
inertial co-ordinate system. 
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Figure 2-19: Rotational velocities of the head predicted with the third numerical model. Signals are defined in 
the inertial co-ordinate system. 
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Analysis of the impact kinematics in the six simulations showed that the choice for the time duration 
and starting time of the intrusions has a major influence on the head loading conditions. In the first 
simulation (intrusion 20-70 ms), the head impacts the steering wheel when the intrusion is over and 
the steering wheel has reached its final deformed position. Compared with the simulation with the 
second model (maximum deformation = 0.855 m) the head impact has become more severe (increase 
in HIC and peak linear acceleration), although the peak rotational acceleration of the head has 
become somewhat less severe. 

In the five other simulations, the head impacts the steering wheel during the backward movement of 
the planes and the three dimensional displacement of the steering wheel. This resulted, as can be 
expected, in a further increase in severity of head loading. Both HIC and the peak linear and angular 
acceleration of the head have significantly increased. 

2.3.4 Discussion 
The reconstruction of the accident has been realised in three important steps. 

1. In a first model, the vehicle was modelled in the final damaged state of the accident. The two 
systems were initially animated with the impact velocity and the vehicle was subjected to the 
longitudinal deceleration taken from the physical reconstruction of the accident. No rotation of the 
vehicle and intrusion into the interior compartment were taken into account. 

2. In a second model, the use of a mathematical model of the frontal crush behaviour was 
investigated in order to adapt the model to ailow laterai motion and a yaw rotation of the vehicle. 
Three stiffnesses were defined for the front structure of the vehicle. The resulting longitudinal 
decelerations were compared with the left experimental acceleration recorded at the left B-pillar in 
order to select the most appropriate stiffness. This stiffness has been used in the third modelling 
step as well. 

3. The last modification of the model concerns the modelling of the intrusion of furnishings into the 
occupant compartment of the vehicle. Six simulations with various initial times and periods of 
intrusion were analysed. Results of these simulations show the influence of the intrusion on the 
head loads. It will be interesting to compare the influence of the head loads on its response with 
the finite element simulation. This last version of the numerical model is considered to represent 
the accident conditions most accurately. 

A set of eleven numerical simulations of this accident case have been performed. It is shown that the 
experimental acceleration peak recorded on the left B-pillar of the vehicle did not have a great 
influence on the head response. The modelling of the real motion of the vehicle during the collision, 
increases slightly the variations in the head velocities occurring at the impact time with the steering 
wheel. Finally the last model shows the importance to model the intrusion accurately. As the head 
impacts with the steering wheel, the head kinematics depends on the velocity of the steering wheel at 
the time of impact. 
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2.4 Accident case 2: Renaulf Super 5 impacting Renault 19 
This accident case is extracted from the AûRIA database and the accident data is supplied by two 
departments of INRETS, being: the "Laboratory of Applied Biomechanics" and "Accident 
Mechanisms". 

2.4.1 Accident description 

A Renault Super 5 and a Renault 19, were driving on a secondary road. It was in the morning and the 
road surface was dry. For unknown reasons, the driver of the Super 5 lost control of his vehicle and 
ended up on the opposite lane, facing the Renault 19. Both drivers braked severely but a head on 
collision could not be avoided. The Super 5 driver and a child, seated left in the back of the car (both 
belted), were severely injured. The another child passenger, seated right in the back of the car, died 
during the impact. The victim selected for the study is the Super 5 driver. The Renault Super 5 is 
referred to as vehicle A. The driver of the Renault 19 was slightly injured. His vehicle is referred to as 
vehicle B. A sketch plan of the accident is presented in Figure 2-20. The vehicle data are presented in 
Table 2-6. The deformations observed on both vehicles are described in Table 2-7. 

Studied victim 
for the reconstruction 
Occupants not selected 
for the reconstruction 

2 h  oftrack of . Direction of b r h g  
the traffíc 

of vehicle B 

of vehicle A 

I I ,  

v 
23m of track of 

braking 

Figure 2-20: Sketch plan of the second accident case. 

I 

Rear axle 

I Seat taking by the injured 

2.407m 2.545m 
1.323m 1.418m 
1.28m 1.417m 

1135 K 
185" 

60-70 Kmíh 40-50 Km/h 

15 Kmíh I 15 Kmíh 
3 I 1  
Driver - 

Table 2-6: General data from the two vehicles involved in the accident 
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Maximum engagement 

vehicle A 
100% 
88cm in the right 

I Left front extremity 

vehicle B 
100% 
45cm in the left 

I Right front extremity ' Left wiieei base . Left head of shock absorber 
Ri ht wheel base 

backward movement 
of 63 cm 

backward movement 

Right head of shock absorber 

backward movement 
of 45 cm 

backward movement 

Left side dashboard 

redüction of 3 1 em 
reduction of 49 cm 

Right side dashboard 

ïediùctiûn ûf 12 an 
reduction of 10 cm 

Left side lower windshield opening panel 

Right side lower windshield opening panel 

Steering wheel 

Left side front body panel 
('junction with pedal panel) 
Right side front body panel 
('junction with pedal panel) 
Left side Front body panel (wheel house) 

I Right side Front body panel (wheel house) I 

front comDonent I front comDonent I 

backward movement 
of 47 cm 

backward movement I backward movement I 

backward movement 

of 35 cm 

Table 2-7: DefoïmâUon dâtâ f ~ r  both velììckes. 

The victim of study was female, aged 62. She was belted and she was severely injured in the 
collision. The following injuries were reported: 

Head: 
Initial: 

- 
- meningal bleeding 

- no motoric problems 

- cerebral contusion 

moderate head injury (AIS 2)  

- GCS=15 

Update, six weeks after accident (in addition to injuries initially reported): 
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- neurological problems (paralysed locally in right body hag problems 
with: time-space orientation, memory} fixation). 

Other body parts: 
- 
- 

- 

bifocal fracture of right upper leg (femur) 
fracture of right knee cap 
complex open fracture of right lower !eg (tibiz) 

The exact locations of the contusion and the bleeding could not be retrieved from the medical 
data acquired. 

2.4.2 Physical reconstruction 

A physical reconstruction of that collision has been performed at the University of Valenciennes. The 
physical reconstruction concerns a Renault Super 5 impacting a fixed rigid barrier with full overlap. 
The impact angle is 90" and the impact speed is 67 km/h. The final position of both vehicles involved 
in the accidect, the traces on the road and the final deformed state of the vehicles ahwed  us to derive 
the impact conditions. The impact velocity corresponds to the Equivalent Energy Speed determined 
by accident experts from INRETS. The inertial co-ordinate system is oriented such that the X-axis 
points in the vehicle's driving direction, the Y-axis leftward and the Z-axis upwards. The deceleration 
of the vehicle is measured at the left and right B-pillar, using uni-axial accelerometers along the 
vehicle's X-axis. A three dimensional accelerometer was mounted on the steering wheel. The petrol 
tank of the vehicle was filled with water. The mass of the vehicle was measured at 810 Kg. 

The vehicle used in the physical reconstruction was equipped with a 5* percentile Hybrid I11 dummy 
placed on the driver's seat. The seat adjustment and dummy positioning were estimated so as to put 
the dummy in a natural driving condition for a small driver. The dummy was restrained by a three- 
point retractor belt and was equipped with three accelerometers located in the head, the upper torso 
and the lower torso. The chest deflection was measured. The contact times of the dummy with the 
interior compartment were recorded in order to identify at which moment the knees came into contact 
with the middle instrument panel and when the head impacted the steering wheel. The crash test was 
documented with high-speed cameras. 

The measured impact speed of the vehicle against the barrier was 67.2 W h .  Figure 2-21 shows the 
structural damage of the vehicle observed in respectively the accident and the physical reconstruction. 
Both side sills of the tested vehicle were impacted. Although the deformation pattern of the vehicle 
used in the reconstruction seems to be similar to that observed in the vehicle involved in the accident; 
measurement of the deformations revealed large differences inside the occupant compartment. Table 
2-8 presents a comparison of some measurements performed on both vehicles. The mechanisms of 
deformation of the compartment, however, are probably the same because the bending of the roof and 
the sill deformation are found at the same locations in both vehicles. Concerning the steering wheel, 
no important rearward displacement was observed but a significant rotation of the steering column 
can be seen in both vehicles. In both collisions, an important rearward displacement of the toeboard 
could be observed. During the collision the belt slid over the dummy, which generated submarining 
conditions for the dummy. Figure 2-22 shows the final position of the dummy sandwiched by the belt 
and the seat. 
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Vehicle in accident 
I 

~ ~~~ ~ 

Overlap percentage 1100% 1100% 

Vehicle in 
reconstruction 

cm 
Maximum engagement 88cm in the right 

front comDonent I 
Left front extremity backward movement backward movement 

Right front extremity backward movement ‘ ’ 
of 63 cm of 61 cm 

Table 2-8: comparison of Super 5 deformations 

Figure 2-21 : Comparison of external deformations of vehicles from the accident (left) and the physical 
reconstruction (right). 
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Figure 2-22: Post-impact position of the dummy in the physical reconstruction. 

Durhg the co!!ision, the right B-pillar accelerometer cable was cut off. The data was recorded 4Qms 
after the initial time of the collision, and only the acceleration of the left B-pillar is available, which is 
shown in Figure 2-23. The accelerations measured on the steering wheel showed that it moved only in 
the X and Z-direction; there was no significant motion in lateral direction. The Figure 2-24 shows the 
X, Y and Z accelerations recorded in the head, the upper torso and the lower torso of the dummy and 
the chest deflection. 
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Figure 2-23: Experimental left B-pillar acceleration 
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Head linear experimental accelerations 
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Lower torso linear experimental accelerations 
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Figure 2-24: Experimental data measured on the dummy in the physical reconstruction. 

The results of the reconstruction show collision characteristics that are less severe than in the 
real accident. However, the physical reconstruction was not useless because it supplies 
information on the chronology of events, the trajectory of the dummy and the interior 
compartment intrusion during the impact phase, which are used to define the motion of the 
car's components in the multibody model. 

2.4.3 Numerical reconstruction 

For the numerical reconstruction of this accident, the methodology was different from the one used in 
the first case. As the physical reconstruction was performed at the University of Valenciennes, the 
information extracted from the physical reconstruction is more complete than the first case. The film 
analysis reveals the trajectory of the vehicle and the dummy and allows to identify the initial and final 
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time of the steering wheel displacement. The model represents the state of the art for numerical 
reconstruction. Figure 2-25 illustrates the model of the studied vehicle. It contains some key interior 
surfaces defined by “null systems”, the 5” percentile hybrid I11 dummy, the steering wheel column 
and the buckle of the belt defined by “multibody systems”, and the belt as restraint system. 

Figure 2-25: Model used for the numerical reconstruction. 

The origin of the vehicle’s co-ordinate system is chosen at the middle of the left and right B-pillar. 
The co-ordinate system is oriented such that the X-axis points forward, the Y-axis leftward and the Z- 
axis upwards. The vehicle is modelled as a collection of bodies defined by “null systems” in order to 
model the intrusion into the occupant compartment of the vehicle. The “null systems” represent the 
chassis, the toeboard, the dashboard, the windscreen, the seat cushion, the seat back, the low and 
middle instrument panel. In the numerical model structural deformation of the vehicle is not induced 
by external loads. Instead, prescribed motions are applied to model the structural deformation 
directly. In order to determine the motion of the corresponding bodies, an interpolation is made from 
the undeformed to the deformed state of the vehicle involved in the accident. 

A first simulation was performed with the vehicle defined in its final damaged state. The mass that 
was measured on the vehicle in the physical reconstruction was included in the model. Moments of 
inertia were again calculated with Burg’s and Steffan’s formula’s [MAC 971. The simulation of this 
model allows us to identify the trajectory of the chassis that is afterwards implemented in the 
complete model. 

The belt system represents a conventional three point-belt with a retractor. A webbing with a 10% 
elongation factor is used for the belt stiffness characteristic. At one end of the belt, a retractor model 
allows to take into account the locking of the reel and the film spool effect. The attachment points of 
the belt with the dummy are as recommended in the MADYMO manual [MAD 981. The buckle is 
attached to an intermediate body by a point restraint, which itself is connected to the chassis by a 
spherical joint with a cardan restraint system. This system allows to take into account the motion of 
the buckle during the collision. The dummy model used is the 5” percentile Hybrid I11 dummy 
database in MADYMO. 
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The steering wheel and the steering column are modelled as a multibody system. On one hand, it has 
the capability to model intrusion through the use of motion data. On the other hand it can deform 
under the load of the occupant. The base of the steering column is connected to the rest of the vehicle 
by a planar joint. This joint allows longitudinal and vertical movements, and rotation around the 
lateral axis representing the intrusion of the steering wheel into the compartment vehicle. The three 
degrees of freedom are prescribed with motion data. The steering wheel is connected to the steering 
column by a revolute joint. This joint provides flexibility to the column, which is attached to the 
whed mdelled by the stiff~ess defi~ec! in the revdite jeint. The s h q e  e€ the steerhg wheel is 
defined with the use of nineteen ellipsoids; one representing the hub; two others the branches and the 
sixteen others the rim. 

Contacts have been defined to describe vehicle/dummy interactions. As the stiffness of all parts of the 
dummy are not prescribed in the MADYMO dummies database, some stiffnesses have been added to 
the dummy. They were derived from the experimental tests done by Kaleps [KAL 881. A friction 
coefficient of 0.3 is used for the dummy/seat and dummy/interior contacts. A friction coefficient of 
0.8 is used for the dummy/chassis interactions. 

The simulation time was set to 80 ms. The calculated HIC is 1391.9. Figure 2-26 shows the linear and 
rotational accelerations of the head’s centre of gravity, defined in the in inertial co-ordinates system. 
Figure 2-27 represents the linear and rotational head velocities. All results are unfiltered. The 
kinematics of the numerical reconstruction are presented in figures 2-28 and 2-29. 
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Figure 2-26: Linear and rotational accelerations of the head. Signals are defined in the inertial co-ordinate 
system. 
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Figure 2-28: Initial state of the simulation. 

Oms 40ms 60ms Soms 

Figure 2-29: Dummy kinematics predicted in the numerical reconstruction. 

2.4.4 Discussion 
The accelerations used for the numerical model were judged somewhat less severe than those of the 
accident were. In future, it will be interesting to analyse the influence that using more accurate 
vehicle deceleration pulses will have on the head kinematics. 

The feet of both the victim and the physical dummy were subjected to a severe toeboard intrusion. In 
the numerical reconstruction, we observe a compression of the feet between the toeboard and the seat. 
At this moment, we do not know the limits of the numerical dummy model and particularly the 
influences of such severe impact conditions on the kinematics of the rest of the dummy. 
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2.5 Accident case 3: FIAT Punto impacïing Renault 9 
This accident case is extracted from the CREST database and the accident data were supplied by the 
Peugeot-Renault Laboratory of Accidentology and Biomechanics. 

I I 

2.5.1 Accident description 

Tve vehicles, i! Fiat Lmto (vehicle A) in0 I Re~i-~l i t  9 (vehicle E), were driving on a sxondaïy road. 
It was night and the road surface was dry. For unknown reasons, they ended up in a frontal collision. 
The four occupants of the Punto were injured. The male driver was unconscious for about ten minutes 
after the accident. A sketch plan of the accident is presented in Figure 2-30. Figure 2-31 represents 
the external deformations of the vehicles involved in the accident. 

Mass without occupant 

Speed of collision entrance 

Seat taking by the injured 

Angle of collision entrance 

Number of people in the vehicle 

I I 

850 Kg 860 Kg 
180" 20" 
6 0 M h  57 Km/h 
4 ? 
driver 

e Studied victim . Direction of 
for the reconstruction 

for the reconstruction 

the traffic Finalposition ~ ~ ~~ ~~~ ~~ 

of vehicle ÖccupaiitFnöt selected 

Direction of 
the traIIic of vehicle B 

Figure 2-30: Sketch plan of the third accident case. 

Figure 2-31 : External deformations of the two vehicles involved in the accident. 

I I VehicleA I BVehicleB I 

Overhang I0.65m I0.65m 
Wheel base I2.415m I 2.80m I 

Table 2-9: General data concerning the two vehicles involved in the accident. 
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The general data are presented in table 2-9. The deformations observed on both vehicles are presented 
in table 2-10. 

Overlap percentage 
Maximum engagement 

Vehicle A Vehicle B 
100% 100% 
52 cm in the left 
front component front component 

70 cm in the right 

Right bumper 

Left front extremity 

Right front extremity 

backward movement backward movement 
of 49 cm 

backward movement backward movement 
of 45 cm 

backward movement backward movement 
of 45 cm 

of 69 cm 

of 37 cm 

of 70 cm 

The victim was a man that was 43 years old. The height and the weight of the victim are unknown. 
He was restrained by a conventional 3-point belt with a retractor pretensioner. The injuries and 
medical data concerning the victim are following: 

~ ~~ 

Left wheel base 
Right wheel bas e 
Left footwell panel (lower 

Right footwell panel (lower 

Left side dashboard 

Right side dashboard 

part) 

part) 

Head:  
- AIS 1-2 
- 
- 
- 

ïnitiai ioss of consciousness (less than 10 minutes) 
wound on the lower lip 
no intra-cranial injuries detected on CT-scan 

reduction of 17 cm reduction of 11 cm 
reduction of8 cm rëdüctiönöf 14cm ~ - ~ 

backward movement of 5 cm backward movement of 8 cm 

backward movement of 6 cm backward movement of 12 cm 

backward movement backward movement 
of 6 cm 

forward movement backward movement 
of 6 cm 

~ ~~ 

of 3 cm 

of 32 cm 

Thorax: 
- thoracic trauma, fracture of the 6th and 7"" rib 

2.5.2 Physical reconstruction 

A physical reconstruction of the accident has been performed by FIAT. The physical reconstruction 
concerns a frontal collision of a Fiat Punto travelling at 114 W h  into a stationary Renault 9 with a 
full overlap and a 20" angle of impact. Figure 2-32 shows the impact. The impact velocity of the 
Punto corresponds to the relative velocity of both vehicles determined by accidents' experts. The co- 
ordinate system is oriented such that the X-axis points forward the vehicle, the Y-axis leftward and 

Steering wheel 
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backward movement of 4 cm 
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the Z-axis upwards. The deceleration of the vehicle was measured at the left and right B-pillar using 3 
dimensional accelerometers. The vehicle used in the physical reconstruction was equipped with two 
non-instrumented 50" percentile Hybrid IíI dummy placed on the forward seats. Two instrumented 
child dummies were placed on the back seats. The seat adjustments and dummy positioning were 
estimated in order to put the dummy in a natural position. The dummy representing the driver (which 
is the victim of study) was restrained by a three-point retractor pre-tensioned belt. The crash test has 
been documented with high speed cameras. The measured mass of the Punto was 1127 Kg. 

Figure 2-32 : Configuration of the physical reconstruction just prior to impact. 

Although the exterior deformation of the FIAT Punto used in the reconstruction seem to be similar to 
that observed in the vehicle involved in the accident (see figure 2-33), measurement of the 
deformations revealed significant differences in the deformations. Table 2- 1 1 represents a comparison 
of some measurements performed on both vehicles. Since the data from this reconstruction is the only 
data available, we will continue the study with this physical reconstruction. In spite of the differences 
seen, the deceleration recorded during the physical reconstruction will be used for the numerical 
reconstruction. The linear longitudinal accelerations from the physical reconstruction are given in 
Figure 2-34. 

Figure 2-33: Comparison of external deformation of the FIAT Punto in the real accident (left) and in the 
physical reconstruction (right). 
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FIAT Punto in accident 

Overlap percentage 100% 
Maximum engagement 

Left bumper backward movement 

52 cm in the left 
front component 

of 52 cm 
Right bumper backward movement 

Left front extremity backward movement 

Right front extremity backward movement 
of 45 cm 

Left wheel base I reduction of 17 cm 
Ripht wheel base I reduction of 8 cm 
Left footwell panel (lower gart) backward movement ~ ~~~ of 5 cm I 
Right footwell panel (lower 

Left side dashboard backward movement 

Right side dashboard forward movement 

backward movement of 6 cm 
part> 

of 6 cm 

of 6 cm 
Steering wheel gone up 8 cm 

backward movement of 4 cm 
lateral left movement of 4 cm 

FIAT Punto in 
reconstruction 
100% 
21.5 cm in the left 
front component 
l 

i 

backward movement 
of 21.5 cm 
backward movement 
of 16.5 cm 
reduction of 13.5 cm 
reduction of 13.5 cm 
backward movement of 
2 cm 
backward movement 
of 4 cm 
backward movement 
of 3 cm 
backward movement 
of 5 cm 

??? 

Table 2-11: Comparison of Fiat Punto deformations in real accident and reconstruction. 
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f -300 
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-600 

Longitudinal linear accelerations of the Punto recorded at 
the lefthight B-pillar 

Time 43) 

-U- Left 8-pillar 

-O--- Right 8-pillar 

Figure 2-34: Experimental accelerations measured on the vehicle during the physical reconstruction. 
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2 5 . 3  Numerical reconstruction 

The model represents the state of the art for numerical reconstruction. Figure 2-35 illustrates the 
model of the vehicle of study. It contains a hybrid III 50“ percentile dummy, a steering wheel column 
defined by “multibody systems” and a conventional 3 point belt with a retractor pre-tensioner as 
restrained systems. 

I 

Figure 2-35: Multibody model used for the numerical reconstruction. 

The origin of the vehicle’s co-ordinate system is placed at the middle of both leftíright B-pillar. The 
inertial co-ordinate system is oriented such that the X-axis points in towards the back of the vehicle, 
the Y-axis towards the right and the Z-axis in upward direction. In the numerical model we consider 
that the structural deformations are not induced by any external loads. Instead, motion data is used to 
model the structural deformations directly. In order to determine the motion of the corresponding 
bodies, an interpolation is made from the undeformed to the deformed state of the vehicle implied in 
the accident. The vehicle is modelled as a collection of bodies linked together with joints. It consists 
of the chassis, the toeboard, the dashboard, the windscreen, the seat cushion, the seat back and the 
low and middle instrument panel. The location and type of the joints are determined according to the 
deformations observed on the vehicle involved in the accident. Like in the previous cases the 
measured mass of vehicle in the physical reconstruction was included in the model and the moments 
of inertia were calculated with Burg’s and Steffan’s fornulas [MAC 971. The vehicle and the dummy 
are initially animated with the velocity applied to the vehicle during the physical reconstruction. The 
vehicle is next decelerated by the acceleration taken from the physical reconstruction measured at the 
right B-pillar. 

The belt system represents a conventional three-point belt with a retractor pretensioner. A webbing 
with a 10% elongation factor is used for the belt stiffness characteristic. At one end of the belt, a 
retractor pretensioner model allows to take into account the locking of the reel and the film spool 
effect. The prescribed function for modelling the characteristics of the retractor pretensioner is 
assessed without any experimental test. The choice of these parameters forms one of the uncertainties 
in the model. The MAûYMO dummy database represents a 50“ percentile Hybrid III dummy. 

The FIAT h n t o  is equipped with a steering column energy absorber, which we also tried to include 
in our multibody model. The base of the steering column is connected to the rest of the vehicle by a 
planar joint. It allows longitudinal and vertical movements, and rotation around the lateral axis 
representing the intrusion of the steering wheel into the compartment vehicle. The three degrees of 
freedom are prescribed with motion data. The steering wheel is connected to the steering column by a 
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translational joint. On one hand, it has the capability to model intrusion with the use of motion data. 
On the other hand it can deform under the load of the occupant. Since the properties of the steering 
energy absorption component were not known, we have applied an estimated stiffness to this joint in 
order to model the axial column behaviour. It corresponds to the value of a US vehicle's steering 
column found in the literature [KEN 901. This stiffness also represents one of the uncertain properties 
of the vehicle model. The shape of the steering wheel is defined with nineteen ellipsoids; one 
representing the hub, two others the branches and the sixteen others the rim. 

Contacts have been assigned to describe vehicle/dummy interactions. As the stiffness of all parts of 
the dummy are not prescribed in the MADYMO dummies database, some additional stiffnesses have 
been added to the dummy. They were derived from experimental characterisations done by Kaleps 
[KAL, 881. A friction coefficient of 0.3 is used for the dummyheat and dummyhnterior contacts. A 
friction coefficient of 0.8 is used for the dummy/chassis interactions. 

The simulation time is set to 100 ms. Because the validity of the steering column characteristics is not 
known, two simulations were performed. The first one was realised with a locked joint of the 
_translational joint between the steering colu_wp and the steering ~~ wheel. In p _ _  this model, ~~~ thus, _~ the 
steering column energy absorber is not taken into account_ For the second model, the translational 
joint was set free. The results of both simulations are very different for the head loads. The calculated 
HIC of the first simulation is 3693.2 and for the second one it is evaluated to 788.5. For the first 
simulation, figure 2-36 and figure 2-37 show the linear and rotational accelerations and the linear and 
rotational velocities of head's centre of gravity in the inertial co-ordinate system. Figures 2-38 and 2- 
39 show the head accelerations and velocities predicted with the second simulation. All results are 
unfiltered. The kinematics of the numerical reconstruction are shown in Figure 2-40. 
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Figure 2-36: Linear and rotational accelerations of the head in case of the energy absorbing joint of the steering 
column being locked. 
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Figure 2-37: Linear and rotational velocities of the head in case of the energy absorbing joint of the steering 
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Figure 2-39: Linear and rotatiend velocities of the head with the joirit of the steering column free 
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Figure 2-40: Dummy kinematics in the numerical simulation of the accident. 
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2.5.4 Discussion 
This accident case is extracted from the CREST database. The physical reconstruction was performed 
by Fiat in Italy. No data was recorded on the dummies representing the front passenger and driver. 
External deformations of the vehicle front structure were measured and compared with the ones of the 
vehicle involved in the accident. The deformations of the vehicle used for the physical reconstruction 
were found less severe than those of the vehicle implied in the accident. However, since this was the 
only experimenta! data available to us, we have decidzd to continue the reconstruction of the accident 
with this set of data. 

As the fiat Punto is a more recent vehicle than those of the other accident cases are, we were 
confronted with additional components, which are not present in the other vehicles. As example, the 
belt is equipped with a retractor pretensioner and the steering column has an energy absorbing system 
of which the characteristics were unknown to us. These data were not available in literature. They 
depend on the brand of the vehicle and can be either given by automotive manufacturers or 
determined experimentally. For further improvements of the model, either more time or co-operation 
with a car manufacturer is required. 

Two sets of results are presented for this accident case. The first set is obtained with a locked joint in 
the steering column, deactivating the modelled crush zone. In the second simulation this joint was 
unlocked and thus the crush zone model was activated. The resulting head loads are very different and 
show the importance of the characteristics of the energy absorbing system in the steering column. 

In the model with the activated cnish zone, the join: caused unrealistic oscillations in the head to 
steering wheel impact. We tried to solve this problem with various damping coefficients but 
unfortunately the problem could not be resolved. Since the exact stiffness characteristics were not 
known and there was a lack of time remaining in the project schedule, it was decided to end the 
reconstruction efforts at this stage. 

~ ~ 

~ ~ ~~ ~~~ ~ ~~~ ~ ~~~ 
~~ ~ ~~~ 
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2.6 Accident case 4: Peugeot 205 impacting Opel Corsa 
This accident case is extracted from the ADRIA database and the accident data given by two 
departments of INRETS which are: the "Laboratory of Applied Biomechanics" and "Accident 
Mechanisms 'l. 

2.6.1 Accident description 

Two trucks and a Peugeot 205 were driving in the same direction one after another on a secondary 

s i~if icmtIy by b ~ t h  tïxks.  The dri-ger kteaded to P J ~  !eft at a read crosshg but she did not see iin 
Opel Corsa coming from the opposite direction. Both cars braked heavily but unfortunately the Peugeot 
205 made a frontal collision with the Corsa. The Peugeot 205 is referred to as vehicle A and the Opel 
Corsa is referred to as vehicle B. The vehicle studied here is the Peugeot 205. The drivers of both 
vehicles were severely injured in the accident. A sketch plan of the accident is presented in Figure 2-41. 
The general vehicle data are presented in Table 2-12. The deformations observed on both vehicles are 
described in Table 2- 13. 

road. w-as an i-ifiemiûûn tbc ï& surface waj &-y. Tho 111b . ~ ~ o X 4 l ~ t x ~  VlolULury nf UI +ha L I I b  205 driver ~,s~as re&& 

of vehicle B 

Figure 2-41: Sketch plan of the third case of accident. 
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I Vehicle A I Vehicle B 1 
Length 
Width 
Overhancr 

3.705m 3.73m 
1.62m 1.61m 
0.68m - 

Wheel base 
Front axle 
Rear axle 
I Mass I 820 Kg I980 Kg 

2.42m 2.44m 
1.35m 1.39m 
1.304m 1.39m 

Angle of collision exit 
Speed of collision exit 

I Equivalent Energy Speed I 50 Kmíh 140-50Km/h I 
15" -25" 
20 Km/h 45 Km/h 

Overlap percentage 
Maximum engagement 
Left front extremity 
Right front extremity 
Left wheel base 

I Number of Deorde in the vehicle I 1 I1 I 

90% 50% 
35 cm in the left front component 30 cm in the left front component 
backward movement of 28 cm backward movement of 30 cm 
backward movement of 8 cm no displacement 
reduction of 42 cm reduction of 18 cm 

Table 2-12: General data concerning the tow vehicles involved in the accident. 

Right wheel base 
Left head of shock absorber 
Right head of shock absorber 
Left front lower panel 

increase of 18cm 
backward movement of 17 cm 
backward movement of 2 cm 
decrease of 75 cm 

increase of 5 cm 
backward movement of 14 cm 
backward movement of 4 cm 
decrease of 8 cm 

Right side dashboard 
Left side lower windshield 
opening panel 
Right side lower windshield 

I Left side dashboard I backward movement of 15 cm I backward movement of 3 cm 
no displacement no displacement 
backward movement of 12 cm 

backward movement of 2 cm 

backward movement of 2 cm 

no displacement 
opening panel 
Steering wheel backward movement of 4 cm backward movement of 1 cm 

Left front body panel 
(junction with pedal panel) 

Brain injury with an initial loss of consciousness. 
Thoracic contusions. 
Fracture of the sternum. 

0 Fracture of the left cotyle. 
Multiple contusions. 

gone up 19 cm 
shifting of 7 cm to the right of 
vehicie vehicie 
backward movement of 21 cm 

gone up 3 cm 
shifting of 1 cm to the right of 

backward movement of 6 cm 
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2.6.2 Physical reconstruction 

The Equivalent Energy Speed for the Peugeot 205 in this accident was estimated in the order of 50 
km/h. Although only the left side sill was impacted during the collision, INRETS accident analysis 
experts estimated an equivalent overlap of the order of 90%. In the real accident the Peugeot 205 spun 
around 160" in response to the impact. We assume that this rotation did not affect the kinematics of the 
victim, which may have influenced the mechanisms of injuries. With this assumption made, a physical 
reconstruction of the collision has been performed at the University of Valenciennes. In this physical 
reconstruction a Peugeot 205 collides with a rigid barrier at 50kmíh with an offset. The partial overlap 

compared with those observed on the vehicle involved in the accident. As can be seen in the Figure 2- 
42, both side sills and the left forward wing have been deformed. These damages do not correspond 
with those observed on the vehicle implied in the accident, hence implying a wrong estimation of the 
offset. A second physical reconstruction has been performed with this time an overlap of 67%. The 
results of the second experimentation agreed well with the data of the accident. A comparison of the 
final damaged state of the vehicle implied in the accident and the one used for the reconstruction is 
presented in Figure 2-43. 

was 90%. The deformations observe! on the venicle '1Sd in the physical rer,nnstn'rtinn have heen 

The co-orbate system used for both reconstrrictions was oriented srich that the X-axis points forwctrd 
the vehicle, the Y-axis leftward and the Z-axis upwards. The vehicle deceleration were measured at the 
left and right B-pillar, using tri-axial accelerometers. Another tri-axial accelerometer was mounted on 
the steering wheel. The petrol tank of the vehicle was filled with water. The mass of the second vehicle 
was measured at 8 11 kg. In the rest of this section, the results from the second physical reconstruction 
have been used. 

The vehicle used in this physical reconstruction was equipped with a 5" percentile Hybrid I11 dummy 
placed on the driver's seat. The seat adjustment and dummy positioning were estimated so as to put the 
dummy in a natural driving condition for a small driver. No restraint system has been used during the 
reconstruction, which corresponds with the real accident situation. The dummy was equipped with 
three accelerometers located in the head, the upper torso and the lower torso. The contact times of the 
dummy with the interior compartment were recorded in order to identify at what instant the knees came 
into contact with the middle instrument panel and when the head impacted the steering wheel. The crash 
test has been documented with high-speed cameras. 

Figure 2-42: Comparison of deformations of the vehicle used in the first physical reconstruction with those of 
the vehicle implied in the accident 
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The measured speed of the car against the barrier was 50.75 W h .  Figure 2-44 shows the damage 
observed on the vehicles in the accident and the physical reconstruction. Only one side sill of the 
vehicle used in the reconstruction was impacted. The maximum engagement measured in the left front 
component is identical with that of the vehicle involved in the accident. The left forward wing of both 
vehicles was not damaged during the collision phase. The external deformations as a whole enabled us 
to conclude that the accident conditions were estimated reasonably well. Figure 2-45 shows the final 
damaged state of both steering wheels. The comparison of the interior deformations revealed large 
differences. During the physical reconstruction, the dummy slides over the seat while the steering 
column moves upwards and rearwards. Next the dummy’s thorax impacts the lower rim of the steering 
wheel, resulting in plastic deformation of the steering wheel. Since the dummy is not belted, it continues 
to move forward and it compresses the steering wheei against the instrument panel. Durhg the 
reconstruction, the head of the dummy does not impact the steering wheel; the upper rim of the steering 
wheel gets under the dummy’s chin. Figure 2-46 shows the accelerations recorded at the lefuright B- 
pillar, the linear accelerations recorded in the head and the chest deflection. 

Figure 2-43: Comparison of deformations of the vehic 
second physical reconstruction (right). 

involved in the accident (left) and the one used for the 

Figure 2-44: Comparison of front-end structures of the vehicle involved in the real accident (left) and the one 
used in the second physical reconstruction (right). 
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Figure 2-45: Comparison of steering wheel deformations of the vehicle involved in the real accident (left) and 
the one used in the second physical reconstruction (right). 
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Accelerations recorded at the IeWright B-pilar in the 
vertical direction 
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Figure 2-46: Data acquired from the second physical reconstruction. 
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2.6.3 Numerical reconstruct ion 

The model described here is a version of the numerical model that at this moment represents the state of 
the art for the numerical reconstruction of this accident. Figure 2-47 shows the model, representing the 
Peugeot 205 with the victim inside. It contains some key interior surfaces, a seat, a 5* percentile 
Hybrid I11 dummy and a steering wheel that is defined by a finite element mesh. 

~ 

Figure 2-47: The model representing the Peugeot 205 with the victim inside (initial state). 

The origin of the vehicle’s co-ordinate system is chosen at the middle of the left and right B-pillar. The 
co-ordinate system is oriented such that the X-axis points forward, the Y-axis leftward and the Z-axis 
upwards. The vehicle is modelled as a collection of bodies linked together with joints. The orientation 
of the joints depends on the deformations observed on the final damaged state of the vehicle involved in 
the accident. The chassis is connected to inertial space by a planar joint. A combination of a 
translational joint and a revolute joint link the chassis with other components such as the left side front 
body panel, the plane representing the middle instrument panel, the windshield and the cylinder that 
represents the upper instrument panel. These joints allow to model a rearward displacement and a 
rotation along the vertical axis of the vehicle hence modelling model the intrusion into the interior 
compartment. The seat frame is connected to the vehicle floor by means of a combined translational- 
revolute joifit. This allows modelling relative motion of the seat, possibly induced by the deformation of 
the chassis, and to change initial seat position to analyse its influence on the response of the victim. The 
seat back is connected to the seat by means of a revolute joint allowing imposed motion of the backrest. 

The mass defined for the vehicle was identical to the mass of the vehicle used in the physical 
reconstruction and the moments of inertia were calculated with Burg’s and Steffan’s formulas [MAC 
971. The MADYMO dummy database used in the model represents the 5* percentile hybrid I11 dummy. 
Figure 2-48 shows another view on the multibody model. 

Like in the numerical simulations for the first three accidents, structural deformation of the vehicle is 
modelled by means of prescribed motions for the different occupant compartment structures. In order 
to determine the motion of the corresponding bodies, an interpolation is made from the initial 
undeformed to the final deformed state of the vehicle involved in the accident. Contacts have been 
defined to describe vehicle/dummy interactions. Again some additional stiffnesses were added to the 
dummy, which were derived from the experimental tests done by Kaleps [KAL 881. A friction 
coefficient of 0.3 is used €or the dummy/seat and dummyhterior contacts. A friction coefficient of 0.8 
is used for the dummy/chassis interactions. 
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Figure 2-48: Numerical model of the reconstruction 

As the victim was not belted, the steering wheel may be considered as the restraint system in this 
accident. The deformations observed on the steeringPwhë&of the vehicle involved -in the accident; 
played an important role in the victim’s kinematics in response to the collision. In order to take into 
account the behaviour of the steering wheel, a finite element model has been developed. It consists of a 
steel frame covered by foam. Two models were defined; the first one consists of 4076 nodes and 3102 
elements (eight-node bricks with one integration point) and the second one of 686 nodes and 347 
elements. The frame material is modelled with a classic steel type. The foam characteristics were 
determined experimentally. Both models are presented in Figure 2-49. The steering wheel is attached to 
the vehicle. A precise selection of nodes is used to define a rigid connection between the degrees of 
freedom of the nodes on the steering wheel base and the body linkage to the vehicle. Thus the motion 
imposed to the body determine the intrusion of the steering wheel into the interior compartment. Based 
on the trajectory of the steering wheel observed during the physical reconstruction and on the injuries of 
the victim, a motion has been imposed to the body to which the FE steering wheel is attached. A 
rearward displacement and a downward rotation along the lateral axis are imposed simultaneously, 
followed by an upward rotation so as to reach the final damaged state of the steering wheel. 

Figure 2-49: Finite element models of the steering wheel. Left the fine mesh and right the coarse mesh. 
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Problems encountered d u ring the reconstruction 

Because it was decided to model the steering wheel with a finite element model, the CPU costs were 
much higher than for a model defined only with multibody systems. The fact that the victim was 
unbelted resulted in more complications in the reconstruction, since the possible trajectory of the victim 
was much less defined than in case of a belted victim. Moreover, during the accident, the 205 Peugeot 
rotated with a final rotation angle of 160". This rotation was not reproduced in the physical 
reconstruction and therefore not taken into account in the numerical model. As for the other accident 
cases, we are also confronted with the problem concerning the definition of the characteristics of 
various components. The numerical reconstruction showed an impact between the head and the 
windshield. Some values of windshield stiffness were found in the literature, but we don't know if these 
are representative of the 205 Peugeot windshield. 

Because of the large number of uncertainties in the reconstruction of this accident case in combination 
with the lack of detailed information on the victim's head injuries, it was decided not to continue 
working on this accident case. The results presented below are the results that were available at the 
time of this decision. 

~ 

~ Preiiminary results ~ 

~ ~ ~ ~ 

The simulation time was set to 100 111s. The calculated HIC is 1315.4. Figure 2-50 shows time-history 
output from the last performed simulation before the reconstruction process was ended. Shown are the 
linear and angular accelerations and velocities of the head centre of gravity defined in the inertial co- 
ordinate system. The pulses are unfiltered. The dummy kinematics are visualised in Figure 2-5 l .  
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Head rotational numerical accelerations 
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Figure 2-50: Head accelerations and velocities predicted by a numerical simulation of the accident. Signals 
are defined in the inertial co-ordinate system. These results should not be considered as an 
accurate prediction of the head loading conditions, but are the output from the last performed 
simulation before the reconstruction process on this case was ended. 
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Figure 2-51: Predicted dummy kinematics. These resuits should not De consitiered as an accurate prediction 
of the head loading conditions, but are the output from the last performed simulation before the 
reconstruction process on this case was ended. 

2.6.4 Discussion 

This accident case is extracted from the ADRIA database. The physical reconstruction was performed 
by the university of Valenciennes. External deformations of the vehicle's front structure were measured 
and compared with the ones of the vehicle involved in the accident. The deformations of the vehicle 
used for the physical reconstruction are similar to those of the vehicle implied in the accident. However, 
during the physical reconstruction, the vehicle did not rotate like in the accident. In the current state of 
the numerical reconstruction, we used accelerations taken from the physical reconstruction and 
therefore we also did not take into account the yaw rotation of the vehicle here. 

The fact that the victim was unbelted resulted in additional complications in the reconstruction process. 
The possible trajectory of the unbelted victim is less defined than that of a belted victim. Moreover, 
inaccurate positioning of the seat might have influenced the predicted time of impact between victim 
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and the interior compartment and thus also the predicted kinematics of the victim and the deformation 
of the steering wheel. This may also be the main reason why the steering wheel's deformation in the 
physical reconstruction differed so much from the deformation in seen the real accident. 

As for the other accident cases, we were confronted with uncertainties in the characteristics of 
furnishings in the interior compartment. In the numerical reconstruction, the head of the dummy 
impacted the windshield. Windshield stiffness characteristics were searched for in literature. However, 
only data corresponding to a windshield of a US vehicle was found. Either experimental testing or co- 
operation with automotive manufacturers is necessary to eliminate this type of uncertainty in the 
aLLlUGllL lt;LUII>Ll ULLIUII p u L c a a .  
- - -: 1 ̂_C _^^^I ,.4.-.- -*: -- __^^^^ - 

2.7 Discussion 
During the application of the accident reconstruction methodology, several complications have been 
encountered. Occupant injuries are caused by contacts with the vehicle's interior and by restraining 
loads due to vehicle deceleration. Therefore it is important that the data concerning both the occupant 
compartment deformation and the victim-interior contact definitions is as accurate as possible. 

Concerning the determination of the deceleration of the vehicle's occupant conpartment, three 
strategies were considered. For the first accident case it decided to carry out multibody Simulations in 
which the vehicle impact against the rigid barrier was explicitly modelled. We originally planned to use 
existing mathematical models to describe the mechanical behaviour of the front-end vehicle structure. 
Unfortunately, the existing mathematical models of front-end vehicle structures are not sufficiently 
accurate and detailed to be used for accident reconstruction. They are intended for use in kinematics 
reconstruction only. This left two alternatives: either physically reconstruct the accident or use Finite 
Element models of the frontal vehicle structures. Since detailed FEM modelling of each vehicle's front 
was considered too time consuming for this project, it was decided to make use of physical 
reconstructions. However, the choice of this method required to work with accident cases that have a 
relatively simple accident configuration. 

~~ ~ 

Moreover, once the deceleration is identified, it is necessary to take into account the intrusions of 
vehicle structures into the occupant compartment. Because of the lack of knowledge on the deformation 
history during a collision, it was imperative to select accident cases with low or moderate deformation 
of the vehicle's passenger compartment. All these conditions put together, significantly limited the 
amount of "reconstructable" accident cases. This is why two accident cases that were originally 
selected, were found too complex and were replaced with accident cases from the CREST database. 
For the CREST cases, data from earlier physical reconstructions could be acquired. 

During the reconstruction of the accidents, a number sources of uncertainty were encountered. The 
most important are the following: 

0 The limited accuracy of the estimations for the accident kinematics. The validity of this step can 
be verified by carrying out physical reconstruction of the collisions. However, doing this is 
relatively expensive and complex, because of the large number of uncertain parameters that play 
role in a vehicle impact. 

The limited accuracy in reproducing vehicle's impact response in the physical reconstruction. As 
mentioned before, physical reconstructions are relatively expensive and complex, which is why 
only a limited number of tests can be performed in this project. Bad correlation with vehicle 
deformations in the real accident call both the kinematics reconstruction and the physical test 
itself into question. The reconstruction of a third CREST accident case in this project was 
abandoned because of the lack of correlation between deformations of the vehicle used for the 
physical reconstruction and the vehicle implied in the accident. The fourth accident required two 
physical reconstructions before numerical reconstruction were performed. 
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The lack of knowledge on the deformation history of the car structures inside the passenger 
compartment. Although the external deformations of the physical reconstruction's vehicle can 
agree with the ones of the vehicle involved in the real world accident, large differences in the 
interior deformation of the vehicles can still be found. The lack of knowledge on the deformation 
history of the car structures inside the passenger compartment in the real world accident, limit 
the deformation severity for 'reconstructable' accident cases. In our first accident case, this 
deformation history proved to have a significant influence on the loads on the victim's head. 

The lack of knowledge on the interior furnishings characteristics. Stiffness, damping and friction 
cieÎinitions couici significantiy influence the dummy's Kinematics. A database containing data on 
interior furnishings' characteristics (instrument panel, steering wheel, steering column, 
windshield and seat) is required. Co-operation with a car manufacturers in future accident 
reconstruction work might be useful here. Most of the data used for the project was based on 
values found in the literature, but these data might form a inaccurate representation of the 
characteristics in the vehicles in our study. 

The lack of knowledge of the position of the victim immediately before the collision. In reality 
the victim might not have been in the default driving position at this moment. Since in most cases 
this information can not be retrieved, the influence cÖÜld be evaluated by means Öf- sensitivity 
analyses, like was done for the deformation history of the passenger compartment in this study. 

~ ~~ ~ 

A victim not being belted complicates the reconstruction work because a larger possible 
trajectory of the victim must be considered. Therefore also the pre-impact position of the dummy 
is even more important in these cases than in cases with belted victims. 

0 The limitations of Hybrid I11 dummy database in predicting the victim's kinematics during the 
accident. A more accurate representation for the victim in the numerical reconstruction 
simulations could be obtained in the future by using validated human body models instead of 
models representing crash dummies. 
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3 Victim head load simulations 

3.1 General 

This chapter describes the set-up and results of the victim head load simulations for the two real world 
accident cases dealt with in this report. This chapter contains the results of the work that would 
originally be reported in ADRIA deliverable D4. The methodology applied for the victim head load 
simulations is presented in section 3.2. Section 3.3 deals with the first accident case: the Renault 9 
frontally impacting a tree. The second accident case, the Renault Super 5 colliding with the Renault 19, 
is dealt with in section 3.4. The brain response simulation for third accident case is presented in section 
3.5. For the fourth accident case no head load simulations were performed, since this case could not be 
successfully reconstructed. 

3.2 Applied methodology 

~ 3.2.1 -Head model configuration ~ 

~ 

The TUE Finite Element head model that has been used for the victim head load simulations, is 
presented in the AûRIA interim report D3 [ADRD3 981. In comparison with the configuration 
presented there, two additional modifications have been made. First a nodal constraint was applied at 
the lower end of the brainstem. This was done because the free motion of the lower end of the 
brainstem was found unrealistic in combination with the tied brainstem - dura interface. This 
combination of boundary conditions causes large shear stresses in the brainstem. Since in reality this 
combination of boundary conditions is not existent, it was considered best to also restrict the brainstem 
motion at the lower end cross-sectional surface. 

The second modification concerns the element integration type that has been chosen. Originally reduced 
integration (one integration point per element) was used. In order to avoid the necessity of using 
hourglass control measures, now fully (8 point) integrated brick elements are used. In LS-Dyna3D, 
these elements have an adapted strain increment definition that avoids the problem of locking due to 
near incompressibility. This definition in fact makes them constant pressure elements [LSD 931. 

3.2.2 Head load application 

In all our brain response simulations the head velocities are prescribed in six degrees of freedom in the 
global (inertial) co-ordinate system. Before the simulations the head is positioned in the same initial 
orientation with respect to the inertial co-ordinate system, as was the case in the MADYMO 
reconstruction simulations. In order to be able to apply the head loads correctly, the centre of gravity of 
the skull has been defined in the head centre of gravity location. To reduce CPU costs, most of the pre- 
impact part of the head loading is simulated with the intra-cranial contents modelled as a rigid body. 
Only a few milliseconds before the peak accelerations due to the head impact occur, they are switched 
from rigid to flexible. After head impact the simulation continues for at least 20 milliseconds in order 
assure that the relevant part of the post-impact head response is simulated as well. 

For the simulations the explicit FE-code LS-Dyna3D (v940.2a) is used [LSD 961. They are performed 
on a Silicon Graphics Origin workstation, using a R10000 processor. With this configuration the CPU 
costs are approximately 25 minutes per millisecond simulation time with flexible intra-cranial contents. 
With approximately 1 minute of CPU costs per 3 111s simulation time for the simulation part with rigid 
intra-cranial contents, this part of the simulation only takes a small part of the CPU costs. 
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3.2.3 Brain response representation 
The response of the brain will be presented in the form of maximum principal tensile strains and 
maximum effective strains reached during the simulation. These output options have been implemented 
in LS-Dyna3D especially for visco-elastic materials [LSD 961. From the six global (logarithmic) strain 
components (E=, E,, sZz, cXy, E,, sZx) in each element, three principal strains ( E ~ ,  EZ, ~ 3 )  are derived. 
From these principal strains the maximum principal strain is selected and the maximum effective strain 
is calculated. During the simulation these strain measures are kept in memory for all elements 
beionging to the visco-elastic structure, and they wiii De updated uniy iî their vaiues have increased iii 
the new time step. The maximum effective strain is defined as: 

The effective strain measure is not sensitive to pure volumetric changes, making it a suitable measure 
for the amount of shear deformation in the element. Since all brain structures in our head model are 
modelled as isotropic mterials, these two strain measures are sufficient for describing the brain's strain 
response. Both strain measures will be presented in the form of fringe plots. For the stress response no 
cumulative measures are available. Von Mises stresses will be presented in the form of fringe plots at 
selected points in time during the simulation. This will globally illustrate the brain response history 
during head loading. 

~ 

When discussing the brain response it is necessary to refer to specific regions and locations inside the 
brain. In order to make this discussion more clear, a review of the global brain anatomy is given in 
figure 3- 1.  

. . . - ... . . - . .. . 

'. .___ . .. <. . 
9 .' 

...-.... 

1 = frontal lobe 
2 = Parietal lobe 
3 = Occipital lobe 

5 = Subcallosal area 
6 = diencephalon 
7 = Midbrain (mesencephalon) 
8 = Pons 
9 = Medulla oblongata 
1 O = Cerebellum 
11 = Corona radiata 
12 = Lentifom nucleus 
13 = Caudate nucleus (body) 
i 4  = Third ventride 
15 = Internal capsule 

4 = corpus callosum 

Figure 3-1: Coronal and mid-sagittal cross-sections of the brain showing the global anatomy of the brain. 
The regions mentioned here will be used for reference when presenting and discussing the brain 
response in the next sections. Note the switching of left and right due to the anterior - posterior 
view on the coronal cross-section. 

3.3 Accident case 1: Renault 9 impacting tree 

3.3.1 General 
For the reconstruction of this accident case several MADYMO simulations were performed (section 
2.3.3). Of the cylinder impact simulations with the dashboard modelled in its final deformed state, the 
simulation with 0.855m maximum car front deformation was used as a reference case for the head load 
simulations (simulation C IREF) .  Besides this reference case two extreme cases were chosen from the 
six reconstruction simulations that were performed with different car interior deformation histories. 
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six reconstruction simulations that were performed with different car interior deformation histories. 
Based on the head velocity pulses and the HIC values found, the cases with time intervals of 20 to 70 
ms and 40 to 90 ms were chosen (respectively simulations C1-20-70 and C1-40-90). Simulation of 
these extra two cases will show the sensitivity of the predicted brain response to variation of modelling 
the car interior intrusion in the MADYMO accident reconstruction simulations. They can also be used 
to evaluate the correlation of HIC and the predicted brain response. 

33.2 Head kinematics 

The applied velocity pulses in six degrees of freedom are plotted in figure 3-2. These pulses are 
identical to the output from the MADYMO simulations, except for the offset on the linear x-velocity, 
resulting in a zero initial velocity of the head. This offset does not have any influence on the way the 
head is loaded (the head accelerations remain identical). In all three cases a period of 35 ms has been 
simulated with flexible intra-cranial contents. The switching moments from rigid to flexible intra- 
cranial contents are also indicated in figure 3-2. It can be seen that for all three simulations the actual 
head impact (indicated by the sudden velocity changes) takes place a few milliseconds after the 
switching moment. ~~ ~~ ~ ~ 

In order to visualise the differences in global head loading for the three cases, in figure 3-3 the 
belonging linear and angular resultant accelerations are shown. It can be seen that in the two cases with 
interior deformation history modelled, the head impact occurs somewhat later in time. In case of the 40 
to 90 ms time interval the car interior has not yet reached its final state at the moment of head impact. 
This does result in a more severe head impact, which is illustrated by the higher resultant acceleration 
levels reached in this case. 
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Figure 3-2: Accident case 1: the velocity curves prescribed to the head centre of gravity. The vertical dash- 
dotted lines indicate the moments of switching the intra-cranial contents from rigid to flexible. 
(upper plots: linear, lower plots: angular; - = x, - - = y, ... = z) 
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Figure 3-3: Accident case 1: the head resultant accelerations for the three cases simulated ( - = C1-REF , 
~ -- = Ci-20-70 , ... = Cl-40-90). ~ 

3.3.3 Predicted brain response 

Six simulations were performed for this case. For each of the three different sets of input two 
simulations needed to be performed because the maximum principal strains and the maximum effective 
strains are two output options that can not be selected both in one simulation. In all simulations a 
period of 35 ms was simulated with flexible intra-cranial contents. The brain response in terms of 
maximum principal strains is visualised in figure 3-4. Five coronal cross-sections through the brain are 
shown for each of the three head load simulations, being the reference case and the two cases with car 
interior deformation history modelled. 

The plots from simulation C l R E F  show that considerable strains have occurred in the brain tissue, 
with maximum principal strain levels reaching over 0.35. Two local maximums can be seen in cross- 
section 3,  one lying in the region of corpus callosum and diencephalon and a second lying in the left 
part of the midbrain, near the edge of the tentorium opening. Cross-section 2 shows another local 
maximum in the sub-calossal area (near the location of the optic chiasma). Further investigation of the 
maximum principal strain distribution, using the post-processing software HyperMesh [HYP 971, 
shows that i~ fact there are two xaxixum near the corpus callcsum, m e  xi its frontal region 
(splenium) and one more in the centre (body). 

In the cerebellum and brainstem the strains remained below 0.15. In most of the left and right cerebral 
hemispheres, principal strains stayed below 0.2. Somewhat higher strain levels are found in the right 
hemisphere in and lateral of the lentiform nuclei (cross-sections 2 and 3) ,  and in the left lobe in region 
of the corona radiata. 

The contour plots from simulations C120-70 and C1-40-90 show similar principal strain patterns as 
seen for C l R E F ,  meaning that the local maximums are found in the same regions. In simulation 
C1-20-70 the principle strains reached are somewhat lower than those seen in the reference simulation. 
In the C1-40-90 simulation the maximum principal strains have generally reached higher levels, 
particularly in the midbrain, near the tentorium opening. 
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Maximum principal strains 
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head to steering wheel impact (ClREF)  

head to steering wheel impact (C 1-20-70) 

head to steering wheel impact (C 1-40-90) 
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Figure 3-4: Accident case 1: prediction of the maximum principal strains reached in the brain in response to 

The brain response in terms of maximum effective strains is visualised in figure 3-5. The same coronal 
cross-sections of the brain are displayed for the three head load simulations. The maximum effective 
strain patterns show large similarities with the maximum principal strains patterns. Local maximums 
are found in identical regions in the brain. In the reference case (Cl-REF), effective strain levels up to 
0.4 are reached in the local maximums in the corpus callosum region and in the sub-callosal area. Like 
was seen for the maximum principal strains, simulation C 1-20-70 shows somewhat lower and C 1-40- 
90 shows higher maximum effective strain levels. 

the head impacting the steering wheel. 

Ir, figwe 3-5 €01- simlation Ci-REP the Von Mises stresses  EI the b r a k  are displayed for six time 
steps. The plots only show one coronal cross-section of the brain, corresponding with cross-section 2 in 
figures 3-4 and 3-5. In the cerebral hemispheres the highest maximum Von Mises stresses are seen at 
85 and 90 ms. A local maximum is seen in the sub-callosal area. Further investigation using 
HyperMesh showed that between 80 and 85 ms another local maximum is located in the backside of the 
corpus callosum (genu). At the times for which the stress distributions are displayed these maximums 
lie in the range of 25 to 35 kPa. 

Furthermore it can be seen that in the inferior part of the temporal lobes, in the frontal part of the 
frontal lobe and the near the superior sagittal sinus, the maximum Von Mises stresses remain low (- 10 
Wa) in comparison with the brain regions mentioned above. Also in most regions of the cerebellum and 
brainstem the Von Mises stresses remain in this low range. 
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Fieure 3-5: Accident case 1: Prediction of the maximum effective strains reached in the brain in response to - 
the head impacting the steering wheel. 
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Figure 3-6: ACCI 

; wheel impact (C 

lent case 1: pred :tion of the Von [ises stresses in the brain in response to the head 
impacting the steering wheel. (Stress distributions are only shown for simulatik C1-REF). 

Besides the strain response and the Von Mises stress response of the brain, also the pressure response 
has been evaluated for this accident case. Figure 3-7 shows the predicted pressure response of the brain 
for the three head load simulations. For each simulation the pressure distributions are presented at the 
time when peak pressure levels were found in the brain. These moments were found to be at the same 
times as the linear resultant head accelerations reached their maximum values (figure 3-3). 
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Figure3-7: Accident case 1: prediction of the pressure distribution in the brain in response to the head 
impacting the steering wheel. The plots show the response at the moments that pressure 
amplitudes were found at their maximum levels. 

In all three simulations the pressure distribution is simple, showing a pressure gradient with rising 
pressures from contre-coup to coup (impact) region. It can be seen that Cl-REF predicts the smallest 
pressure gradient and C1-40-90 predicts by far the largest pressure gradient. Coup pressure levels 
reach up to 0.14 MPa for Cl-REF, 0.17 MPa for C1-20-70, and 0.38 MPa for C1-40-90. Contre- 
coup levels go down to -0.12 MPa for C lREF,  -0.14 MPa for C1-20-70, and -0.32 MPa for C1-40- 
90. AU these pressure levels are relative to the intra-cranial pressure level when the head is not loaded, 
which is set as the zero level. From direction of the pressure gradients it can be seen that for C1-40-90 
the impact was more oblique and for C1REF the impact direction is closest to anterior-posterior. 

~~ 
~ 

3.3.4 Discussion 

Three different victim head load simulations have been performed for this first accident case. The 
output of the reference simulation C l R E F  predicted that the highest stresses and strains are found 
near the mid-sagittal plane, in the region of the diencephalon and corpus callosum and in the sub- 
callosal area. In these regions the maximum principal strain levels reach up to 0.35 and the maximum 
effective strain levels up to 0.4. The strain levels reached in the two cerebral hemispheres do not differ 
significantly. Cerebellum and brainstem are loaded the least severe, with strain levels not reaching over 
0.15. The pressures reach their maximum levels in the impact (coup) region and their minimum levels 
in contre-coup region. 

The fact that the strain distributions seen in the brain are roughly similar for the three simulations 
agrees with the qualitative similarity of the head kinematics. This is illustrated by the similar 
characteristics of the velocity pulses presented in figure 3-2. 

The similar distributions of the maximum principal strains and the maximum effective strains in all 
three simulations indicate a high correlation between these two measures. Their correlation is the result 
of the near incompressibility of the brain, allowing larger principal strains only to occur in combination 
with a nearly constant local volume and thus necessarily in combination with shear strains, for which 
the maximum effective strain can be seen as a measure. 

The predicted brain responses from simulations C1-20-70 and C1-40-90 show slightly decreased 
strain levels for C1-20-70 and increased strain levels for C1-40-90. Comparison with the resultant 
accelerations (fig. 3-3) shows that this is better agreement with the angular resultant accelerations than 
with the linear resultant accelerations. In contrast with the linear resultant accelerations, the angular 
resultant accelerations show for C1-20-70 a somewhat lower peak value and for C1-40-90 a higher 
peak value than for C l R E F .  This indicates that the strain response of the brain is more sensitive to 
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rotational loading than to translational loading. When observing the pressures though, the response is 
the least severe in C1-REF and the most severe in C1-40-90. This indicates that the pressures are 
better correlated with the linear head accelerations than with the angular head accelerations. 

3.4 Accident case 2: Renault Super 5 impacting Renault 19 

3.4.1 General 
For this accident case the numerical reconstruction activities (section 2.4.3) resulted in one set of head 
centre of gravity velocity pulses. However, the car accelerations from the physical reconstruction, 
which have been used as input for in the numerical reconstruction model, were considered to be 
somewhat less severe than in the real accident (section 2.4.4). Since at this moment more accurate 
reconstruction data can not be obtained, the output that is currently available will be used as input for 
the simulation of the brain response of the victim during the accident. This simulation will be referred 
to as simulation C2. 

~~ 

~ 3.4.2 Head kinematics ~~ 

Figure 3-8 shows the velocity pulses prescribed to the head centre of gravity. In the simulations for this 
accident case no offset is applied to the x-velocity, but an initial velocity of 18.58 d s  in x-direction is 
applied to the head. This difference in head load application with the first accident case does not change 
the head loading conditions and thus has no effect on the brain response. Figure 3-9 shows the 
belonging resultant linear and angular accelerations. As indicated in both figures 3-8 and 3-9, the 
moment of switching from rigid to flexible intra-cranial contents is at t = 55 ms. In figure 3-9 it is 
clearly seen that the switching from rigid to flexible intra-cranial contents indeed occurs just before the 
actual head impact. In the victim head load simulation for this accident case a time interval of 25 111s 
has been simulated with flexible intra-cranial contents. 
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Figure 3-8: Accident case 2: input data for the victim head load simulations: linear (left) and angular (right) 
head centre of gravity velocities ( - = x-component , - - = y-component , ... = z-component). The 
dash-dotted vertical line shows the moment of switching from rigid to flexible intra-cranial 
contents (55 ms). 
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Figure 3-9: Accident case 2: linear (left) and angular (right) resultant accelerations of the head centre of 
gravity. The dash-dotted vertical line shows the moment of switching from rigid to flexible intra- 
cranial contents (55 ms). ~ ~ 

3.4.3 Predicted brain response 
The brain response in terms of maximum principal strains is presented in figure 3-10. The maximum 
effective strain distributions are shown in figure 3-11. Like was done for the first accident case, the 
response is displayed in the form of five coronal cross-sections through the brain. The results show a 
brain response that is roughly symmetric in the mid-sagittal plane. Furthermore it can be seen that the 
predicted maximum principal and effective strain distributions are quite similar. 

Local maximums can be seen in the following regions: at the superior (upper) cerebral cortex (outer 
surface of the cerebral hemispheres), in the cortex of the most frontal region of the temporal lobes (plot 
i), in the sub-callosal area and inferior (lower) frontal part of the diencephalon (plot 2), and in the 
upper midbrain region (plot 3). Investigation with HyperMesh [HYP 971 showed that in these local 
maximums the effective strain levels reach up to 0.15. The maximum principal strains reach up to 
levels of O. 15 only in the region of the lower diencephalon and frontal midbrain. In the other maximums 
the principal strain levels remain below 0.13. The regions with the lowest maximum principal and 
effective strain levels (< 0.03) are found near the frontal and occipital cerebral poles, in the left and 
right lateral regions of the cerebrum, in the occipital and lateral cerebellar regions and in the lower 
brainstem. 

Maximum 
principal strains 

Coronal cross-sections 

head to steering wheel impact (C2) 

Figure 3-10: Accident case 2: maximum principal strains reached in the brain in response to the head 
impacting the steering wheel. 
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Figure 3-11: Accident case 2: maximum effective strains reached in the brain in response to the head 

In figure 3-10 for simulation C2-REF the Von Mises stress distributions are presented. The Von Mises 

resultant accelerations seen in figure 3-7. The maximum Von Mises stresses at t = 65 ms are found in 
the regions where also the maximum strains during the complete head loading period were found. At 
that point in time the maximum Von Mises stresses in the brain just reach to 10 Wa. 

impacting the steering wheel. 

~- stresses seem to reach their maximum somewhere around65 ms, which is in agreement with the peak 
~~ 
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Figtire 3-12: Accident case 2: Vcm Mises S ~ F ~ S S W  i" the brain in response to the head impacting the steering 
wheel. Stress distributions are shown in one coronal cross-section at five time steps. 

The predicted pressure response is presented in figure 3-13 in the form of a contour plot of a 
transversal cross-section through the brain. Like was seen in the first accident case, the pressure 
distribution shows a simple linear pressure gradient in contre-coup to coup direction. A maximum coup 
pressure of 0.17 MPa was predicted. The minimum contre-coup pressure was -0.14 MPa. These 
pressure levels are relative to the pressure inside the non-loaded head, which is the zero level in our 
head model. 
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Figure 3-13:Accident case 2: Pressure in the brain in response to the head impacting the steering wheel. 
Pressure distribution is shown in one transversal cross-section at the time peak pressure levels 
were reached. 

3.4.4 Discussion 
For this accident case a single head load simulation has been performed. The moment of switching 
intra-cranial contents from rigid to flexible was set to t = 55 ms. This means that the brain response to 

time at t = 25 ms showed that the effects of the head accelerations before 55 m on the maximum 
reached principal and effective strains in the brain, were very small (differences e 0.005). This justified 
the choice for the switching at t = 55 ms, thus saving lots of CPU time. 

- the head loads occun-hg prior to i = 55 ms (fig. 3-7) is not simulated. A test simdation with switching ~~ 

The applied head velocities in figure 3-8 show that the head is mainly loaded in the sagittal plane: 
linear y-velocities and rotational velocities around x and z-axis are very small compared to the other 
head velocity components. This is reflected in the brain responses by the near mid-sagittal symmetry in 
the strain response plots in figures 3-10 and 3-1 1. 

The brain response showed most severe strain loading in the superior cerebral cortex, in the most 
frontal region of the temporal lobes and in the region of the frontal midbrain and lower frontal 
diencephalon. The strain patterns are clearly different from the strain responses found for the first 
accident case. Not only the strain distributions are different but also the overall severity of the strain 
response in the brain is much lower in this accident case. Comparison of the resultant accelerations of 
simulation C2 and C l R E F  learns that the peak levels of the linear resultant accelerations are nearly 
identical (1916 m/s2  vs. 1915 m/s2) ,  but the peak angular resultant accelerations are quit different 
(9288 rads2vs. 18115 rads2). So the lower severity of the strain response in simulation C2 seems to 
agree with the hypothesis that the strains are mainly induced by rotational loading of the head. Like the 
strain response, the Von Mises stress response is much less severe in this accident case than in the first 
accident case. 

The predicted pressure pattern is typical for a frontal head impact: a ‘linear’ pressure gradient with 
maximum pressures found in the frontal region and minimum pressures found in the occipital region. 
The pressure pattern in the brain is also much more similar for the two accident cases (C2 vs. 
ClREF).  In both cases the head impact location is frontal and left of the mid-sagittal plane, which is 
also reflected by the direction of the pressure gradients (The Cl-REF impact direction is somewhat 
more oblique than the C2 impact direction). Also the peak coup and contre-coup pressure levels found 
in simulation C2 are close to those found for simulation C l R E F .  It seems that, in contrast with the 
strain response, the pressure response correlates much better to linear head loading than to angular 
head loading. 
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3.5 Accident case 3: FIAT Punto impacting Renault 9 

- 

- 
- 

3.5.1 General 

For the third accident case the numerical reconstruction activities (section 2.5.3) resulted in two sets of 
head centre of gravity velocity pulses. The two reconstruction simulations showed the influence of the 
energy absorption mechanism in the steering column. This mechanism was present in the FIAT Punto 
in the real accident. Therefore the head lunematics data set from the MADYMO simulation in which 

also used as 27pnt for the brak response simdation for this accident case (simulation C3). 
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3.5.2 Head kinematics 
Figure 3-14 shows the velocity pulses prescribed to the head centre of gravity. In the simulation an 
initial x-velocity of 31.67 m / s  has been applied to the head. The fact that in this simulation the initial 
head velocity in x-direction is much higher than in the other accident cases and the final x-velocity is 
still significantly higher than zero, is due to the different set-up of the physical reconstruction of this 
accident (see section 2.5.2). The vehicle deceleration-signais from this reconstruction were Used in the 
reconstruction simulations from which the head velocity signals originate (section 2.5.3). For the brain 
response simulation we have inverted the x- and y-velocity pulses (figure 2.37) in order to make the 
head move in positive x-direction. Figure 3-15 shows the resultant linear and angular acceleration 
signals representing the inertial head load. As indicated in figures 3-14 and 3-15, the moment of 
switching from rigid to flexible intra-cranial contents is at t = 75 ms. Figure 3-15 shows that the 
switching from rigid to flexible intra-cranial contents occurs just before the actual head impact. In the 
victim head load simulation a time interval of 25 ms has been simulated with flexible intra-cranial 
contents. 
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Figure 3-14: Accident case 3: input data for the victim head load simulations: linear (left) and angular (right) 
head centre of gravity velocities ( - = x-component , - - = y-component , ... = z-component). The 
dash-dotted vertical line shows the moment of switching from rigid to flexible intra-cranial 
contents (75 ms). 
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Figure 3-15: Accident case 3: linear (left) and angular (right) resultant accelerations of the head centre of 
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3.5.3 Predicted brain response 

The brain response in terms of maximum principal strains is presented in figure 3-16. Maximum 
effective strain distributions in the brain are visualised in figure 3-17. The results show a brain 
response that is roughly symmetric in the mid-sagittal plane. Analysis of the strain response using 
HyperMesh learned that local strain maximums were found in several regions. In the region of the 
midbrain and pons (plot 3) a maximum is present, where maximum effective strains locally reach over 
0.08. Two other regions where the effective strains have crossed the 0.08 level, are in the cortex of the 
most frontal region of the left temporal lobe, and in the superior (upper) cortex of the left cerebral 
hemisphere; plot 3). In all other brain regions the effective strains remain below 0.08. The effective 
strains nowhere cross the O. 1 level in this simulation. 

As was the case in the simulations for the former accident cases, the predicted maximum principal and 
effective strain distributions are quite similar. The maximum principal strains are somewhat lower than 
the maximum effective strains. The maximum principal strain levels reached in the regions mentioned 
above are betwem 0.07 and 0.08. 
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Figure 3-16:Accident case 3: maximum principal strains reached in the brain in response to the head . 
impacting the steering wheel. 
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Figure 3-17:Accident case 3: maximum effective strains reached in the brain in response to the head 

Figure 3-18 shows the Von Mises stress distributions from simulation C3. The Von Mises stresses 
reach their maximum levels after about 8 5  
accelerations seen in figure 3-15. As can be seen, at t = 85 ms the maximum Von Mises stresses are 
reached in regions where also the maximum strains during the complete head loading period were 
found. At t = 85 111s the maximum Von Mises stresses in the brain just reach over 6 kPa. 

impacting the steering wheel. 

ms, which is agreement with the peak resultant 
~~ 

The predicted pressure response is presented in figure 3-19 in the form of a contour plot of a 
transversal cross-section through the brain. The plot shows the distribution at t = 83 ms, the moment at 
which the pressure response was most severe. As in the former accident cases, the pressure distribution 
is in fact a simple linear pressure gradient in contre-coup to coup direction. A maximum coup pressure 
of O. 16 MPa was predicted. The minimum contre-coup pressure was -0.13 MPa. 
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Figure 3-18: Accident case 3: Von Mises stresses in the brain in response to the head impacting the steering 
wheel. Stress distributions are shown in one coronal cross-section at five time steps. 
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Figure 3-19: Accident case 3: Pressure in the brain in response to the head impacting the steering wheel. 
Pressure distribution is shown in one transversal cross-section at the time peak pressure levels 
were reached. 

3.5.4 Discussion 
For the previous accident case it was shown that it was justiXed to set the switching momat from rigid 
to flexible intra-cranial contents just prior to the actual head impact. Therefore the switching moment 
in the brain response simulation for this accident case was also set just a few milliseconds prior to the 
actual head impact, as can be seen in figure 3-15. 

Like in the second accident case the reconstruction simulations have predicted that the head is motion 
mainly takes place in the global X-Z plane (figure 3-14). The head rotation is rnost significant around 
the global Y-axis. Visualisation of the predicted head kinematics during the reconstructed accident 
showed no significant lateral head motion or head rotation out of the sagittal plane. These head loading 
conditions are quite similar to those seen in the second accident case. As can be expected, also the brain 
response patterns are quite similar. The pressure responses are nearly identical in their pattems and 
their severity. The main differences between the brain response are seen in the severity of the Von 
Mises stress and the strain response. For this accident the predicted Von Mises stresses and strain are 
significantly less severe than those for the second accident case. 

In the discussion of the brain response simulation of the second accident we found that pressures were 
related to linear head acceleration and strains and Von Mises stresses were related to angular head 
acceleration. When we observe the resultant linear and angular accelerations for the second and third 
accident case (figures 3-9 and 3-15), we can see that the peak linear resultant accelerations are about 
12% lower in the third accident case. The angular resultant accelerations however, are about 40% 
lower in the second accident case. Tisis explains the laïger differences in the severkj of the strain 2nd 
Von Mises stresses than in the severity of the pressures. 

The oscillations present in the resultant accelerations are not reflected in the contour plots, since these 
either show the response at specific points in time (pressures, Von Mises stresses) or show the 
maximum levels reached during the complete simulations. Since no damping is included in the bulk 
behaviour of the brain these oscillations will be present in the pressure time history signals. The 
maximum pressure gradient reached in the brain (at t = 83 ms) however, seems directly related to the 
peak linear resultant head acceleration. The oscillations in the head acceleration signals, which were the 
result of numerical effects in the MADYMO simulation (section 2.5.4), will thus have influenced the 
pressure response and also maximum pressure levels predicted. Investigation of the strain response in 
time showed that the effect of the oscillations on the strain and Von Mises stress response has been less 
significant. 
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4 Evaluation of HIC & Identification of injury mechanisms 

4.1 General 
This chapter deals with the evaluation of HIC and the identification of brain injury mechanisms. It 
contains the results that originally would be reported in ADRIA deliverable D5. In section 4.2 the 
results of the reconstruction simulations and the victim head load simulations will be used to evaluate 
the Head Injury Criterion (HIC). Section 4.3 deals with the identification of potential brain injury 
mechanisms. Therefore also the results from both the accident reconstructions and the head load 
simulations will be used. 

The general path from (traffic) accident to brain injury is presented in figure 4- 1.  The figure illustrates 
how we have determined the victim’s mechanical brain response fort the two accident cases. Now the 
next two steps are the evaluation of HIC and identification of potential mechanisms leading to specific 
types of brain injury. 

~ -~ ~~~ ~- ~~~~~~~~ ~~ ~~ ~~~ ~~ ~ ~ ~~ ~~ 
~ 

WEAL WORLD TRAFFIC 
ACCIDENT 

reconstructions 

Global mechanical 
head load 

simulations 

Local mechanical 
brain response 

Injury mechanism m 
BRAIN INJURY 

Figure4-1: Schematic review of the process from real world traffic accident to brain injury. Also the 
empirical character of SIC is ihstrzted. 

For these two next steps not only the results of the accident reconstructions and the head load 
Simulations are needed, but also detailed descriptions of the brain injuries suffered by the victims of 
study. For the first accident case (Renault 9 - tree) these data are available and presented in section 
2.3.1 of this report. For the victim in the second accident case (Renault Super 5 - Renault 19) the 
nature of the intra-cranial injuries was identified (cerebral contusion and meningal bleeding), but no 
information could be acquired concerning the location of these injuries. In the third accident case 
(FIAT Punto - Renault 9) it is known that scans of the victim’s head did not reveal visible intra-cranial 
injuries. For the fourth accident case (Peugeot 205 - Ope1 Corsa) both the nature and the location of 
intra-cranial injuries could not be retrieved. 
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A brain injury mechanism can be defined as the manner in which the local brain response results in 
damage to anatomical structures in the head and/or alteration of the normal function of these 
structures. In figure 4-1 it can be seen that the local brain response in its turn is the result of the global 
mechanical loads suffered by the head. Therefore in the process of injury mechanism identification, we 
will pay attention to both these two steps between global head loading and brain injury. 

In order to identify how the global head loading is ‘translated’ to local brain response we have to 
compare the global head loading (the head kinematics being the output from the accident reconstruction 
simulations) with the brain response predicted by the victim head load simulations. This can be done 
since we have the global head loads as well as the predicted brain responses available for the 
reconstructed accident cases. Secondly, in order to identify how the local brain response leads to brain 
injuries we must compare the predicted brain responses with the medical descriptions of the real brain 
injuries that were identified. However, the lack of localised intra-cranial injuries makes this impossible 
for the second and third accident case. 

4.2 Evaluation of HiC 

4.2.1 WIC versus predicted brain response 
~~~ ~~ ~~ ~~ ~~~~ ~ 

~~~~~~ ~ ~ ~ ~ ~~~ ~~~ ~ ~ ~~ ~ 

~ 

By comparing the calculated HIC values with the predicted brain responses the correlation between 
them can be evaluated. The pressure responses from the two accident cases indicated a reasonable 
correlation with the peak linear (resultant) head accelerations. Therefore HIC is also expected to show 
this correlation with the pressure response in the brain. This is confirmed in table 4-1 by the pressure 
amplitudes seen in coup and contre-coup region, which were increasing from C l R E F ,  via C1-20-70, 
to C1-40-90. 

Table 4-1: HIC values, maximum coup pressure levels, minimum contre-coup pressure levels and 
maximum reached strain levels reached for all head load simulations. For the maximum effective 
strains a rznge of the !eve!§ reached in the local maximms in the brain is given. Also the head 
AIS levels determined in the medical data, are given. 

For the C2 simulation the coup and contre-coup levels are the same as those found for C1-20-70, while 
the HIC value is nearly identical to the HIC value found for Cl-REF. This does not agree with the 
suspected correlation between HIC and pressure response. For case 3 the pressure levels are closest to 
those predicted in simulation C1-20-70 and C2. The predicted HIC value however, was influenced 
(=decreased) due to the oscillations in the head acceleration pulses, and should therefore not be 
compared with the other HIC values. In general HIC and the pressure response show a limited degree 
of correlation , but a clear relation (e.g. linear) can not be identified. This could be expected because 
other factors, such as impact direction, have an influence on the pressure response but not on HIC. 

For comparison of the HIC values with the strain response in the brain we use a small range covering 
the maximum effective strains reached in the different local maximums in the brain for each simulation. 
It becomes clear from the values in table 4-1 that HIC does not correlate well with the strain response 
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of the brain. This is seen best in simulation Cl-REF, where HIC is nearly identical to that of 
simulation C2 but the maximum strain levels a about three times as high. The strain distributions in the 
brain were also much more complex than the pressure distributions. In the three simulations for 
accident case 1 the strain patterns were much alike and the strain levels made the main difference. 
However, the strain patterns found in simulations C2 and C3 were very different from those in case 1. 
Clearly this is also not reflected in the scalar value that represents HIC. 

4.2.2 HIG \/ersus h!-gj!-! injuries 

A thorough evaluation of HIC by comparison with the occurrence of brain injuries can not be made 
with the limited number of cases in our study. For the three cases reconstructed HIC can be compared 
with the reported AIS levels. The values in table 4-1 tend to show a correlation between HIC and AIS. 
However, it should be kept in mind that the HIC value for C3 was influenced by unrealistic oscillations 
in the head acceleration signal and that in case 1 a very large spread in the HIC predictions is present. 
It is clear that more accidents need to be reconstructed for a more thorough evaluation of HIC, also 
with respect to AIS. 

For accident cases 1 and 2 the HIC values for all reconstruction simulations passed the level of lOOÖ, 
which is used as the threshold value for concussion resulting from direct frontal head impact. The fact 
that in the first accident case the victim was in coma indicates that brain concussion or diffuse brain 
injury may well have occurred. Unlike for instance Diffuse Axonal Injury (DAT), these injury types do 
not (necessarily) occur in combination with anatomical brain damage. In the second accident case the 
victim was not in coma however. In accident case 3 HIC remained below 1000, but was probably 
reduced due to the oscillations in the head acceleration signals. In this case the victim was unconscious, 
although only less than ten minutes. 

~~ 
~ ~ ~~~~~~ 

~~ ~ ~ -~~ ~ ~~~ 
~~ ~ ~~ ~ ~~~ 

~ 

4.3 Identification of injury mechanisms 

4.3.1 From head loading conditions to local brain response 

Comparison of the head kinematics with the predicted brain response has been done already during the 
discussion of the predicted brain responses in sections 3.3.4, 3.4.4. and 3.5.4. This comparison resulted 
in two important observations: 

0 The severity of the pressure response in the brain showed Setter correlation with translational 
head loading than with rotational head loading. 

0 The severity of the maximum principal and effective strain response as well as the Von Mises 
stress response showed better correlation with rotational head loading than with translational 
head loading. 

In order to link either the translational or rotational head loading severity to the risk of specific types of 
brain injury, we should next identify potential causal relationships between specific aspects of the local 
brain response with specific brain injuries. Injuries that can be found to correlate with the pressure 
response of the brain can now be linked to translational head loading. On the other hand there are the 
injuries that can be linked to the Von Mises stress or the strain response of the brain, which can now be 
linked to rotational head loading. 

- 85 - 



4.3.2 From local brain response to brain injury 
With our FE head model we can evaluate the brain response to inertial head loads, either or not induced 
by direct head impact. Head injuries such as cerebral concussion, d i f i s e  axonal injury (DAI), 
shearing injury, and sub-dural hematoma (SDH) belong to the class of head injuries that are believed 
to be caused by inertial head loading. The maximum effective strain measure that we used to evaluate 
the brain response, can be seen as a scalar measure for the shear straining of the brain elements. The 
fact that the shear strain response was found to be more sensitive to rotational head loading of our head 
model, agrees wiih the current belief that ïûtaiiûnal acceleïaiiûfi of the head is the rxii potefitia! came 
for the head injiiïy types named above. 

In none of our accident cases diffuse brain injuries, such as DAI, were diagnosed. Unlike less severe 
diffuse brain injury types, DAI should visible on CT scans of the head. Therefore we can conclude that 
DAI was indeed not present in the victims’ brains. Comparing this with the predicted effective strain 
responses from simulation C1-20-70 (predicting the lowest effective strain levels for case i), one could 
conclude that effective strain levels in the diencephalon and midbrain region of at Ieast 0.3, are below 
the tolerance level for DAI. In our opinion however, drawing any conclusions of this kind is very 
premature, In-order-tö evälüate (on a FtätisGäl &si9 whetlierthe -mxirnü-m effective strains predktèd 
with a FE head model can indeed be regarded as a potential indicator for diffuse injury types, a 
significant number of accident cases with and without the occurrence of these brain injuries need to be 
evaluated. The three (or five, as was planned originally) accident cases that are completely 
reconstructed in this project are not sufficient for such an evaluation. 

In the first accident case (Renault 9 - tree) the following head injuries were diagnosed on the victim of 
study (see also section 2.3.1): 

AIS5 
0 

0 

0 

0 

Victim in coma, with right oriented reaction (for 5 weeks) 
Permanent dilatation of left eye pupil (mydriase) => direct impact in left eye area 
no obvious Diffuse Axonal Injury found from CT scan images 
small haemorrhage of head of right nucleus caudatus 

Vascular injuries inside the brain, such as the one identified on the head of the right caudate nucleus, 
are difficult to predict with current FE head models because of their focal nature. Intra-cerebral arteries 
and veins are not explicitly modelled in these models. Nevertheless we have evaluated our brak 
response predictions to see if a link to any specific response parameter could be identified. 

When looking at the pressure response predicted in simulations Cl-REF, C1-20-70, and C1-40-90 
(fig.3-7), it is clear that no link between the vascular injury and the pressure response can be expected. 
No local maximum in the region of the caudate nucleus is observed and also in the region of left 
caudate nucleus the pressure seems to have reached higher levels than in the region of the right caudate 
nucleus. The other response parameters (Von Mises stress, maxim principal strain and effective strain) 
were all found to be linked to rotational loading to and to be correlated to each other. We have used the 
effective strain response for comparison with the vascular injury. In comparison with the pressure 
response, the effective strain response pattern is more complex and therefore more difficult to evaluate. 
In order to do so, we have selected brain elements in the regions where the heads of both the left and the 
right caudate nucleus are situated. These elements are visualised in figure 4-2. 

Both for the left and for the right nucleus 18 elements have been selected. This is done by averaging the 
18 element values for each nucleus. The reason of averaging the response of several elements is that the 
exact position of both the nucleï themselves and the haemorrhage in the right nucleus’ head are not 
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known. The responses in the left and the right nucleus caudatus are compared in order to check whether 
the right nucleus is more severely loaded than the left side. This is expected since only in the right 
nucleus damage is found. 

Cl-REF 

Back Front 
Left 

Right 

0.23 0.24 

Figure 4-2: Side and top view of the brain showing the elements representing the locations of the heads of 

The results in table 4-2 show that in the head of the right nucleus caudatus indeed the higher averaged 
maximum effective strain is found. For C1-40-90 this difference is much more significant than for the 
other two simulations. Clearly, comparison of the responses in the left and in the right nucleus is not 
sufficient for the identification of correlation between the effective strain response and the vascular 
injury. The regions studied here do not represent local maximums in the strain distributions in the 
brain. In all three simulations even higher effective strain levels are found in other brain regions such as 
the corpus callosum and the midbrain. On the other hand, different strain tolerance levels can be 
expected for different anatomical substructures in the brain. 

the left and right caudate nuclei. 

C1-20-70 I 0.20 

I I Left nucleus I Riehtnucleus I 
0.21 

simulations C1-REF, C1-20-70 and C1-40-90. The values are the result of averaging over 18 
elements (see fig. 4-1). 

In can be concluded that the maximum effective strain response does not show a very obvious 
correlation with the presence of the vascular injury. In reality the caudate nucleï are situated near the 
third ventricle inside the brain, which in our model is not modelled explicitly. This may have limited the 
accuracy of the predicted brain response in the studied regions. In our opinion however, it can and 
should not be expected that focal intra-cerebral injuries like the one identified in this case, are predicted 
very locally with the currently existing FE head models. For that purpose both the anatomic detail and 
the number of elements in the models should be very much increased. 

The following head injuries were diagnosed in the second accident case (Super 5 - Renault 19, see also 
section 2.4.1): 

Initially: 
AIS2 

GCS=15 
Moderate head trauma with contusion and meningal bleeding 

no motoric deficiency 
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Neurological problems identified after three months: 
0 

0 

0 incapability of eye fixation 

right hemiparesis and problems with upper functions 
time-space disorientation and memory problems 

For a direct comparison of intra-cranial injuries we must concentrate on anatomical injuries. The 
problem that arises however, is that the location of the contusion and meningal bleeding is not known 
because the CT-scans could not be acquired. For the meningal bleeding it is also not known whether it 
is concerns epi-dural hematoma (EDH) or an sub-dural hematoma (SDH). For this reason it is not 
possible to concentrate on the correct brain and meningal regions in our model. 

We know however, that in the first accident case no contusions and meningal bldings were identified. 
Comparison of the predicted brain response with those in the first accident case shows that the severity 
of the pressure response lies in the range of those from simulations C l R E F  and C1-20-70. It is 
significantly less severe than the pressure response from simulation C1-40-90. The Von Mises stress 
and the strain response are both significantly less severe than those seen in all three C1 simulations. 
Thus ip seem-that the pr~ictedbraPn-responses f m  the two accident cases-are not ir- agreement with 
the medical data from these cases. There are three factors that may have contributed to this lack of 
agreement: 

0 

0 

0 

variation in the injury tolerance levels between victims, 
inaccuracies in the accident reconstruction process, 
inaccuracies in the brain response simulations. 

The variation in the injury tolerance levels remains an unknown factor in this study. Concerning the 
inaccuracies in the accident reconstruction process, it is known that for this accident case the physical 
reconstruction resulted in somewhat less severe vehicle deformation than observed in the real accident. 
Since in the numerical reconstruction the vehicle deceleration data from the physical reconstruction was 
used, the head load prediction is probably also underestimated to a certain extent. The inaccuracies in 
the brain response are not likely to have caused the lack of agreement, since the lower severity of the 
Von Mises stress and strain response are in correspondence with the lower severity of inertial head 
loading. 

In the third accident case no anatomical intra-cranial injuries were found on the victim of study: 

AIS 1-2 
0 

0 wound on lower lip 
0 

Initiai loss of consciousness (c i0 minutes) 

CT-scan: no visible intra-cranial injuries 

When comparing the medical and brain response data from this accident case with those from the other 
cases, a better agreement is found. The severity of the pressure response is similar to that from the first 
(Cl-REF and C1-20-70) and second accident case. The Von Mises stresses and the strains are 
significantly lower even than in simulation (C2). This is in agreement with the lack of intra-cranial 
injuries on the victim in this case. 

Finally we can make a comparison of the predicted brain responses and the AIS levels determined for 
the head injuries suffered by the victims. This is done by means of the values given in table 4- 1.  It can 
be seen that the pressure response does not show a clear correlation with AIS. However, the effective 
strain response shows a much better correlation. In the first accident case, in which AIS = 5 ,  all three 
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simulations predicted much higher maximum effective strains than in the second and third accident 
case, where AIS was less or equal to 2. It can be seen that the correlation between the effective strains 
and AIS is much more obvious than the correlation between HIC and AIS. This correlation might 
indicate that the determjnation of AIS 5 is mainly the result of severe rotational head loading, leading to 
severe brain deformation. 
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5 Discussion & Conclusion 

5.1 Applied methodology 
A methodology was set up for the evaluation of HIC and the identification of potential brain injury 
mechanisms. The first step in this methodology was the analysis of 50 accident cases from which four 
cases, comprising five victims to be studied, were selected for reconstruction [ADRDl 971. The second 
step comprised the reconstruction of these accident cases, in order to identify the global head loads 
occurring during the accident. In the third step the global head load conditions were used for the 
identification of the local brain response of the victims, by means of Finite Element analysis. The 
fourth step dealt with the evaluation of HIC and the identification of potential head injury mechanism, 
which was done by comparison of predicted HIC values, predicted local brain responses and medical 
data concerning the head injuries. In this report the application of this method to four accident cases is 
described. Three of these cases were successfully reconstructed and for these cases also brain response 
simulations were performed. The fourth accident case turned out to be more complex because of the 

reconstructed successfully. 
~ large vehicle rotation-in the accident and the victim not being belted, This-accident couldnot-yet be 

Accident reconstruction 

The accident reconstruction method in itself consisted of three steps: a kinematics reconstruction, a 
physical reconstruction and a numerical reconstruction. The kinematics reconstruction supplied pre- 
and post- impact car directions and velocities, based on an energy balance using an estimation of 
dissipated energy during collision. For the two cases originating from the ADRIA database, the 
kinematics reconstruction was made by accident experts from INRETS. For the two cases from the 
CREST database this was done in the framework of the CREST programme. 

Physical reconstruction of the accident turned out to be a necessary and suitable tool for translation of 
the impact kinematics to deceleration signals for occupant compartment in which the victim of study is 
seated. By comparison of the frontal deformation of the vehicles in the real accident and the 
reconstruction also the quality of the estimations in the kinematics reconstruction could be evaluated. 
The decelerations of the passenger compartment of the vehicles were used as input for the numerical 
accident reconstruction. Therefore MADYMO multibody models of the passenger compartments, 
inciuding Hybrid 111 dummy databases, were deveioped. The numerical simulations supplied the head 
loading conditions, in the form of the head centre of gravity velocities in six degrees of freedom. 

In spite of trying to be as accurate as possible in each step of the accident reconstruction, still a number 
of sources of uncertainty are encountered during the reconstruction process. One of these sources 
concerns the mechanical characteristics of the different structures of the vehicle. General data on these 
characteristics are mostly available, but for instance the mechanical properties of the dashboard and 
steering will be different for each type of vehicle, due to the differences in design and materials used. 
These specific data for each vehicle can only be derived by extensive experimental testing or close co- 
operation with car manufacturers. 

One of most significant sources of uncertainty is, and will remain, the victims seating position just 
before impact of the vehicle. Since identification of the real position is not possible, a standard driving 
position of the victim is chosen as initial dummy position in both the physical and the numerical 
reconstruction. It is clear that any deviation from this standard driving position in reality may have had 
its influence on the head loading conditions during the accident. The accuracy of the predicted head 
kinematics can only be evaluated by comparing predicted impact locations on the head and in occupant 
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compartment with data from the real accident. The data would concern traces of local impact injuries 
on the victim’s head and traces of head impact in the occupant compartment of the real vehicle. 
However, for many accident cases such data is limited or not available. 

Another source of uncertainty that was encountered, is the deformation history of structures intruding 
the occupant compartment. Both initial, undeformed state and final deformed state of the occupant 
compartment are known, but the trajectory and velocity of the intruding structures and the time interval 
during which the intrusions take place are not known and can not be retrieved either. Also measurement 
of these intrusions would not supply very accurate information, since it was seen in our accident cases 
that deformation of the interior subsystems inside the vehicle is very hard to reproduce accurately in a 
physical reconstruction. 

Furthermore the use of dummies and dummy databases introduces uncertainties due to their, inevitable, 
limitations in biofidelity . The dummy databases have been validated on their reproduction of crash 
dummy behaviour, not human behaviour. Besides their limited biofidelity, also differences in 
anthropometry may influence the predicted kinematics of the victim during the accident. In our 
reconstructionspwepused 5Jh and 50th percentile Hybrjd 111 dummy models, depending - p  on the p p p  size of p p  the 
victim. Models representing humans instead of dummies could improve our numerical reconstruction 
simulations, but at the time of our accident reconstruction activities validated human body models were 
not available. 

Head load simulations 

Also in the stadium of the finite element head load simulations uncertainties were introduced in the 
methodology. Already during the literature study on 3D finite element had models three main sources of 
uncertainty were identified. These are: the simplified material models describing the mechanical 
behaviour of the brain, the lack of a realistic models for the complex skull-brain interface, and the lack 
of accurate experimental data describing the mechanical behaviour of the intra-cranial contents in 
response to head impact. Like any current 3D finite element head model, the head model used in this 
study suffers from these limitations. The head model could not be validated due the mentioned lack of 
experimental data. Simplifications of reality were introduced in the head model in the form of 
homogeneous, linear visco-elastic, isotropic brain tissue and a tied skull-brain interface. 

Furthermore, the skull was modelled as a rigid body, disabling the evaluation of skull fracture and 
focal ktm-cracial hjuries directly resakhg €re= sk~!! fractures. Curre~tly , explicit modehg of skull 
fracture is not yet applied successfully in 3D FE head modelling. During our evaluation of head 
models, the overall intra-cranial response was found to be hardly influenced by rigid skull modelling 
instead of elastic skull modelling [ADRD3 981. Rigid skull modelling also enabled the application of 
head loads in the form of prescribed velocities. This prevented the need for accurate modelling of neck 
boundary conditions and, in case of a facial impact, accurate modelling of the facial structures. In line 
with the configuration of our head model, we focussed on the brain’s response to inertial head loading, 
either or not being the result of direct head impact. 

Evaluation of HIC and identification of injury mechanisms 

The evaluation of HIC was done by comparison of calculated HIC values with the brain response in the 
form of principle and effective strains and pressures. The medical head injury data were also compared 
with the HIC values, but this comparison could not give valuable results due to the limited number of 
accident cases dealt with in this project. Comparison between HIC and AIS for the three accident cases 
seemed to show some correlation, but no conclusions could be drawn from this comparison. More 
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reconstructed accident cases are necessary in order to obtain valuable statistical information on the 
correlation of HIC with different types of head injury. 

In the process of identification of injury mechanisms two steps were considered. The first step leads 
from global head loading to local brain response. For this step the translational and rotational head 
accelerations were compared with the predicted stress and strain response of the brain. The second step 
leads from local brain response to identified brain injuries. Therefore the local brain response was 
compared with the real brain injuries found. Here again the statistical value of the results is limited by 
the small number of cases dealt with in this project. 

With the three cases for which brain response simulations were performed, no clear correlation between 
intra-cranial injuries and the brain responses could be identified. In the third accident case this was not 
possible since no intra-cranial injuries were diagnosed, and in the second accident case the location of 
the injuries was not known. In the first accident case possibly the focal nature of the vascular injury 
prevented a correlation with the predicted brain response. On the other hand, a better correlation was 
found between the severity of the effective strain responses and head AIS, than between HIC and AIS. 

~~ ~~~ ~ ~ ~~~ ~ ~ ~ ~ ~~ ~~ ~~ ~ ~~ ~ ~~~ 

5.2 Results obtained drom the dour accident cases 
In our study three of the four accidents could be reconstructed completely, resulting in brain response 
predictions. The fourth case turned out to be too complex at this moment, due to an unbelted victim and 
large vehicle rotation in the accident. 

In the first accident case, a Renault 9 impacting a tree, the vehicle deceleration data from the physical 
reconstruction was used to find a valid estimation for frontal stiffness of the vehicle in the numerical 
reconstruction. The lateral deceleration of the vehicle was not recorded during the physical 
reconstruction. Therefore, in the numerical reconstruction the vehicle impacting the tree was explicitly 
modeled. The final lateral movement of the vehicle was found in agreement with that observed on 
photographs of the physical reconstruction. Furthermore, the conditions of the head to steering wheel 
impact were found in agreement with the medical data, that indicated a head impact in the left eye 
region. The impact direction was clearly reflected by the intra-cranial pressure gradient predicted by 
the FE head load simulation. The Von Mises stress and strain response of the brain was found to be 
much more complex. In several regions local maximums were found, where maximum strain levels 
were quite large (strains up to 0.4). 

Also a parameter study was performed evaluating of the influence of the car interior deformation 
history on the head kinematics. The severity of the head impact turned out to be quite sensitive to the 
assumptions made concerning the time interval during which car interior deformation took place. This 
was also reflected in magnitudes of the pressure, Von Mises stress and strain response of the brain. On 
the other hand, the distributions of stresses and strains in the brain remained very similar, with local 
maximums in the same locations. 

For the second accident case, a Renault super 5 impacting a Renault 19, a physical reconstruction was 
performed at UVHC. In spite of the fact that the impact severity was judged somewhat lower than in 
the real accident, useful information could be drawn from the output data. Car deceleration data and 
interior deformation history data was used for the numerical reconstruction. Besides a head impact to 
the steering wheel, a severe loading of the feet due to toe-board intrusion was observed. The head load 
simulation showed a rather symmetric brain response with respect to the mid-sagittal plane, which was 
in agreement with the head kinematics. The pressure response was found similar to that seen in the first 
accident case, but the strain and Von Mises stress responses were quite different, both in their patterns 
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as in severity. The reconstruction of this accident case is could be further improved, but this would 
need the performance of a new, more accurate physical reconstruction of the accident. 

For the third accident case again the physical reconstruction turned out to be somewhat less severe than 
the real accident. Nevertheless the vehicle decelerations were used for the numerical reconstruction. In 
the numerical reconstructions a problem was encountered with modelling the energy absorbing crush 
zone in the steering column. Inclusion of this crush zone in the model showed to reduce the severity of 
head loading significantly. However, it also resulted in oscillations in the head acceleration signals, 
which influenced the predicted HIC value. Modelling of this crush zone needs to be improved in order 
to predict the head loading conditions more accurately. 

5.3 HIC and potential injury mechanisms 
The results obtained from the three accident cases showed the sensitivity of the brain response to 
different head loading conditions in these accident cases. The Von Mises response and the strain 
response were found to be particularly sensitive to rotational head loading, whereas the pressure 

- - -~ respo-nse wasfound-rnoLe-sensitive to translational head loading, - ~ 

-~ -- - ~ 

Comparison of the predicted brain responses and HIC values learned that HIC tends to show some 
correlation with the intra-cranial pressure response as far as severity is concerned. However, HIC 
remains insensitive to head impact locationídirection, which is reflected in the intra-cranial pressures. 
HIC did not show correlation with the Von Mises stress and strain response, which is in line with the 
conclusion that these brain response parameters are most sensitive to rotational head loading. Although 
a useful evaluation of HIC with respect to specific types of brain injury was not possible, HIC values 
could be compared with AIS levels. This did not reveal a clear correlation, particularly because of the 
spread in HIC values in the fxst accident case. In an earlier evaluation study on HIC, Newman 
concluded that HIC and AIS did not correlate [NEW S O ] .  In another study on HIC, Tarriere concluded 
that HIC was a reasonable discriminator between severe a less severe frontal head impact, but this 
study was based only on data from cadaver tests [TAR 811. 

Generally HIC is considered to be only valid in cases of hard contact head loading. Our results 
indicated that HIC is not suitable as a risk indicator for all types of brain injuries. The risk of brain 
injury types that can be related to the intra-cranial pressure response may well be predictable with HIC. 
The predicted stress patterns show that coup and contre-coup contusions might belong to this class of 
head injuries, although correlation between the occurrence of the contirsioïìs aïìd the pïesscïe response 
is yet to be proven. On the other hand, the risk of brain injury types that are related to the strain and/or 
Von Mises stress response can not be assessed with HIC. This is explained by the fact that these 
aspects of the brain response are determined mainly by rotational head loading. 

Concerning the identification of head injury mechanisms, no clear links between brain response 
parameters and specific types of intra-cranial injury could be found. The focal vascular injury in the 
first accident case was evaluated, but the brain response provided no clear links. The damage to a small 
blood vein lying in an anatomically complex region of the brain (near or on the surface of the nucleus 
head, possibly interfacing with the lateral ventricle) seems very hard to link to a more regional strain 
level in the brain. For the other two cases no local evaluation could be performed, either due to the 
locations of the injuries being unknown (second case) or due to the lack of injuries (third case). 

5.4 Conclusion 
It can be concluded that the methodology applied for the evaluation of HIC and the identification of 
head injury mechanisms still has its limitations. Some of these limitations may be dealt with in further 
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research. Examples are more accurate modelling of the contact characteristics between body parts of 
the victim and vehicle structures, and further evaluation of the biofidelity of current FE head models. 
Also the development and validation of mathematical human body models could help improve the 
quality of our numerical reconstructions, by replacing the currently used dummy models with these 
models. Other limitations, such as the lack of knowledge on the pre-impact positioning of the victim 
and deformation history of the occupant compartment, are impossible to overcome and can only be 
dealt with by using assumptions and estimations from experts in the field of accident reconstruction 
and performing parameter studies. 

In spite of inevitable sources of uncertainty remaining in the accident reconstructions, in our opinion it 
is possible to reconstruct the head loading conditions with sufficient accuracy for predicting realistic 
brain response patterns. Most important for this is that the accident data include specific information 
on the impact location on the head and on the head impact location inside the vehicle. These data are 
necessary in order to be able to validate the numerical accident reconstructions. 

In order to be sure to translate these accurate head loading conditions to accurate brain responses, it is 
~ _ _ _ _ _ _  necessary to validate the biofidelity of the applied FE head model. This validation should be the main ~ ~ ~~ 

objective in future research on FE modelling of the human head. In a first step it may be sufficient to 
validate the patterns and severity trends rather than the quantitative aspects of the brain response. With 
a validation of this kind the head model would already have proven itself suitable for brain injury 
assessment. In order to get the FE head models validated it may well be necessary to improve the 
biofidelity of the skull-brain interface in these models. 

For the purpose of identifying injury mechanisms, it is also important to set up an extensive database of 
well-documented reconstructable accident cases first. As was experienced during our study a 
reconstructable accident should not include severe deformation of the vehicle’s occupant compartment 
and should have a simple configuration, which can be represented in a physical reconstruction. The 
documentation of an accident case also concerns the medical data on injuries suffered by the victim. It 
is important that both the nature and the location of intra-cranial are well-described, preferably in 
combination with CTLMRI-scans. For the ADRIA accident cases in this study, head scans were 
expected to become available but unfortunately this turned out not to be the case. Since the CREST 
accident cases needed to be selected as quickly as possible in order to replace the ADRIA cases that 
could not be reconstructed, for these cases the selection criteria concerning the medical data were 
inevitably less strict. 

When in the future more and better-documented accident cases are available, specific types of brain 
injury could be evaluated separately by selecting sets of accident cases particularly focussed on one 
injury type. When these sets contain enough accident cases a useful statistical analysis can be 
performed, possibly identifying a brain response parameter that can indicate the risk of the injury type 
to occur. in view of the rarity of suitable and sufficiently documented accident cases with head injuries 
involved, international co-operation in setting up an accident database would be very useful. In such a 
database the accident cases need not be limited to frontal car collisions; other types of accidents, such 
lateral car collisions and motorcycle accidents could also be included. 
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