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Executive Summary 

The work described in this report is part of the sub-project on Pedestrian and Cyclist Accidents (SP3) 
within the Integrated Project "APROSYS". The overall objective of this SP is to pave the way for the 
introduction of advanced protection systems for the reduction of the number and severity of injuries to 
pedestrians and pedal cyclists in all relevant accident scenarios involving cars, MPV's and SUV’s.  

In this report the state of the art in pedestrian and cyclist research is first reviewed.  The techniques 
and methods to be used in the accident reconstructions are then outlined, followed by the details of 
the individual accident cases that were reconstructed.  In the case of cyclists, the simulation activities 
are described.  Finally, this report ends with a discussion, conclusions and recommendations. 

A number of analysis techniques were utilised for the activities reported here.  Multibody simulations 
were used for basic kinematic reconstructions, and to provide input parameters for more detailed finite 
element examinations of head injury causation during impacts with vehicles.  Finite element methods 
were also used to examine probable injury mechanisms to the leg region. In general the results for the 
kinematics were good, the desired accuracy being obtained in all simulations, albeit in some cases 
with a large number of iterations.  There is a hyper-sensitivity to initial conditions in pedestrian, and 
more so in cyclist, simulations because of the large number of degrees of freedom involved in the 
models, and considerable resources are necessary to obtain robust simulations. 

For head injuries, the multi-body simulation results are mixed, and although these results cannot be 
relied upon for accurate injury predictions, they may be used for trend analysis, with appropriate 
caveats. For the finite element simulations the agreement was much better. However, the resultant 
pedestrian and cyclist load values are still approximate, as they depend on the accuracy of the model 
of the vehicle or ground contact.  The vehicles stiffness’s were calculated from European New Car 
Assessment Programme (EuroNCAP) stiffness data at points close to, but not identical to, the 
simulated contact points. The ULP FE head model is based on a logistic regression, calculated from 
real world results to determine the injury thresholds.  This aspect of the model is under continual 
development, and indeed the simulations conducted in this project are a large proportion of the input 
to that threshold determination process.  Therefore, considering the results overall, they are very 
encouraging. Clearly more detailed real-world results are needed to obtain better confidence in some 
of the injury thresholds. 

For the lower limb injuries there is a large dependency on injury mechanisms on the impact locations. 
Hence the injury mechanisms are not the same for each percentile human body model.  More 
research is necessary to obtain better quality material properties, and to clarify the failure modes. 

In the case of cyclists a wide range of cyclist and pedestrian scenarios were simulated to assess the 
importance and relevance of certain scenarios with respect to a single family car.  The simulations 
have shown that the cyclist’s head is likely to strike in a different position and orientation to the 
pedestrian.  Although not definitive, as more tests need to be conducted, these initial results indicate 
that the current pedestrian test procedures may need updating to incorporate unique cyclist test 
procedures. This research work has highlighted the fundamental differences between cyclist and 
pedestrian impacts by comparing the two types of accidents under similar loading conditions. The 
results have shown different impact locations and orientations of head impacts. 
It is recommended that multibody models need development of the virtual penetration method to 
obtain more reliable injury predictions. The ULP FE head model is based on a logistic regression, 
calculated from real world results to determine the injury thresholds, hence more accurate tissue 
property models are needed, together with accurate estimates of vehicle stiffness’s, and more in-
depth pedestrian data is needed to enhance the predictive capabilities of these models.    

For the lower limb injury models, there is a large dependency on injury mechanisms on the impact 
locations. Hence the injury mechanisms are not the same for each percentile human body model.  
More research is needed to obtain better tissue properties and to clarify failure modes. 

To further quantify the differences between cyclists and pedestrian accidents, the injury mechanisms 
of the humanoid should be analysed including the knee and leg injuries. Different vehicle types should 
be simulated to cover a wider range of accident scenarios for pedestrians and simulations, and 
different bicycle types and orientations of cyclists should be analysed to understand the nature of 
racing or leisure cyclists. 
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1 Chapter 1 – Introduction 

 

The work described in this report is part of the sub-project on Pedestrian and Cyclist Accidents (SP3) 
within the Integrated Project "APROSYS". The overall objective of this SP is to pave the way for the 
introduction of advanced protection systems for the reduction of the number and severity of injuries to 
pedestrians and pedal cyclists in all relevant accident scenarios involving cars, multi-purpose vehicles 
(MPV's) and sports utility vehicles (SUV’s).  

In Work Package (WP) 3.1 epidemiological studies were carried out in four European countries to 
assess the typical characteristics of accident scenarios defining vehicle and pedestrian/cyclist impacts 
conditions, these were reported in deliverable D3.1.1, Definition of vehicle and pedestrian/cyclist 
impact conditions (AP-SP31-005R).  Subsequently, an In Depth Accident database was constructed 
and populated with accident cases that conformed to the most common scenarios for both 
pedestrians and cyclists and with the express purpose of gathering cases suitable for computer aided 
model and simulation reconstruction.  The data were analysed and shown to be representative of the 
larger European epidemiology.  In addition it provided more information on the characteristics of 
pedestrian and cyclist accidents not available in the epidemiology, this was reported in Deliverable 
D3.1.3, Analysis of the In-depth database of real-world pedestrian and cyclist accident cases (AP-
SP31-006R). 
One of the objectives of work package (WP) 3.2 is to utilise the data from WP3.1 to define the details 
of real world pedestrian/cyclist impact scenarios and conditions that the sub-project must consider in 
examining the testing methods in WP3.3 and the vehicle system technologies in WP3.4.  The basis of 
this activity was to use computer simulations (accident reconstructions) of cases from the In Depth 
Accident database to quantify the most significant details of impacts between vehicles and 
pedestrians and cyclists.  This included the nature of the loading conditions on the body of the 
pedestrians and pedal cyclists. 

Since there was insufficient information in terms of cyclist cases in the In Depth Accident database 
(only seven cases) it was not possible to achieve Milestone M3.1, Initial decision whether cyclists can 
be treated as a sub-group of pedestrians or should be treated as a separate group.  To make the final 
decision on this matter (milestone M3.3) it was necessary to conduct computer simulations to 
examine typical cyclist accident scenarios.  The influence of cycle mass and the different geometric 
configuration of cyclists in collisions with cars were important parameters to be assessed. 

 

A number of analysis techniques were utilised for the activities reported here.  Multibody simulations 
were used for basic reconstructions, and to provide input parameters for more detailed finite element 
examinations of head injury causation during impacts with vehicles.  Finite element methods were 
also used to examine probable injury mechanisms to the leg region. 
 

The later activities in WP3.3, Testing Methods, and WP3.4 will utilise the information from the 
accident reconstructions and analyses as the start point to their own activities.  In WP3.3, to identify 
whether there are real world injuries being sustained by vulnerable road users that are not covered by 
existing sub-system testing and whether vulnerable road users can be adequately protected by the 
existing sub-system impactor tests.  In WP3.4, to examine and develop means of providing the 
appropriate levels of protection to vulnerable road users during real world accidents in order to 
improve the likelihood of survival and reduce the severity of the injuries sustained. 

 

In this report the state of the art in pedestrian and cyclist research is first reviewed.  The techniques 
and methods to be used in the accident reconstructions are then outlined, followed by the details of 
the individual accident cases that were reconstructed.  In the case of cyclists, the simulation activities 
are described.  Finally, this report ends with a discussion, conclusions and recommendations.  
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2 Chapter 2 – Review of the state of the art 

2.1 MADYMO technologies for pedestrian research 

 

MADYMO has been used in pedestrian research for many years, and there have been continual 
advances in the development of pedestrian specific models and in their application to parametric 
studies and real-world reconstructions, some of the results of which will be summarised in this 
section. Also, some of the epidemiological studies regarding pedestrian accidents and injuries will be 
briefly summarised together with some discussion of the significance of various parameters 
influencing the injuries such as pedestrian orientation and gait, vehicle shape and stiffness and impact 
speed.  

  

2.1.1 Pedestrian reconstructions using MADYMO 

 

Adamec & Schonpflug reconstructed a real world fatal pedestrian accident involving a 1998 BMW 5-
series and an average male (1.73m tall). A rigid facet surface vehicle was modelled with geometry 
based on the BMW 3-series data modified for the BMW 5-series front end and with ‘uniform contact 
characteristics’. TNO’s 50th percentile male pedestrian model (1.74m tall) was used. Detailed injury 
data was obtained from an autopsy report and PC Crash was used to estimate the impact velocity but 
there was no data regarding impact points on the vehicle and braking was not known. The authors 
noted a huge amount of variability in pedestrian kinematics with just small variations in the 
pedestrian’s initial position (at a constant impact speed). They also found braking to play a very 
important role - particularly in secondary kinematics since no braking would cause the pedestrian to 
carry on over the car landing behind it, but a degree of braking would cause them to be thrown 
forwards (the amount of throw depending on the time of brake actuation as well as other factors), 
concluding that the pedestrian throw distance was an unreliable parameter for impact velocity 
estimation (Adamec and Schonpflug 2003). 

 

Coley et al reconstructed a real-world fatal pedestrian accident involving a ‘family size car’ and a small 
female (1.52m tall). A rigid ellipsoid surface vehicle was modelled using 23 ellipsoids defining the 
under-bonnet components as well as the exterior surface. The bonnet was modelled so that the 
exterior bonnet could move down under impact and strike the under-bonnet components. Contact 
characteristics were obtained from impact tests carried out specifically for the reconstruction on a 
similar vehicle. TNO’s scaled 5th percentile female pedestrian model (1.53m tall) was used. Detailed 
injury data was obtained from the autopsy report and damage location points on the accident vehicle 
were known but detailed body dimensions and pedestrian position and posture prior to impact were 
not. It was found that the main parameter affecting the head injury criterion (HIC) value was the 
pedestrian orientation due to the directional variation in leg joint resistance and resulting kinematics. 
Varying the stiffness of the front-end components impacted by the legs had little effect on HIC. It was 
noted that even very small variations in head impact point resulted in large variations in HIC – 
especially when close to the windscreen frame for example – so consequently, it was not possible to 
relate the HIC values with the real-world head injury. They also noted that accurate reconstructions 
require a great amount of detail and recommended the use of data collected at-the-scene [Coley, de 
Lange et al. 2001]. 

 

Liu & Yang developed four different child pedestrian ellipsoid models based on the Chalmers 50th 
percentile male model [Yang, Lovsund et al. 2000]. The models were scaled using existing data on 
body dimensions for children and the limited data on child biomechanical properties (i.e. joint 
properties and contact stiffnesses), together with some calculated assumptions. Two real-world non-
fatal child pedestrian accidents (7-year-old vs. Opel and 9-year-old vs. Volvo 850) were then 
reconstructed using this scaling methodology to evaluate the validity of the models as no child 
pedestrian experiments have been conducted with cadavers. The vehicles were modelled with just 
five ellipsoids representing the front-end. The known detailed injury data and vehicle impact points 
correlated well with both simulations. The head responses from the simulation and injury parameters 
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for other body regions correlated well but due to the limited scope of the study, the authors stated that 
the scaling method needed further verification. Most of the uncertainties in the model were due to lack 
of child biomechanical data [Liu and Yang 2001]. 

 

Yao et al reconstructed one of the two cases previously mentioned - the non-fatal 7-year-old 
pedestrian vs. Opel [Liu and Yang 2001] - using three different numerical methods:  

1) MBS1 vehicle model and Chalmers MBS pedestrian model [Yang, Lovsund et al. 2000];  

2) Facet vehicle model and facet pedestrian model2; 

3) FEM3 vehicle model and facet pedestrian model. 

The authors agreed that the impact responses and injury outcomes were significantly affected by 
initial posture and orientation of the pedestrian, and that it was more reliable to determine these initial 
conditions by matching up injuries with known contact points than relying on witness statements. On 
comparing the three different numerical methods, the kinematics were found to be quite similar but 
there were noticeable variations between the head injury responses [Yao, Yang et al. 2005]. 

2.1.2 Pedestrian model 

 

The human model used for both the pedestrian and cyclist reconstructions in the current study is the 
latest TNO scalable pedestrian model for MADYMO v.6.2. The outer geometry of the pedestrian 
model is represented by ellipsoids, which provide a less accurate representation of the geometry than 
FE or facet surfaces but result in shorter computation times. There are several other ellipsoid 
pedestrian models available for use in MADYMO (Figure 1) including those created by Chalmers 
[Yang, Lovsund et al. 2000], JARI [Neale, Hardy et al. 2003] and the University of Adelaide, Road 
Accident Research Unit - RARU [Garrett, 1998] and others for use on other solvers such as the 
HONDA pedestrian model for PAM-CRASH [Yoshida, Matsuhashi et al. 1998] but TNO’s model is one 
of the most widely used for pedestrian safety research. Experimental comparisons have been made 
between models such as the International Harmonised Research Activities (IHRA’s) comparison of 
the Japan Automobile Research Institute (JARI), RARU and TNO models [Mizuno 2003] and Neale’s 
later comparison of the improved JARI model and the TNO model [Neale, Hardy et al. 2003]. Also, a 
summary comparison of all those models mentioned was done by Linder [Linder, Clark et al. 2004] 
(Figure 1).  

 

Figure 1 – Ellipsoid models of 50th percentile male pedestrians [Linder, Clark et al. 2004] 

                                                      
1 MBS = Multi-Body System 
2 NB: the facet pedestrian geometry was no more detailed than the ellipsoid pedestrian 
3 FEM = Finite Element Method 
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2.1.2.1 Model construction 
The construction and validation of the TNO model is explained in detail in the literature [Happee and 
Wismans 1999; Coley, de Lange et al. 2001; van Hoof, de Lange et al. 2003] and user manual [TNO 
2004] and will be briefly summarised as follows: The model consists of 52 rigid bodies, each with 
mass and inertial properties obtained from the literature. The outer geometry of the model – defined 
according to the RAMSIS4 [Siedl, 1994] anthropometrical database for the average European male – 
is represented by 68 ellipsoids. By way of comparison, the Chalmers, JARI, RARU and HONDA 
models have 15, 27, 17 and 15 ellipsoids respectively. The biomechanical data for joint articulation 
and stiffness was obtained from a variety of publications. Both the upper and lower legs are frangible 
enabling more biofidelic representation for lower limb impacts (Figure 2). Again, the fracture 
tolerances for the femur and tibia were found in the literature. These can be modified by the user for 
specific populations (e.g. elderly) if the relevant fracture tolerances are known. When the fracture 
tolerance has been exceeded, the fracture joint is unlocked.  

 

Figure 2 – Leg showing physical joints (hip, knee, ankle) and fracture / bending joints 
 [TNO 2004] 

 

Deformation of soft tissues is represented by the force-penetration contact characteristics of the 
ellipsoids. These characteristics – obtained from the literature - are used to describe contact 
interactions of the pedestrian model between itself and its environment (e.g. vehicle or road surfaces) 
[TNO 2004]. 

 

2.1.2.2 Model scaling 
One of the most significant developments in the TNO model for the reconstruction work is its scaling 
functionality. This enables the model to be scaled to the specific height and weight of the pedestrian 
in question – or even to 35 anthropometrical parameters if these are known. The MADYSCALE 
software scales the model’s geometry, mass and inertial properties, joint characteristics, contact 
characteristics, force models, sensor locations, fracture levels and the viscous criterion reference 
length [van Hoof, de Lange et al. 2003]. 
 

2.1.2.3 Model verification 
A large range of Post Mortem Human Surrogates (PMHS) (16 male and 2 female) and pedestrian-
vehicle impact tests from three different sources were simulated to verify the biofidelity of the model 
[van Hoof, de Lange et al. 2003]. Additional verification was also carried out using a real-world 
                                                      
4 RAMSIS – Rechnergestütztes Anthropologisch-Mathematisches System zur Insassen Simulation – 
Computer supported anthropological mathematical system for passenger simulation  
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accident reconstruction [Coley, de Lange et al. 2001]. In all cases, the model was scaled to match the 
cadaver or pedestrian involved. On comparison, the simulation predicted the kinematics well, 
particularly the head impact location with a correlation score of over 90%. The acceleration and force 
correlation scores for various body parts were much lower (47 – 64%) due to the dependency of these 
results on accurate vehicle contact characteristics and initial conditions such as standing position and 
impact velocity that are not always known to a degree of accuracy [van Hoof, de Lange et al. 2003] – 
unless the accident has been captured on a security video which is extremely rare. It is generally 
accepted that multibody simulations are therefore useful for studying kinematic responses of 
pedestrian impacts and also some qualitative analysis of load value and injury criteria outputs (i.e. 
studying trends etc.) [Happee and Wismans 1999; McLundie 2002]. Its limitations lie in making actual 
injury or force predictions from the models – a task better suited to more detailed biofidelic Finite 
Element human body models or human body part models (e.g. head or leg). 
  

2.1.3 Pedestrian orientation and leg position 

 

In real-world reconstruction work, the exact position and posture of the pedestrian immediately prior to 
impact is only partially known - often the witness statements will reveal the approximate orientation of 
the pedestrian but rarely the leg position (i.e. the near leg forward or the far leg forward – Figure 3). 

  

 

Figure 3 – Different positions in gait cycle 

 

Previous work involving real-world reconstruction and parametric studies have highlighted the 
sensitivity of pedestrian impact kinematics to initial standing position. An early Japanese parametric 
study found that a lower HIC was recorded in tests where the pedestrian was standing sideways due 
to the pedestrian’s shoulder contact with the bonnet before the head contact [Higuchi and Akiyama 
1991].  The PCDS5 study carried out in the US actually interviewed drivers and pedestrians involved 
in accidents to ascertain the pedestrian’s orientation prior to impact. They found that 72% of the 
pedestrians were struck on either their right or left side (slightly more struck on the left side), that 56% of 
the pedestrians were walking prior to impact and 38% were running and that most had their arms by 
their sides and legs apart [Jarrett and Saul 1998]. German GDV data showed that in 81.1% of cases, 
the pedestrian was crossing the road (50% were walking and 14% were running), and therefore likely to 
be struck side-on, and that for 61% of accidents, the front of the vehicle was the initial impact location 
[Kuehn, Froeming et al. 2003].  
 

The initial position of the leg, i.e. the leg nearest the bumper being either forward or behind (Figure 3), 
has a significant and unpredictable influence on the pedestrian kinematics [Adamec and Schonpflug 
2003], and the manner in which these leg positions affects the kinematics varies according to the shape 
of the vehicle [Carter, Ebdon et al. 2004]. In the case of reconstruction work, this complicates and 
elongates the task of finding a plausible set of initial conditions. As part of Coley’s reconstruction 
[Coley, de Lange et al. 2001], the sensitivity of different orientations (Figure 4a) and different leg 
positions (Figure 4b) were presented.  

 

                                                      
5 PCDS = Pedestrian Crash Data Study 
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Figure 4a 
6
      Figure 4b 

 

In the case of stochastic optimization studies, this sensitivity must be taken into account when 
designing the experiments. In one such study [Carter, Ebdon et al. 2004], the sensitivity of leg position 
on both HIC and kinematics was compared for different sized models and different vehicle geometries 
for the same impact speed of 40 km/h (Figure 5). For Car A striking a small female (Figure 5a), the 
different leg positions had a marked effect on both HIC and kinematics but for Car B striking an 
average male (Figure 5b) there was a negligible effect on both HIC and kinematics. 
 

 

Figure 5a    Figure 5b 

 

                                                      
6 Orientation ‘0’ = pedestrian is standing side-on to the approaching vehicle, ‘+30’ = facing away from 
the vehicle by 30deg and -30 = facing towards the vehicle. 
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2.1.4 Vehicle geometry 

 

A recent IHRA research project [Anderson and McLean 2001] looked at the influence of different vehicle 
shapes (grouped into 3 main vehicle profile types7) on head impact speed, head impact angle and head 
impact location relative to vehicle impact speed, concluding that this should be taken into account when 
setting the sub-system head impact test conditions for different vehicle profile types. Several studies 
have looked at the effects of vehicle geometry on pedestrian injury and some also on the optimization 
of the geometry for mitigation of such injuries [Carter, 2004; Linder, 2004]. All have found geometry to 
have a significant effect on pedestrian kinematics and consequently on injury type and severity. Most 
have also concluded that it is difficult to establish a predictable relationship between one geometry 
parameter and pedestrian injury severity (head injury in particular) due to the complex nature of the 
pedestrian kinematics. One sensitivity study found that changing one geometry parameter had 
opposite effects on different sized pedestrians. Figure 6 shows that as the bonnet angle increased, 
the HIC value also increased when testing with the 5th % female model, but HIC decreased for the 6-
year-old child model in the same test [Carter, Ebdon et al. 2005]. 
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Figure 6 

 

Some earlier Japanese research on the influence of three different geometrical parameters 8  on 
pedestrian kinematics, found that if the centre of gravity of the pedestrian was higher than the bonnet 
leading edge (BLE), the resulting rotation of the body caused the head velocity to increase. 
Conversely, a pedestrian with a lower centre of gravity would experience reduced head velocity 
[Ishikawa, Yamazaki et al. 1991]. Another paper given at the same time found the effect of BLE height 
and bumper lead to be interactive (i.e. the effect of one parameter variation can be influenced 
sensitively by another parameter variation) [Higuchi and Akiyama 1991]. However, a later study found 
that the bumper lead and bumper height had relatively little effect on head impact speed compared 
with the Bonnet leading Edge (BLE) height - where a decreasing BLE height led to an increasing head 
impact speed – and that there was no significant interaction between BLE height and bumper height 
[Liu, Yang et al. 2002].  Figure 7 shows two slightly different vehicle geometries being tested with the 
5th percentile female model at 40 km/h at two different leg positions showing how the effect of 
changing the leg position is in turn dependant on the vehicle geometry [Carter, Ebdon et al. 2004]. 

 

                                                      
7 Sedan, SUV and 1-box 
8 bonnet leading edge (BLE) height, bumper height and bumper lead 
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Figure 7 

 

2.1.4.1 Changing vehicle shapes – effect on injury location & severity 
This has been studied both by analysing real-world data and through simulation work. Mizuno et. al. 
found that since modern cars have become smaller with shorter, steeper bonnets, the head impact 
locations in real accidents have moved from the bonnet to the scuttle, windscreen or A-pillars [Mizuno, 
Yonezawa et al. 2001].  Otte found that generally, pedestrians struck by newer cars (post-1990) 
received less severe injuries than those struck by older cars and newer cars impacting pedestrians at 
speeds of up to 20 km/h caused almost no head injuries. The study also confirmed that the higher the 
collision speed, the more likely the head impact would be on the windscreen as opposed to the 
bonnet [Otte 1999].  

 

A comparison of older (PICS9: 1977-1980) and newer (PCDS10: 1994+) accident data from the US 
found that pedestrians struck by newer cars were more likely to be carried onto the vehicle and 
receive injuries from the windscreen, A-pillars and bonnet, whereas older cars tended to knock 
pedestrians onto the ground leading to injuries caused by the front end components and the road 
surface. Both PICS and PCDS studies found that most injuries caused by the environment (i.e. the 
road) were minor but the more recent accidents had a much lower proportion of injuries caused by the 
road. The newer vehicles also caused significantly less thoracic, abdominal and pelvis injuries when 
compared with the older study. However, injuries to the head, neck, back and upper extremities 
increased with newer vehicle geometries. The changes in geometry between these older and newer 
vehicles included a lower bumper height and bonnet height, smaller bumper lead and shorter bonnet 
[Jarrett and Saul 1998].  

 

Okamoto et al used simulations to analyze the correlation between head contact points and vehicle 
shape and stiffness. They concluded that the head impact speed and angle is dependant on the 
pedestrian height and on the pedestrian rotation after impact – which is in turn dependant on the 
vehicle shape – and that the taller the pedestrian, the greater the head impact speed. They also 
concluded that the head contact point is influenced by the vehicle front stiffness and that the 
probability of head impacts on the A-pillar and windscreen was higher for pedestrians struck by the 
outer sides of the vehicle [Okamoto, Sugimoto et al. 2003]. 

 
Liu et al carried out a study on the influence of the shape of large passenger cars on pedestrian injury 
– specifically bumper height, bumper lead and bonnet leading edge (BLE) height. They found that the 
head impact speed increased with decreasing BLE height but that the effects of changing the bumper 
height and bumper lead were comparatively small. They also found no significant interaction between 
BLE height and bumper height [Liu, Yang et al. 2002]. 

 

                                                      
9 Pedestrian Injury Causation Study, NHTSA 
10 Pedestrian Crash Data Study, NHTSA 
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An Australian study of 77 in-depth pedestrian accidents cases between 1998 and 2000 found the 
most common source of head injuries to be the A-pillar, trailing edge of bonnet, base of windscreen 
and sides of windscreen (near the A-pillars) and the bonnet [Anderson and McLean 2001]. 

 

2.1.5 Vehicle contact characteristics 

 

As well as vehicle shapes changing over the years, newer cars have to satisfy increasingly stringent 
frontal and side impact tests – leading to the construction being stiffer than in older cars [Mizuno, 
Yonezawa et al. 2001]. The contact characteristics of the vehicle component causing injury to a 
specific body region will have a significant and direct influence on the resulting injury severity but a 
substantially less significant influence on the kinematics [Coley, de Lange et al. 2001; Liu, Yang et al. 
2002]. For example, the results below show that for a windscreen head impact, changing the 
windscreen stiffness had a significant effect on HIC (Figure 8) but changing the bumper, BLE and 
bonnet stiffness had a much smaller effect on HIC and a negligible effect on chest, pelvis and lower 
leg accelerations (Figure 9) [Coley, de Lange et al. 2001]. A study on the effects of contact stiffness 
on pedestrian injury found a linear relationship between contact stiffness and acceleration of the 
impacting body region [Neal-Sturgess, Coley et al. 2002]. 

 

  

 Figure 8 – [Coley, de Lange et al. 2001] Figure 9 – [Coley, de Lange et al. 2001] 

 

2.1.6 Vehicle impact speed 

 
Several studies have found that vehicle speed is the most important parameter for the reduction of 
pedestrian injury severity and reducing the speed of road vehicles would have a disproportionately 
large effect in reducing both the rate and severity of pedestrian injuries [Neilson, 2001; Otte, 1999; 
Neal-Sturgess, 2002].  Liu et al carried out a study on the influences of vehicle speed on pedestrian 
impact response using MADYMO and they found that HIC increased steadily with impact speed, that 
the head impact speed and angle increased proportionately with vehicle impact speed and the ratio 
between head impact speed and vehicle impact speed ranged from 0.72 to 1.04 for large cars and 
0.65 to 1.28 for compact cars. However, due to the huge variations in injury parameters at a given 
speed, it was established that other factors (vehicle shape and stiffness) were influential determinants 
of injury severity [Liu, Yang et al. 2002].  

 

McLean et al conducted a study in Australia into the effect of vehicle speed on pedestrian injuries, 
concluding that small reductions in travelling speed translated into large reductions in pedestrian 
impact speed or even prevention of the collision altogether. Their own study was in close agreement 
with the case of Zurich, Switzerland where speed limits were reduced from 60 to 50 km/h resulting in 
a 16% reduction in pedestrian accidents and a 27% reduction in pedestrian fatalities [McLean, 
Anderson et al. 1994].  
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2.1.7 Pedestrian injuries (body region and severity) 

 
The head has been found to be the most common site of fatal injuries to pedestrians struck by 
passenger cars [Mizuno and Kajzer 2000; IHRA 2001], and the most common site for injuries greater 
than AIS 2 [Otte 1997]. Real world head injury severity is often classified using the Abbreviated Injury 
Scale (AIS) which is based on the probability of death as a result of that injury on a scale of AIS 1 (very 
slight) to AIS 6 (almost certainly fatal). In simulations, HIC11 is often used as an approximate measure of 
head injury severity prediction despite not being ideal for pedestrian head impacts, due to the 
combination of translational and rotational accelerations involved and the variation in the side of the 
head receiving the impact (rarely the frontal impacts on which HIC was originally based). In an attempt 
to correlate HIC with AIS, studies on rear and frontal crash occupant injuries found that there is 
approximately a 16% chance of sustaining a MAIS12 4 head injury for HIC score of 1000 [Mertz, Prasad 
et al. 1997].  

 
Unlike occupants, pedestrians are also likely to have sustained fatal injuries in other body regions as 
well as the head [IHRA 2001]. The lower extremities have been found in many studies to be the most 
frequently injured body region followed by the head, upper extremities, thorax and pelvis. Abdominal 
and neck injuries were relatively uncommon [Otte and Pohlemann 2001; Yang 2002]. Pedestrian injuries 
to the thorax are usually caused by a lateral blunt impact (due to the most common pedestrian 
orientation) from the bonnet top for adults or bonnet leading edge for smaller children [Yang 2002]. 
Common injury criteria used for predicting thoracic injury are the TTI (Thoracic Trauma Index) and VC 
(Viscous Criterion). Similarly, the pelvis is injured (usually involving fracture) by the lateral blunt impact 
with the bonnet leading edge or bonnet top – but this is less common with children [Yang 2002]. As 
mentioned previously, more modern vehicles have been found to cause fewer injuries to the thorax, 
abdomen and pelvis but more injuries to the head, neck and back than older vehicles due to the 
changing shape of the car [Jarrett and Saul 1998]. 
 

Tibia and fibula injuries (fractures) and knee injuries (ligament damage) can usually be attributed to 
lateral blunt impact with the bumper - femur fractures are commonly caused by lateral impact with the 
bonnet leading edge [Yang 2002].  

 

2.1.8 Secondary pedestrian injuries (caused by ground impact) 

 

A recent study was conducted by Hannover University to address this specific issue [Otte and 
Pohlemann 2001]. In their sample of 293 adult pedestrian collisions with cars, the frequency and 
severity of injuries due to secondary impact (463 injuries) was clearly lower than those due to primary 
impact (933 injuries) – but secondary impacts were still significant (e.g. 36% of the pedestrians 
received a head injury due to secondary impact compared with 43% due to primary impact, a greater 
proportion of which were AIS 2+). Both the PICS and PCDS studies conducted in the US [Jarrett and 
Saul 1998] found that most injuries caused by the environment (i.e. the road and roadside objects) 
were minor and that the more recent accidents (involving newer cars) had a much lower proportion of 
injuries caused by the road. A review of the literature by McLean et al concluded that pedestrian 
injuries caused by impact with the environment were less severe than those caused by direct contact 
with the vehicle [McLean, Anderson et al. 1994] and in a later in-depth study of 77 cases by the same 
authors [Anderson, 2001], analysis showed that while the environment was the most common cause 
of head injuries in general, it was not the cause of any serious head injuries (AIS 3+). Although this 
contradicts Otte’s findings for all-severity head injuries (i.e. that the vehicle was the more common cause 
of head injuries in general), they are in agreement that the vehicle was usually the cause of the serious 
head injuries. This agrees with earlier work by Ashton et al that found that a head impact with the car is 
more likely to be the cause of significant brain injury to a pedestrian than contact with the road surface 

                                                      
11 HIC = Head Injury Criterion (described in more detail in another section) 
12 Maximum AIS score 
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[Ashton, Pritz et al. 1982]. Clearly no studies to date have considered newer vehicles (after 2001) which 
have less aggressive front end shapes and brake assist ; this should be a priority for future studies. 

 

2.2 FE Technologies for pedestrian research 

 

2.2.1 Pedal cyclist simulation and accident research 

The collection of accident data by road safety research organisations has been an on-going activity 
for many years, as a route for identifying where scarce resources should be targeted to counter and 
reduce the growing trend of road accident casualties.  Vulnerable road users (VRUs), pedestrians and 
cyclists of all ages and gender, constitute over 20% of the road user fatalities each year in the old 
EU15 Member States and cyclists account for just over one-quarter of VRU fatalities.  The number of 
injured vulnerable road users is in excess of an order of magnitude greater. 

A large body of research has been conducted that was devoted to pedestrian safety, beginning in the 
late 1970s [Danner et al 1979, Brun-Cassan et al 1979, EEVC 1982], utilising the data collected and 
proposing methods for improving pedestrian safety [Ashton and Mackay 1979, Otte 1994].  Additional 
research to identify the most promising vehicle characteristics that would reduce pedestrian casualties 
has also been conducted using computer simulations [Fowler and Newman 1980, van Wijk et al 1983, 
Suthurst and Hardy 1985].  This work has culminated in the test methods proposed by European 
Enhanced Vehicle-safety Committee (EEVC) Working Groups 10 and 17 [EEVC 1998], adopted by 
EuroNCAP and promulgated with changes by the European Commission (2005/66/EC and 
2006/368/EC). 
 

Cyclists have received much less attention in the process of reducing road casualties.  There have 
been analyses of the accident data [Otte 1989, and more recently Maki et al 2000] but very few 
programmes of work using computer simulations to examine impact conditions.  One of the first was 
conducted by Janssen and Wismans 1985, who used the MADYMO program to reconstruct a number 
of staged impacts between a simulated vehicle front and using a dummy as the cyclist.  They also 
reported similar staged impacts with pedestrians, using the same dummy, to evaluate the differences 
in results.  The bicycle consisted of several segments but was represented by one ellipsoid cylinder 
element to characterise the external geometry, two finite planes to represent the pedals and a further 
plane to represent the saddle.  The vehicle front was represented by two hyper-ellipsoids for the 
bumper and the grill / bonnet edge and a plane for the bonnet top.  The vehicle model was given an 
initial velocity, and a 0.7g braking effect was applied. The computer simulation models were first 
validated by reference to some of the staged tests.  The authors noted a number of similarities 
between pedestrians and cyclist and a number of differences.  Generally, if the vehicle impact speed 
increased the head impact velocity was observed to increase but the head impact location was hardly 
affected. Comparing cyclists with pedestrians, for the same vehicle impact speed there was a large 
rearward shift in head impact location for cyclists with only a slight change in head impact velocity – 
but as a consequence the cyclist’s head was more likely to strike the windscreen.  They concluded 
that if impactor tests were selected in future international regulations for the evaluation of vehicle 
fronts, that similar impactor masses and velocities could be selected for cyclists and pedestrians.  
However, they noted that different impact locations should be selected for cyclists. 

 

Huijbers and Janssen 1988, built on the earlier work of Wismans and Janssen, reporting simulations 
with an adult cyclist model and a six year old child cyclist model in ‘cruising’ (upright) and ‘racing’ 
(stretched forward) orientations in impacts with five different vehicle shapes. They examined the 
influence of bicycle speed, stiffness of the car and position of the first impact.  The bicycle and vehicle 
models were based on those described above.  The authors noted that the shape of the car had a 
considerable influence on the relative head impact velocity – head impact velocities could be twice as 
high for an adult cyclist in ‘cruising’ mode and a car with a relatively low front in comparison with a car 
having a high front end.  The car shape had much less importance for the child cyclist.  The head 
impact velocity of the cyclist also increase with an increase in the bicycle speed – from 10% for an 
adult cyclist up to 132% for a child cyclist.  Generally, the increase was much larger for collisions with 
relatively low front end cars.  Changing the stiffness of the car model had little effect on the peak 
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values of the accelerations (head, chest, pelvis and knee) but some influence on the head impact 
location and the relative head impact velocity. 

 

Maki, Asai and Kajzer 2000, investigated the influence of the current safety priorities of pedestrian 
test procedures on the safety level of cyclists.  Cyclist accident analysis was conducted using macro 
data from Japan and a MADYMO cyclist simulation model with PMHS characteristics was used to 
conduct a study of cyclist behaviour when struck by a car.  The GEBOD13 [Huaining et. al. 1996] 
program was used to generate a 50th percentile pedestrian model and the posture was modified to 
create a cyclist model and the joint characteristics developed from published PMHS data.  Three 
types of bicycle models were created, one for a sports-type bicycle where the rider stretches forward 
and two others for more upright cyclist postures.  The vehicle model appears to be constructed of 
ellipsoids for the bumper region, an ellipsoid for the bonnet edge and thin hyper-ellipsoids or planes 
for the bonnet top.  Based on the accident data the simulation study was focussed on the front of a 
vehicle striking the side of a stationary bicycle at a speed of 40 km/h.  The simulations were 
conducted to examine the influences of bonnet leading edge height and front-end shape on the 
trajectory of the head.  The overall kinematics of a rider’s body was obtained from one PMHS 
experiment involving a side impact to a cyclist and was used to validate the cyclist and vehicle model 
behaviour.  Equivalent pedestrian simulations were conducted for comparison.  From the accident 
data the authors noted that fewer cyclists died in accidents than pedestrians and that 70% of the fatal 
injuries sustained by cyclists were to the head.  From the simulations the authors noted that in most 
cases the cyclist head trajectory showed a longer interval of horizontal behaviour following the impact 
than for a pedestrian – this was attributed to the cyclist sliding over the top of the bonnet.  In addition, 
it was observed that in most cases the cyclist’s head impact velocity and impact angle were lower 
than for pedestrians.  In an additional programme of head impact testing on a vehicle bonnet the 
authors noted that the peak level of resultant head accelerations was reduced by decreasing the 
impact velocity and impact angle.  They concluded that the results obtained by pedestrian head 
protection test procedures were not relevant to any discussion of cyclists’ protection. 

 

Werner, Newberry, Fijan and Winter 2001, examined rider kinematics during frontal collisions with a 
rigid object.  The focus of the work was to demonstrate the de-coupling event of the cyclist from the 
bicycle and more specifically in cases that may be encountered during what may be considered as the 
cyclist equivalent of a single vehicle accident.  Frontal collisions are not the most common accident 
scenario for cyclists in an urban environment.  The decoupling event was first examined with some 
stage tests using a stunt rider.  For the simulations a Hybrid III fiftieth percentile pedestrian model was 
employed.  The bicycle model incorporated the geometric and inertial properties of a bicycle used in 
the tests and allowed for the rotation of the wheels, the crank and the two pedals and the bending of 
the front forks at the crown.  The hand to handlebar and foot to pedal interactions were set-up as 
point restraints that could be released at predetermined times.  The model was validated against the 
test results and was then available for future studies to investigate various injury mechanisms arising 
in (front impact) bicycle collisions. 

 
Maki, Kajzer, Mizuno and Sekine 2003, set out to provide basic information for use in mitigating 
bicyclist injuries by comparing the circumstances under which cyclists and pedestrians sustained 
injuries in collisions with vehicles.  The authors first reported the results of data analyses from 
accidents in Japan.  The authors remarked that the bent knee riding posture and high pelvis position 
coupled with the velocity of the cyclist may result in impact behaviour and types of injury that differ 
from those seen for pedestrians.  Analyses were conducted to examine these influences and to 
compare the similarities and differences between cyclists and pedestrians with respect to injury types 
and injury causing processes.  These results would then be useful in applying and modifying 
pedestrian test procedures to cyclists.  The cyclist, bicycle and vehicle models used by Maki, Asai and 
Kajzer were employed.  The vehicle model was adapted to represent a large family car and an SUV 
travelling at 40 km/h.  The authors noted that the simulations with the SUV vehicle produced head 
trajectories for the pedestrian and the cyclist that were similar in shape and impact position.  This was 

                                                      
13 GEOBOD – Generator of Body Data. 
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attributed to the high front which caused the upper body of the pedestrian and the cyclist to rotate 
around the bonnet leading edge.  In the case of the car, the cyclist gets onto the bonnet and slides 
over it with the upper body remaining almost in its initial posture.  Subsequently, the upper body of the 
cyclist rotated and the head struck the windscreen or even the front part of the roof.  The authors 
remarked that the sliding behaviour probably accounted for the greater wrap around distance for 
cyclists compared to pedestrians and also for the head impact angle of the cyclist to be smaller.  The 
authors also reported the result of simulations where the bicycle was not centred on the front end of 
the car but offset and had initial velocities of 10 and 20 km/h. Head impact on the windscreen did not 
occur in all cases, highlighting the complexity of cyclist impacts with vehicles. Based on the accident 
data and their simulations, the authors’ conclusions included the comment that tests procedures for 
pedestrian protection should be modified to evaluate the injury risk to cyclists effectively.  In headform 
impact tests, the selection of the impact area and angle should take into account the differences in 
impact behaviour between cyclists and pedestrians.  

 

2.2.2 Human head FE models 

 

2.2.2.1 Introduction 
 

The literature review on human head numerical models was carried out to establish the variety and 
complexity of the published models and the potential head models on which model based head injury 
criteria might be based in later stages of work. The intention of the review covering the mechanical 
properties of the anatomical features of the human head was to establish the best means of 
simulating the human head’s mechanical response. A presentation and evaluation of seven numerical 
head models was also completed: 

� THUMS (LS-DYNA) – Total HUman Model for Safety, Toyota, Japan 
� ULP (RADIOSS) – University Louis Pasteur, Strasbourg, France 
� WSU (PAM-CRASH) – Wayne State University, Detroit, USA 
� SIMon (LS-DYNA) – Simulated Injury Monitor, National Traffic Safety Administration 

Highways, USA 
� Stockholm (LS-DYNA) – Royal Institute of Technology, Stockholm, Sweden 
� Turin (LS-DYNA) – Turin University, Italy 
� TUe (MADYMO) – Technical University of Eindhoven, The Netherlands 

 
That work is a summary from the final report of APROSYS SP5.1.1 which deals with the state of the 
art FE head models and injury mechanisms. 

 

2.2.2.2 Mass and Inertia comparisons 
 
With the exception of the TUe model all models have a head mass between 4.2 kg (Stockholm model) 
and 4.7 kg (SIMon and ULP models) which corresponds to an average head mass of a 50th percentile 
(Figure 10). Table 1 shows the head mass and inertia comparisons for all of the finite element models. 
The big difference is the TUe head mass with a value about 3.17 kg. 

 

 SIMon ULP WSU THUMS Stockholm Turin TUE 

Mass(kg) 4.77 4.7 4.5 Not 
available 4.2 Not 

available 3.17 

Ixx (kg.m²) Not 
available 0.0159 Not 

available 
Not 

available 0.014 Not 
available 

Not 
available 

Iyy (kg.m²) Not 0.024 Not Not 0.0187 Not Not 
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available available available available available 

Izz (kg.m²) Not 
available 0.022 Not 

available 
Not 

available 0.0172 Not 
available 

Not 
available 

Table 1 – Mass and inertia comparisons for all finite element models 
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Figure 10 – Head mass comparison for all models 

 

2.2.2.3 Brain mechanical properties comparisons 
 

Three different types of brain mechanical properties can be observed in the different head models: 
� Linear visco-elastic behaviour (WSU, SIMon, Turin and TUe) reported in Table 2 and Table 3. 
� Mooney-Rivlin law (Stockholm) as illustrated in Table 4. 
� And Ogden’s hyperelastic model (ULP) as reported in Table 4. 

 

FEM 

WSU’s model 

 

SIMon Model 

 

 

Turin’s Model 
 

 
Mechanical 
properties Visco-elastic Brain : 

t
eGGGtG

β−
∞∞ −+= )()( 0  

 Grey 
Matter 

White 
Matter Brainstem Cerebellum Brain Brain 

ρ [kg/m3] 1060 1060 1060 1060  1140 

Go [kPa] 10 12.5 22.5 10 10.34 490 

G∞ [kPa] 2 2.5 4.5 2 5.2 167 

β [s-1] 80 80 80 80 100 145 

K [GPa] 2.19 2.19 2.19 1.19 0.56 5.625E-03 

Key: ρ - density, Go and G∞ - shear modulus, short time and long term, β - decay constant, K - bulk modulus 
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Table 2 – Brain mechanical properties for WSU, SIMon and Turin’s models 

 

FEM 

TUe Model 

 

Thums Model 

 
Mechanical properties Four mode visco-elastic model 

Mode iG  [Pa] iλ  [ms] 

0 255.3 ∞  

Not available 

1 269.08 70.1  

2 322.63 7.62 

3 426.96 1.42 

4 3299.4 0.122 

K [GPa] 2.5 

 

Key: Gi - shear modulus, λi - decay constant, K - bulk modulus 

Table 3 – Brain mechanical properties for TUe and Thums’ models 

 

FEM 

Stockholm Model 

 

ULP Model 

 

Mooney-Rivlin (hyperelastic law) Ogden’s Model (hyperelastic law) 

Mechanical 
properties 

15.0008.0
10

0110

110319305.620)(

)(9.0)(

tt

eetC

tCtC

−−

++=

=
 

1

0
),(

−

−

−

−
=

λλ

λλ
µλσ

αα kk

kt  

Rank  1 2 3 

0

kµ  [kPa]  169.8 1.588 0.00354 

kα   0.0451 -3.9 16.3 

ν 0.4999994-0.4999997 0.499999 

ρ [kg/m3] 1040 1040 

Key: µk - ground shear modulus, αk - parameter, υ - Poisson’s ratio, ρ - density, C01 and C10 - constants linked to 
Cauchy Green tensor, λ - principal engineering strain 

Table 4 – Brain mechanical properties for Stockholm and ULP’s models 
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2.2.2.4 Cerebrospinal fluid (CSF) modelling comparisons 
 
SIMon model: The dura-CSF layer (structurally representing the dura mater, arachnoid trabeculae, 
CSF, and pia mater) and the falx cerebri, are assumed to have an average thickness of 7 mm, larger 
than is physiologically observed. This approach was taken to avoid using sharp elements at the tip of 
the falx and to soften the numerical contact interaction between the soft brain and rigid skull. In 
addition, the presence of this slightly compressible layer also allows for movement of the brain within 
the skull cavity to simulate the effect of the brain moving into the foramen magnum. The elastic 
properties of the dura-CSF layer were softened in order to increase the model’s stability. Its relative 
compressibility (Poisson’s ratio ν = 0.45) allowed for the simulation of the global motion of the brain 
within the skull and accounted for the motion of the brain through the foramen magnum (not 
modelled). During model development the elastic properties of this aggregate layer were varied from 
1.4 to 14 MPa, while the NDT (Neutral Density Target) displacement-time histories and model stability 
were monitored. The best performance was achieved with a modulus of elasticity E = 3.4 MPa. 

 
ULP model: The Young's modulus of the subarachnoid space for the ULP model was determined by 
using modal analysis, based on the fact that a brain-skull decoupling occurs at the first natural 
frequency of the human head at around 100-150 Hz. A large deformation formulation was used in 
order to have realistic strain estimation in this layer of brick elements. The subarachnoïd space 
between the brain and the skull was represented by one layer of elastic brick elements to simulate the 
cerebrospinal fluid (CSF). The modelled CSF was validated against the in-vivo vibration analysis. 

 
Stockholm model: The CSF was modelled with eight node brick elements and a fluid element 
formulation. To avoid large computational costs an average element thickness of about 1.0 mm was 
used for the model. This corresponds to an amount of subdural and subarachnoidal CSF of 
approximately 75 ml. In an adult, the normal amount of CSF including the ventricles is about 150 ml. 
Thus, the real thickness would probably be greater. For all the sliding interfaces a coefficient of friction 
of 0.2 was used. A distributed parameter algorithm (from the Livermore Software Technology 
Corporation) was adapted for the contact towards the brain tissue. This is a sliding contact algorithm 
that allows large relative motion and carries load in tension normal to the contact surface. The CSF 
between the falx and the brain and between the tentorium and cerebrum/cerebellum was also 
included using the same type of fluid-structure contact algorithm. For these interfaces a constant CSF 
thickness of 1.5 mm was used for all models. 

 
Turin model: Cerebrospinal fluid has been modelled with a 2 mm offset from the membrane surfaces. 
A layer of CSF has been modelled surrounding all membranes and the brain. Internal surfaces of the 
CSF have been used as external surfaces for the brain volume. Lateral ventricles have been 
connected to the CSF in the subarachnoidal space through a little channel. CSF surrounding the 
membranes and filling the lateral ventricles has been modelled using a linear-elastic material with a 
fluid option. In this case the element loses its ability to support shear stress and only compressive 
hydrostatic stress states are possible. Considering a value of the Young modulus E=0.012 MPa and 
of the Poisson’s ratio ν=0.49 (nearly incompressible material) a bulk modulus K equal to 0.2 MPa has 
been obtained. The CSF material density has been set to ρ=1040 kg/m3. 
 

  SIMon ULP WSU THUMS Stockholm Turin TUE 

E [MPa] 3.45 0.012  Not available  0.012 Not 
available 

G [GPa]   10-6 Not available    

K [GPa]   2.19 Not available 2.1   

ρ [kg/m3] 1040 1040 1040 Not available 1000 1040 Not 
available 
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ν 0.45 0.49  Not available 0.5 0.49 Not 
available 

Key: E - Young’s modulus, G - shear modulus, K - bulk modulus, ρ - density, υ - Poisson’s ratio 

Table 5 – CSF mechanical parameters comparisons for all finite elements models 

 

2.2.2.5 Skull mechanical property comparisons 
 
A summary of the mechanical parameters of the skull is given in Table 6 and Table 7. Concerning the 
skull modelling some comments can be made: 

 
� All FE head models have an elastic skull except for the ULP model which uses a composite 

law and the THUMS model for which no information could be found in the published literature. 
� The SIMon and Eindhoven models do not distinguish between the inner trabecula and outer 

cortical bone layers. 
� The SIMon model has a rigid skull (rigid body) and cannot predict the deflection of the skull, 

thus it cannot be used in direct impact. 
� The Young modulus of the outer bone layer has a value of about 15000 MPa, except for the 

WSU model that has a Young modulus of 12200 MPa. There is a big disparity concerning the 
young modulus of the inner bone layer: 1000 MPa and 1300M Pa for the Stockholm and WSU 
models respectively to 4500 MPa for the Turin and ULP models. 

� Skull density varies from 1800 to 2120 kg/m3. 
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 SIMon ULP WSU THUMS Stockholm Turin TUe 

E(MPa) 6895* 15000 12200 Not 
available 

15000 15000 6500* 

ρ [kg/m3]  1800 2120 Not 
available 2000 1800 2070* 

ν 0.3 0.21 0.22 Not 
available 0.22 0.21 0.2* 

σt [MPa] 90 Not 
considered 

Not 
available 

Not 
considered 

Not 
considered 

Not 
considered 

σc [MPa] 

Rigid 
Body 

145 Not 
considered 

Not 
available 

Not 
considered 

Not 
considered 

Not 
considered 

Key: E = Young’s modulus, ρ - density, υ = Poisson’s ratio, σt and σc = ultimate tensile and compressive stresses 

Table 6 – Comparison of the cortical bone mechanical properties 

Note: No distinction is made between the cortical and the trabecula bone layers in the TUe and SIMon models. 

 

  SIMon ULP WSU THUMS Stockholm Turin TUe 

E(MPa) 4500 1300 Not 
available 

1000 4500 Not 
considered 

ρ 1500 990 Not 
available 1300 1500 Not 

considered 

ν 0 0.22 Not 
available 0.24 0.01 Not 

considered 

σt [MPa] 35 Not 
considered 

Not 
available 

Not 
considered 

Not 
considered 

Not 
considered 

σc [MPa] 

Rigid 
Body 

35 Not 
considered 

Not 
available 

Not 
considered 

Not 
considered 

Not 
considered 

Key: E = Young’s modulus, ρ - density, υ = Poisson’s ratio, σt and σc = ultimate tensile and compressive stresses 

Table 7 – Comparison of the cancellous bone mechanical properties 

 

2.2.2.6 CPU time and number of elements comparisons 
 

Comparing the head models in terms of number of elements (Table 8, Figure 11) three groups can be 
distinguished: 

 
� Less than 20000 elements (SIMon, ULP, Stockholm and TUe models) 
� Around 50000 elements (THUMS and Turin models) 
� More than 300000 elements (WSU models) 
 

 

  SIMon ULP WSU THUMS Stockholm Turin TUE 

Number of elements 7852 14660 314500 49700 18400 55264 14092 

Table 8 – Number of elements for each FEM 
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Figure 11 – Model’s comparison in terms of number of elements 

 

CPU time (minutes) 

Hardy test   
Nahum 
test 

Yoganandan 
test 

C291T1 C383T1 C755T2 

Trosseille test 

SIMon
14

 29 Not available 328 206 123 Not available 

ULP 

(dec alpha 
1GHz) 

100 45 1440 1200 720 300 

WSU Not available 

Thums  

(SGI Altix 350 
Itanium 2, 1.4 
GHz) 

113 55 2331 1333 715 359 

Stockholm 
(Pentium IV 
3.06GHz) 

120 240 960 1440 600 390 

Turin  
(Athlon Xp 
2400+, 
512MeB) 

420 Not available 

Tue 

(Pentium IV, 
2.6GHz) 

89 41 720 420 180 165 

Table 9 – CPU time comparison 

 

2.2.2.7 Summary of FE model’s characteristics 
 

                                                      
14 SIMon Stands for “Simulated Injury Monitor” developed by NHTSA 
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Some model specifications have not been obtained; even so it has been possible to provide an 
overview of the characteristics of the 7 main 3D head FE models available. The head FE models have 
been compared in terms of mesh characteristics inertial properties and at the constitutive law level. 
The main observations are: 

� The number of elements, which is closely linked to the computation time, can be divided into 
three groups: 
i) Low number (10 to 20000): SIMon, ULP, Stockholm, TUe 

ii) Medium number (20 to 60000): THUMS and Turin 

iii) High number (over 300000): WSU 

� At the inertial level it should be mentioned that generally head masses are between 4.2 and 
4.7 kg (only TUe model has a mass of 3.1 kg) 

� Brain material constitutive laws are supposed to be linear viscoelastic for WSU, Turin, SIMon, 
THUMS and TUe models. A hyperelastic law is used for the Stockholm and ULP models. 

� Two main solutions are proposed for the modelling of the brain-skull interface: a soft 
incompressible elastic material for ULP, Turin and SIMon models and an interface algorithm 
solution for Stockholm model. 

� Concerning the skull modelling, SIMon assumes that this part of the head is totally rigid. In the 
TUe model the skull is modelled as homogenous with a linear elastic behaviour. For Turin and 
Stockholm models the skull is modelled by a composite structure and each part is fitted with 
linear elastic laws. Finally the THUMS and ULP models represent a sandwich structure with a 
linear elastic law integrating failure for the tables and the diploe. Only the ULP model 
represents the anatomical features of the skull that reinforce the skull structure and influence 
the breaking response of the skull. 

 

2.2.3 Human head injury mechanisms and tolerance limits 

 

2.2.3.1 Introduction 
This study presents the state of the art on head injury mechanisms and tolerance limits. In the 
scientific community dealing with head impact biomechanics it is generally accepted that future head 
tolerance limits will not be unique, but will be relative to a number of thresholds for mechanical 
parameters related to specific injury mechanism. 

 

A first step would be to define the injury types. Even this classification is not definitive due to 
terminology differences which exist. The second step will be to define the injury parameters, i.e. the 
mechanical parameters which produce a type of injury. At this level several assumptions exist in the 
literature. Finally a threshold value for each injury parameter must be defined in order to become a 
tolerance limit for a specific injury. This difficult exercise is based either on cadaver tests, animal tests 
or accident reconstruction. 

 

Tolerance limit estimation on cadavers is restricted to skull fracture. Injury analysis based on animal 
tests is a critical issue because the animal acceleration field, even scaled to the human dimension 
and mass will not lead to similar brain loading conditions due to the shape differences. Animal models 
are needed in order to compute mechanical loading at tissue level. Finally real world accident 
simulation can be problematic because of the lack of accuracy in the accident data. 

 

A review of injury mechanisms and candidates for relevant injury parameters proposed in the 
literature are presented. Each injury mechanism is then discussed separately and the proposed 
tolerance limits are reported. It should be mentioned that any mechanical parameter can be more or 
less related to or correlated with any injury. To illustrate this idea it could be said that if there is very 
low severity impact computed or measured, mechanical parameters are low, and no injury occurs. At 
the other hand for an extremely severe impact, mechanical parameters are higher and injury occurs. 
The matter is the level of confidence of this correlation which will express with which precision a given 
mechanical parameter at a given location can or cannot predict a specific injury at that very location. 
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2.2.3.2 Injury types and injury mechanism 
 
The most frequent distinction between head injury type and the relevant injury parameters 
encountered in the literature are the following. Table 10 presents proposed mechanisms for injuries 
from outside to inside the head and not as a function of their occurrence frequency in road accidents. 

 

 

Head injury type Possible injury mechanisms 

Skull fracture (SF) Bone loading 

Extradural Haematoma (EDH) Bone loading 

Subdural Haematoma (SDH) Brain-skull relative motion 

Focal brain Contusion (CONT) Local brain loading 

Diffuse brain axonal  
or haemorrhagic injury (DAI) 

Local brain loading 

                  

SF & EDH   SDH    CONT & DAI 

Table 10 – Mechanisms for injuries from outside to inside the head 

 

2.2.3.3 Tolerance limits to specific injury mechanisms 

2.2.3.3.1 Skull fracture (SF) 

It should be mentioned that skull fracture, even if not life threatening is an important phenomenon with 
often dramatic consequences on brain loading. It often occurs in pedestrian head impact or in lateral 
car occupant head impact. Even helmeted motorcyclists can sustain skull fracture. A number of 
experimental results from cadaver head impact producing fracture are reported in the literature. 
Generally a force level of about 5 to 10 kN is needed to fracture the skull, depending on the impact 
area, and the impactor surface shape and speed. Even if very high HIC is sometimes combined with 
fracture, HIC can clearly not be a reasonable fracture criterion with an acceptable accuracy. Recent 
general work tries however to demonstrate the feasibility of HIC to become such a criterion. Typically 
skull fracture is assumed to be linked to bone loading in terms of bone stresses or strains, rupture 
criteria based on stress and strain, or also strain energy within the skull structure. This injury is not 
addressed by the Simon model, which has a skull modelled by a rigid body. Simon’s position is that 
HIC is well correlated with skull fracture. For the WSU model, skull fracture risk is estimated from 
strain and stress level calculated within the skull [King et. al. 2003]. For ULP, it is obvious that skull 
fracture is due to cranial bone loading (stress or strain) with a criterion which must be defined. 
Tolerance limits proposed at ULP uses Tsai-Wu failure criteria, strain energy and interaction force 
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computed on a number of real world head impacts. Here the detailed skull geometry is of 
considerable importance. In [Willinger & Baumgartner 2003], a 50 % risk of fracture is encountered if 
strain energy or applied force, are respectively 2.2 J and 5.5 kN. 

2.2.3.3.2 Extradural haematoma (EDH) 

EDH is due to rupture of blood vessels located between the dura matter and the inner table of the 
skull. These veins are strongly tied to the skull itself. Local skull deformation (sometimes 
accompanied with inner table rupture) consecutive to a hard impact typically results in EDH. In Simon 
[Takhounts & Eppinger 2003], the injury mechanism for this injury is supposed to be the same as for 
subdural haematoma, i.e. brain/skull relative motion. This means that it is supposed that EDH and 
SDH are due to the same mechanism.  At ULP EDH is supposed to be related to bone deformation 
mechanism. Therefore the tolerance limits for EDH are very close to skull fracture (SF) criterion. 

2.2.3.3.3 Subdural haematoma (SDH) 

This injury is typically attributed to brain/skull relative motion and bridging veins rupture. [Lovenhielm 
1975] proposed some experimental criteria based on bridging veins stretching (limits at around 15 % 
deformation). These limits were implemented in WSU model by [King et al 2003].  In Simon this 
parameter is computed by RMDM (relative motion damage measure) a cumulative brain/skull relative 
displacement calculated within the CSF layer. It is therefore questioned why the bridging veins have 
been modelled. Limit before injury is supposed to occur at 70 % of the limits proposed by [Lovenhielm 
1975], due to the fact that this latter value came from in vitro tests. Quality of correlation is χ²=23.7.  At 
ULP a similar approach is used by computing the strain energy in the subarachnoidal space and by 
expressing a limit through real head impact simulation. A 50% injury risk of SDH injury exists if this 
energy is above 5.5 Joules. This global approach of the CSF layer loading is the reason why bridging 
veins are not modelled in ULP model. 

2.2.3.3.4 Brain Contusion 

Brain contusion is a local effect leading to axonal or haemorrhage injury. They are often located 
frontally or in the temporal lobes, but may exist also at the orbital floor or deeper around the falx. It 
should be mentioned that this contusion can be either coup contusions or contra-coup contusions.  
This kind of injury was often produced experimentally on living monkey’s by [Gennarelli 1985] when 
these authors tried to produce DAI (diffuse axonal injuries). The most common injury parameters are 
the positive and negative pressure for coup and contra-coup contusions respectively. [Ward et. al. 
1980] proposed first limits based on a FE head model which relied on 200 kPa for coup contusion and 
-100 kPa for contra-coup contusions therefore attributed to vaporisation.  

 

In [Takhounts & Eppinger 2003], the injury mechanism for this injury is vaporisation due to negative 
pressure located at the contra-coup site and expressed by the DDM (dilatation damage measure). 
More precisely, if 7% of the brain sustains pressure under 100 kPa, contusions may exist. Correlation 
quality is χ²=13,7. It should be added that the deviatoric part of the strain tensor is extracted and that 
only the isotropic or spherical part is considered. Given that contusion is a local effect, this global 
approach seems not to be the most appropriate. Another important criticism is that DDM considers 
only contra-coup contusions when it is known that coup contusions are frequently located in the 
frontal lobe as well as at the orbital floor level and typically in the temporal lobe. These localisations 
do not exist in Simon FE model due to its simple geometry. Finally, given that pressure is strongly 
correlated with linear acceleration, it will not be surprising if DDM will be well correlated with HIC.  At 
ULP contusion prediction is based on computed pressure at the coup and contra-coup area. Injury 
may occur in an area where pressure is over 250 kPa or under -100 kPa. Here again a detailed 
geometry is of considerable importance. This position will probably be subjected to modification in the 
future. 

2.2.3.3.5 Diffuse axonal injury (DAI) 

Diffuse injuries are rarely visible and sometimes concern not only the axon but also small vessels 
related to diffuse petechia haemorrhages. Petechias can be spread out through the brain or be more 
localised in the brain stem exactly as axonal injuries. From the mechanical point of view, and with 



 
 
European funded project    Impact conditions for pedestrian and cyclists  
TIP3-CT-2004-506503        AP-SP32-009R 
 

AP-SP32-009R  29/177 

 

today’s models which are based on continuum mechanics, there is no argument to distinguish 
between diffuse axonal injuries and diffuse haemorrhage injuries. The literature from [Thibault et. al. 
1990] reports isolated axon stretching and demonstrates that extension of about 15% can damage the 
axon irreversibly. At the other hand it is well accepted that axon’s main direction in the cortex is more 
or less radial oriented. Small blade vessels on the other hand are randomly oriented within the brain. 
 

It has been shown in the literature that there may be a continuum between axon injury severity and 
injury diffusion from very local to larger brain regions. Analytical and FE models have been used to 
demonstrate that DAI risk increases with head rotation acceleration, which in turn introduces brain 
shearing. If the effect of axon elongation is known, the effect of shearing of an axon band has not 
been tested but could also lead to axon dysfunction. In mechanics, a gel material (the brain is gel like) 
is characterized by its behaviour under shearing at both the behaviour and failure level. From the 
literature point of view, it is well known that rotational acceleration leads to shearing inside the brain. 
Correlation between rotational acceleration and impulse duration with the depth of shearing stress 
distribution and DAI has often been described in the literature. On the other hand, the importance of 
local geometry are also often mentioned as local axonal and hemorrhagic injuries (such as brain 
stem, falx and tentorium), and all these entire phenomena induce shearing stress and strain.  [Mendis 
1992] proposed a criterion for DAI based on a baboon’s head FE model scaled to the human 
dimensions. The original aspect of this approach was to correlate DAI with oriented cumulative linear 
strain within the brain stem and other specific locations. The conclusion is that this parameter is better 
correlated with DAI than principal strains. At WSU, [Zhou et. al. 1996] simulated first real world 
accidents with their FE head model and showed poor correlation between neurological injury and 
pressure (negative or positive) and good correlation with shearing stresses or strains. A first value of 
11 kPa was proposed for the brain von Miss stress.  [Anderson 2000] simulated sheep’s head impacts 
with a sheep’s head FE model, and showed poor correlation between axonal injury and pressure 
(negative or positive) and good correlation with shear stresses or strains. In this study a brain von 
Mises stress of 27 to 47 kPa was proposed. 

 

SIMON computes the principal direction of the strain tensor and considers the maximum elongation 
strain for a given element. This value is calculated for the whole brain and if 30% of the brain volume 
sustains tensile strains over 15%, DAI is supposed to be present. This defines the CSDM (cumulative 
strain damage measure). Correlation quality in this case is χ²=66.5. It must be mentioned here that 
the computed elongation strain is not an axon elongation for two reasons. Firstly the exact axon 
orientation at a given brain location is not known, secondly, the principal direction in an isotropic 
continuum medium is a function of loading condition itself. Are these reasons sufficient to accept this 
approach, given that for this injury mechanism tension is again considered by the Simon FE model, 
(as for contusion) and so the parameter considered (CSDM) is  very close to the contusion parameter, 
i.e. DDM. Only the constitutive law and the percentage of brain change. This will all lead to a good 
correlation of both criteria with HIC. In fact linear acceleration is well correlated with HIC and with 
pressure which are the bases of both, DDM and CSDM. Finally CSDM does not address the vital 
brain stem due to the very simple model geometry. 
 

At ULP a first approach was proposed by [Kang et. al. 1997]. A real world accident was simulated with 
their head FE model. Results showed poor correlation between neurological injury and pressure 
(negative or positive) and good correlation with shearing stresses or stains. A limit brain von Mises 
stress of 16 kPa was proposed at this time. More recently, [Willinger & Baumgartner 2003] confirmed 
brain von Mises shearing stress as a well correlated parameter for neurological injury. Proposed limits 
in terms of brain von Mises stress for a 50% risk of moderate neurological injuries is 18 kPa, and for 
severe neurological injuries: 38 kPa. 

 
 

2.2.4 Lower limb finite element model 

 

Numerical simulation and more specifically finite element modelling can be very helpful to complete 
the understanding of injury mechanisms, once the finite element model is validated through 
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appropriated experimental tests. Many finite element models have been designed to study very 
specific points of the leg behaviour under crash situations.  The ankle-foot models [BEAUGONIN ET 
AL. 1996 and 1997, TANNOUS ET AL. 1996, BEILLAS ET AL. 1999] focus on structure behaviour in 
inversion, eversion, dorsiflexion and response under axial loading.  

 
In the past decade, several finite element lower limb models have been developed in order to 
reproduce lower limb injuries in the car-to-pedestrian collisions. Initially, the surrounding muscles and 
the skin were neglected, and the knee ligaments were modelled usually by spring elements 
[BERMOND ET AL. 1994]. Recently, due to rapid and continuously increasing of the speed of 
computers, more sophisticated FE lower limb models have been developed. These models have 
accurate geometry obtained from CT and MRI scans from human volunteers [BEILLAS ET AL. 2001, 
TAKAHASHI ET AL. 2003] or from Visible Human Database [UNTAROIU ET AL. 2004]; and the flesh 
and knee ligaments were meshed with shell and solid elements. However, the accuracy of FE models 
depends not only on the quality of the model geometry (e.g. anatomical surfaces, the number of 
components modelled or mesh quality), but also on the biofidelity of the material properties assigned 
to the FE components and on the level of validation of finite element models.  Accurate finite element 
models of the whole lower limb have also been designed in order to investigate joints traumas during 
crash situations, especially for pedestrian applications [SCHUSTER ET AL. 2000, TAKAHASI ET AL. 
2003, MAENO ET AL. 2001, NAGASAKA ET AL. 2003].  

 

The THUMS model has been developed by the Honda group and has a knee model which has been 
validated against results in flexion and shearing obtained by Kajzer [KAJZER ET AL. 1997], against 
kinematic results in [KERRIGAN ET AL. 2003, CHAWLA 2004]. This model has been used to study 
the influence of the impact point : on the femur part, on the knee, below the knee, and in the middle of 
the tibia. A 6.25 kg mass impactor is propelled at an initial velocity of 40 km/h against the leg. If bone 
stresses are higher than the yield stress, then a fracture is assumed [NAGASAKA 2003]. For the 
impacts located on the femur and the knee, the “valgus” movement induces rupture in both the 
posterior cruciate ligament and the medial collateral ligament. High stresses have been measured on 
condyles. For impacts located below the knee and on the tibia, no ligament rupture has been 
observed (evaluated by forces measured on ligaments). Whatever the impact location, authors found 
a high fracture risk for the tibia and fibula diaphysis. Bones stresses measured for both tibia and fibula 
are due to friction between the ground and the feet; this friction generates a high flexion moment 
[NAGASAKA 2003]. The THUMS model has also been used for pedestrian lateral impact at 40 km/h. 
In these configurations, a double fracture (tibia/fibula) has been found for both lower limbs of the 
impacted pedestrian, ligament lesions have not been taken into account [MAENO 2001]. 
 

The LLMS (lower limb model for safety) model, jointly developed by MECALOG and the Laboratory of 
Biomechanics and Applications, and in association with the Wayne State University, is based on an 
accurate description of all anatomical parts of the lower limb. Its validation (on isolated materials 
levels, sub-segment levels up to the whole model level) was performed in many different impact 
situations [ARNOUX ET AL. 2001-2004, BEILLAS ET AL. 2001]. This model was designed, improved 
and used in the Radioss non-linear FE code environment.  Once the finite element model was 
assumed to be validated, by taking care to the validity domain, one major interest in human modelling 
lies in the possibility of numerically recording specific parameters (strain, stress, pressures and 
kinematics) that could not be available during experiments. With these data, it becomes easier to 
show tissue kinematics and mechanical behaviour during the crash chronology and then, to postulate 
potential injuries. For knee injuries on pedestrians, one way to define an injury risk criterion or an 
injury probability for knee soft tissues is to evaluate the ultimate lateral bending and shearing levels of 
the knee before damage, when the impact occurs. This methodology [TROPIANO 2004, THOLLON 
2002] has been used [ARNOUX 2005]. Injury mechanisms have been studied and assumptions in 
injury criteria have been proposed.  

 
For the bending test, the knee injury mechanism can be described as a lateral rotation around the 
contact area between the lateral femoral condyle and tibial glena. This rotation simultaneously 
induces a high deflection of both anterior cruciate and medial collateral ligaments, assumed to be 
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injured for rotations over 15 and 20 °respectively. These results were not sensitive to impact 
velocities, and seem to be relevant with those experimentally identified at specific velocities. Then 
concerning injury criteria, as a conservative value, 15° of lateral rotation can be considered as a 
failure criterion for the ligaments in the knee joint. 

 
For pure shearing impacts, the chronology of ligament failure concerns the anterior, posterior 
cruciate and tibial collateral ligaments. The ultimate shearing level was computed by recording the 
distance between the tibial eminence and the condylar notch that reached up to 13 to 15 mm. 
Considering lateral shearing, the results were not sensitive to impact velocity and a conservative 
criteria would be to consider a lateral shearing of 13 mm as a failure criteria for the knee joint in 
shearing. 
 
For the pedestrian full scale impact, numerical simulation results were related to experiments. It 
showed that in this situation, the bending effects were dominant regarding to shearing effects. 
Considering the failure criteria established from the sub segment testing, the assumptions of ligament 
injuries during the test coincided with observations performed during post-crash necropsies. 

 
For all the impact situations studied, the criteria postulated above were strongly dependent on the 
material properties (especially the postulated failure criteria). A further study including a damage 
model for tissues as well as a parametric study around the failure criteria should be performed in 
order not to summarize the injury criteria to a single couple of values (lateral rotation and shearing) 
but also to define injury risk curves. 

 
The strain versus time curves show the influence of impact velocity and the time dependent answer of 
the whole structure which could be mainly attributed to structure effects and also soft tissue 
viscoelastic properties. It also underlines the differences in strain distribution between cruciates and 
collateral ligaments. For the cruciate ligaments, high strain levels were recorded on ligament 
insertions (in agreement with experimental results), that underlines failure properties of cruciate 
ligaments at their insertions. When behaviour laws of knee ligaments under dynamic loadings were 
first studied [ARNOUX 2000, 2002, 2003], it was assumed that the ligament loading velocity was 
around 2m/s, for a which strain rate were close to 5000-10000s-1.  Such strain rate levels can now be 
evaluated quantitatively. It also shows strong dispersion between cruciate and lateral ligaments, as 
well as between the whole ligaments or locally. Such results seem to show that shearing effects 
seems to be more aggressive to the knee because of the high strain level induced. The von Mises 
stress distribution was systematically located on the same metaphysis areas of the lower femur and 
upper tibia. This distribution could indicate a bending effect on the two bones. It was also observed 
that for impact velocities over 10m/s, and according to the damping properties of the impacting 
surface, the failure risk for bones seems to be very high.  

 

Concerning the kinematics aspects, whereas frontal flexion of the knee did not change significantly, 
torsion effects cannot be neglected, especially during the first phase of the impacts. This rotation, 
which could be attributed to the asymmetry of the femoral condyles, was described as a safety 
countermeasure of the knee to avoid or limit ligament damage. Therefore, with numerical simulations, 
it was observed that even in pure loading, pure shearing or pure bending cannot be obtained alone. 
The two mechanisms seem to be coupled with a majority of shearing or bending according to the 
loading conditions. 

Different studies have showed the importance of many parameters in pedestrian impacts (location of 
the impact, stiffnesses and the geometry of impacted parts etc.). Initial car velocity and bumper height 
are the most important parameters according to Howard [HOWARD ET AL. 2000]. Schuster showed 
the influence of the initial axial preloading of the proximal femur part. This preloading (equivalent to 
the body mass) is necessary to be able to better reproduce real configurations [SCHUSTER 2000]. 
This same preloading condition was necessary for experiments [KAJZER 1997, KERRIGAN 2003].   A 
study performed by Nagasaka shows the influence of the impactor stiffness and the impact direction 
(lateral, frontal and rear).  The impactor stiffness has a great influence on fracture: the higher it is, the 
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higher the fracture risk is. The impact angle has an influence on the joint injuries via injuries 
mechanisms [NAGASAKA 2003]. 

 

Koch [KOCH ET AL. 2002] used a car finite element model to better model the real pedestrian crash 
configuration and to study the influence of car parameters. They tested two conditions: a 1G car 
deceleration, and the initial position of the car because of the braking (modification of 70 mm of the 
initial impact position). The lowering of the car has a great influence on the kinematics. The pedestrian 
post-impact trajectory is longer in the cases where the car brakes [HOWARD 2000].   

 

Parametric studies have also been performed on bumpers. Takahashi tested two bumper heights and 
two bumper stiffnesses. With a low height (32.5 cm from ground) and a soft bumper, LCM rupture has 
been measured but no fracture has been registered. With a stiff bumper, fibula fracture is measured 
but no ligament rupture has been registered. With a high bumper (45 cm from ground), stiff or soft, no 
fracture has been detected but ligament rupture appears [TAKAHASHI ET AL. 2000]. Takahashi and 
Kikuchi performed impacts with 5 bumper heights. The higher the bumper is, more important the knee 
flexion becomes [TAKAHASHI 2001].  It is known that the lower limbs are the second most frequent 
site of injuries in pedestrian impact. In the field of pedestrian injury biomechanics, lower limbs are 
highly loaded during crash situations (AIS from 2 to 3) with joint damage and bones failures [Stutts et 
al., 2000, 1999]. Parametric studies have also been performed to understand the influence of the 
initial car velocity or the influence of the initial car stiffness on injury mechanisms for the lower limb.    

 
To improve the description of lower limb injury mechanisms (fracture, ligament rupture), the estimation 
of the ultimate injuries levels, and to better understand what parameters are the most important 
regarding to pedestrian impact configurations, a parametric study has been performed. This study is 
based on accidentology data provided by APROSYS SP3, WP3.1. Three parameters have been 
chosen (according to specifications given in the in-depth database provided by SP3.1): 
 

1- initial car velocity,  
2- dummy’s percentile,  
3- car class. 
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3 Chapter 3 – Methodology 

3.1 General approach to the simulation activities 

 

The basis of the simulation activities described in this report is the data collected in work package 3.1 
of APROSYS which is concerned with epidemiology, statistics and the detailed descriptions of real 
world accidents, and the creation of an in-depth database. Additional required inputs from 3.1 are 
corridors for car shapes and stiffness values. 
 

The overall approach, see Figure 12, aims to optimize the use of the special know-how represented in 
the working group. 

 

  

Figure 12 – Overall approach for the identification of injury mechanisms using multibody and 
finite element simulations as well as parameter variation studies 

 

At first, in-depth analyses of individual accidents from the detailed accident database determined the 
accidents for which sufficient information to allow for reconstructions was available in terms of the 
human injuries, and the accident scenario, but also in terms of car front shape and stiffness. 
Especially the retrieval, collection, and processing of the stiffness values for the specific cars (year 
and model) mentioned in the database turned out to be much more difficult than foreseen. This will be 
described in 3.2 and 3.3 in more detail. 

 
Then, multibody simulations were carried out in order to reconstruct accidents which were selected 
during the aforementioned in-depth analysis due to their sufficient level of information completeness. 
At this stage, care was taken to select not only pedestrian cases but also a number of cyclist cases.  
These multibody simulations were carried out using MADYMO. The aim of these reconstructions was 
to understand the kinematics of the accidents. However, even these comparatively coarse simulations 
give an idea about likely injury mechanisms and indications for injury severity. 
 

In a next step, the kinematic knowledge gained from the individual accidents was used as input for 
finite element simulations which allow more accurate determination of the expected injuries. In 
particular, these simulations focussed on head impacts since these account for the majority of severe 
injuries and deaths. For practical reasons of computer power the FE simulations cannot fully replace 
the multibody simulations, which are used to more quickly select the most likely kinematics of the 
accident. 
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In parallel to these activities which are based on individual accidents a second method was pursued: 
parameter variation studies using FE simulations can shed another light on typical accident scenarios, 
disregarding individual details but rather using statistical information like car shape and stiffness 
corridors as well as macro-epidemiological data for the accident victims. These parametric studies 
help to investigate scenarios that are otherwise neglected simply because they didn’t occur in the 
available real-world accident data. 

3.2 Methodology for MADYMO reconstructions 

3.2.1 Introduction 

 

The accident cases have been reconstructed by simulating the corresponding full scale pedestrian 
and cyclist impacts on vehicles. As input of the simulations all available data is taken into account 
which has been saved in the in-depth database of APROSYS WP 3.1. This data is more or less 
exhaustive depending on its source. In most cases it contains descriptions of the accident, e.g. 
vehicle type, injury and vehicle damage descriptions, weight and height of the human, initial velocities 
and accelerations, etc. The initial conditions of the simulations, e.g. initial velocity of the human or 
position and/or orientation of human arms and legs, have been varied until a realistic scenario for 
each of the regarded accident cases has been found. Simulation results are regarded as realistic if 
the injuries and damages can be explained by the kinematics and the impact positions of the 
pedestrian/cyclist model on the vehicle, and possibly on the road surface. 

 
For the reconstruction of the accidents the simulation tool MADYMO, release 6.2.1, has been used 
because of its well validated human models and because it is widely used for those and similar 
purposes [TNO1 2004] MADYMO offers the options for simulating multibody (MB) systems, facet 
structures and Finite Element (FE) systems.  

 

In order to decide which simulation mode should be applied several studies have been made by the 
APROSYS WP 3.2.3 partners. Since the number of elements in MB systems is relatively small the 
runtime of the corresponding MB simulations is short, which makes MB systems a powerful tool for 
parametric studies. However, the geometry can only be roughly approximated by a small number of 
ellipsoids. Furthermore, the contact forces between the ellipsoid bodies are calculated by the (virtual) 
penetration method, and are therefore only an approximation to the real forces at the deformation 
points.  
 

Facet surfaces do allow the car geometry to be represented more accurately, as shown in the studies 
by INSIA-UPM, but if the contact forces are still determined by the penetration, no extra advantage is 
found with respect to the car being represented by ellipsoids, therefore it was agreed to use MB’s.  

 

FE models are the most accurate option for describing the vehicle geometry providing that the 
element size is small enough. Forces can be represented more accurately if the material properties 
are correct. However, detailed and validated FE models of the vehicle windscreen, bonnet and front 
structure are not generally available, as the vehicle manufacturer’s declined to offer them. 
Additionally, they have relatively long runtimes. 

 

With respect to the pedestrian or cyclist the arguments are similar. When modelled as a MB system 
the runtime of the simulation is short and the arms and legs of the pedestrian/cyclist model can easily 
be positioned. Facet surfaces look more realistic since smoother but there is no significant advantage 
as far as the accuracy of the calculated forces is concerned. Although FE models of humans are 
available they result in a longer runtime, and the properties of the body tissues are still approximate. 

 

For these reasons, the APROSYS WP 3.2.3 partners agreed to use MB systems both for the humans 
and for the vehicles, i.e. the humans and vehicles are modelled by a number of ellipsoids. These 
ellipsoids have appropriate masses and stiffness characteristics and are connected to each other with 
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joints. As mentioned before, the contact forces between the ellipsoids are calculated with the (virtual) 
penetration of the bodies. The corresponding body parts are realistically modelled but do not have full 
biofidelic characteristics. Therefore, the contact forces should be regarded as the best approximations 
to the real forces. As a consequence, the MB simulations should only be used to predict trends rather 
than absolute values with reference to the human load values, e.g. accelerations, forces and 
moments of human parts, HIC values, etc. 

 
This is illustrated by Table 11 which is taken from [TNO2 2004] and which shows the prediction 
limitations of the simulated human load values when compared to PMHS (Cadaver) tests. Depicted 
are the predicted scores in percentages which are calculated by the relative error, i.e. the relative 
error 0% means a prediction score of 100% and the relative error 100% and higher means a 
prediction score of 0%. The prediction values higher than 75% are green, the ones between 50% and 
75% are yellow, between 25% and 50% orange and lower than 25% red. The right column, where the 
average values are depicted, shows for instance that the maximum of the head acceleration only 
reaches the prediction score of about 50%. 

 
According to [TNO2 2004] the calculated values of the MB human kinematics, e.g. head impact 
velocities and positions on the vehicle surface, reach a high rate of reliability. This is shown by Table 
12 where the prediction scores of some of the kinematics values are depicted. The last line contains 
the average values per parameter. As can be seen, all of the kinematics values reach prediction 
scores above 80%. However, only two tests could be analyzed for the head impact velocity, but these 
showed prediction scores in excess of 75%. 

 

Table 11 – Prediction scores of simulated pedestrian load values compared to 4 PMHS tests 
(T7 – T10, score higher than 75% is green, between 50% and 75% yellow, between 25% and 

50% orange and lower than 25% red) [TNO2 2004] 
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Table 12 – Prediction scores of simulated pedestrian kinematics values being compared to 10 
PMHS tests (T1 – T10, score colours as defined for Table 11) [TNO2 2004] 

 

3.2.2 Modelling of the vehicle 

3.2.2.1 Geometric model 
 

Two methods have been used by partners to develop models of the geometry of the vehicles: 
From sketches. The procedure of modelling the geometry is depicted in Figure 13. From the 
sketches of the accident vehicle type the side shape curve is digitized and expanded in a FE-mesher 
in lateral direction along the frontal curves. The resulting model mesh is transformed into a MADYMO 
facet model. A MADYMO ellipsoid model is created and the surfaces are adjusted to the facet model. 
Since the facet model has constant width the ellipsoids at the sides are adjusted according to the front 
view of the vehicle, or extra ellipsoids are added if necessary. Presuming that the human hits the 
vehicle from the front and not from the sides or the corners the accurate modelling of the front view of 
the vehicle is not necessary when simulating with an ellipsoid model. The thickness of the ellipsoids is 
chosen to be at least twice as large as the expected penetration in that region.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 – Modelling of the vehicle geometry from sketches for the multibody simulation in 
MADYMO 

 

However, as some of the impacts involved the corner of the vehicle, this had to be modelled as 
accurately as possible using the three extruded views as a guide, and then smoothing the corners to 
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give a realistic 3-dimensional representation of the vehicle. The Renault Clio is shown in Figure 14 as 
an example. 
 
Scanning the real vehicle. The procedure to derive the car geometry is summarized in Figure 15. An 
actual vehicle, same brand and model than the one involved in the accident, was scanned using a 
FARO-Arm, a 3-dimensional measurement device, obtaining splines of the vehicle front surface. A 
post process in CAD (computer aided design) is needed to transform splines into surfaces and mesh 
them to create a MADYMO facet car. Once meshed a MADYMO ellipsoid car model is created 
adjusting the ellipsoids to the actual car surface.  This method has allowed a precise geometry of the 
frontal parts of the cars to be obtained, and has been used in cases where the human hits the outer 
thirds of the car. Also in these cases, the thickness of the ellipsoids is chosen to be at least twice as 
large as the expected penetration in that region. This procedure has been applied by INSIA-UPM in 
their cars. 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 
 

Figure 14 – Realistic 3-dimensional modelling of the vehicle geometry using the three extruded 
views (example Renault Clio) 
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Figure 15 – Modelling of the vehicle geometry from scanning real cars for the multibody 
simulation in MADYMO 

3.2.2.2 Stiffness model 
 

The stiffness data for the contact points between the vehicle and the human is determined by using 
EuroNCAP impactor test data. In most simulations, the actual test data of the car is used, however, in 
some others where the EuroNCAP data was not available, the stiffness of a similar car has been 
used. 

 

The four test configurations defined in EuroNCAP are used to define the stiffness of the different parts 
of the vehicle: 

• The legform tests estimate the bumper stiffness. 

• The upper legform tests describe the bonnet leading edge area stiffness. 

• The child headform tests characterize a part of the bonnet area stiffness. 

• The adult headform tests define the rest of the bonnet area and the windscreen surrounding 
areas. 

 

In these tests, standardized impactors of specific mass and size are shot against the vehicle 
windscreen, bonnet and bumper at defined positions and with defined speeds. Since these tests are 
not designed specifically for the purpose used within this project, some corrections and simplifications 
are performed to obtain the estimated force-deflection curves used in the models. These procedures 
to derive the force-deflection curves out of the EuroNCAP measured channels are further described in 
APROSYS Deliverable 312b [APROSYS 2006C].  
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As a result, the force-deformation function for each impact test point can be drawn. In Figure 16 the 
force-deformation curves of several impact points on the bonnet of a small family car are depicted. 
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Figure 16 – Force-deformation curves from EuroNCAP tests on the bonnet of a vehicle 

 

The force-deformation curves are implemented into the MADYMO program file to represent the 
stiffness of the vehicle surface for the corresponding body region. To each ellipsoid of the MB vehicle 
structure the force-deformation curve of the nearest EuroNCAP impactor test point is assigned. If 
multiple impactor test points are in that region, then the corresponding force-deformation function 
values are averaged. 

 

Since for the EuroNCAP tests sub-system impactors are used, the measured stiffness curves 
represent the combined stiffness of the vehicle surface and the impactor. Considering that the 
stiffness characteristics of the impactors are similar to the ones of the corresponding pedestrian/ 
cyclist model, the force-deformation curve can be regarded as the combined stiffness of the vehicle 
surface and the human. Thus, for the contact stiffness in MADMYO the contact type “slave” has been 
used, where the vehicle is the “slave” and the human is the “master”. 

 

3.2.3 Modelling of the pedestrian and cyclist 

 

The MADYMO toolbox contains validated pedestrian/cyclist models for some special body heights 
(human 50% and 95%, female 5%, a child 3 years old (y.o). and a child 6 y.o.)  

 

In order to adjust these models according to the human height, weight and age which have been 
recorded in the accident database, the MADYMO SCALER15 has been applied. As basis for the 
SCALER, only one single parametric model is available, namely that of the 50% male adult.  After 
scaling the human model according to height and weight, the resulting model often exhibited an 
unusually long upper leg length in relation to the rest of the body. This was due to the fact that this 
parameter is not explicitly defined and consequently is very sensitive. In order to rectify the problem, 
                                                      
15 The MADYMO SCALER and the corresponding parameter file have the status of September 2005. 
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the anthropometrical parameters for the scaled model are obtained from the .scl file and then the 
knee height and seated height are manually adjusted, and this set of parameters is used to scale a 
new user defined model. This process is repeated until normal looking leg proportions are achieved. 
An example is shown in Figure 17 – the variation of the knee height can be seen more easily by 
comparing with the level of the bumper height in each diagram. 
 

For the cyclist accident reconstruction, TNO’s pedestrian model could not be used due to excessive 
joint constraints at the knees – a cyclist’s knees need to bend up to about 2.2 radians during cycling. 
A modified scalable human model with more biofidelic knee joints was provided by TNO specifically 
for this project. 
 

 

Figure 17 – Adjustment of the knee height for the scaled pedestrian model 

 
The human kinematic data, such as the impact translational and angular velocities and positions, was 
to be used as inputs for simulations with detailed FE models in a later activity. In this manner, the 
human load values can be determined more accurately than the ones calculated by MB simulations.  
The FE simulation for the human head needs the orientation of the head as additional input. For this 
reason three extra bodies are defined on the human head. Figure 18 shows the position of the three 
bodies, denominated as “nose”, “top” and “centre of the head coordinate system”, describing a right 
angle in space. These bodies have negligible (inertial) masses and they are not considered when 
calculating contact forces such that they hardly affect the simulation results.  
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Figure 18 – Position of three additional bodies at the human head model 

 

3.2.4 Modelling of the bicycle 

 

In order to model a bicycle representative of the one used in the real-world case, a photo (Figure 19) 
of the same brand and model was used to obtain the necessary dimensions. An outline of the main 
components was made from the photo and then scaled from the known 26 inch wheel size, and the 
components reduced to a set of ellipsoids which were then recreated in MADYMO (Figure 20). The 
mass and moments of inertia of each component were estimated, ensuring that the total mass was 
reasonable for a full-suspension, aluminium frame, cross country mountain bike. 

 

 

Figure 19 – Bicycle involved in the accident case “BC001 against Ford Fiesta” 
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Figure 20 – MADYMO model of the bicycle in BC001 

 

The model is constructed so that the joints have appropriate freedom of motion – for example, the 
wheels rotate freely as do the pedals and crank. The steering, represented by a revolute joint 
between the front wheel and handlebar and the main frame, is subject to a restraining force as the 
rotation about the joint approached 180 degrees in either direction – this is modelling the constraint 
produced by the gear and brake cables.  

Please note that the joints are invisible as they are between bodies, not between ellipsoid surfaces. 
For simplification the surface for the part of the frame covering the actual joint of the rear wheel has 
been left out since it is irregular and so would require another surface to cover the gap. Since the 
surfaces are only relevant for the contacts this simplification will have a negligible effect on results. 

 

The user file was written to include variable definitions for the initial positioning of these joints and also 
initial travelling speed and braking of the bike. A single, high stiffness characteristic was estimated for 
all the bicycle components – the standard stiffness of an A-pillar of a vehicle has been used since 
measurement data of bicycle parts has not been available – and simple bracket joints were used to 
join the rigid components. This would be an over-simplification in an impact where there was 
significant deformation to the bicycle but in the two real-world impacts modelled, this was not the 
case. 

 

3.3 Methodology for FE studies 

 

3.3.1 Cyclists 

A review was performed of the Detailed Accident Database from WP 3.1 to investigate cyclist 
accidents. There were insufficient cyclist accidents cases to undertake any reconstruction activities. 
Where accidents had been recorded, their details where lacking in the level needed for a full accident 
reconstruction. Instead, a different approach was adopted to develop and analyse a finite element 
model of a cyclist, to understand the nature and kinematics of cyclist accidents. 

  

A series of static and dynamic crash tests on bicycles were conducted at Cranfield Impact Centre to 
obtain physical properties. The different failure mechanisms were assessed to understand the 
differences between steel and aluminium frames. Adult bicycles and children’s bicycles were used to 
build up a database of test results, which was used as an input for the FE models. 

 

A FE computer model of a bicycle was developed, using data from the physical tests and through a 
literature search. The static and dynamic crash tests were replicated to obtain confidence in the FE 
model of the bicycle, initially with simple beam models, developing to more detailed shell meshed 
models. The FE model was further enhanced by the inclusion of a human FE model. The interaction 
between the bicycle and the human was investigated to determine the initial conditions. The human 
FE model was developed to represent pedestrian impacts, but was adapted to replicate injuries 
sustained by bicycle accidents. The FE model represents the dimensions and properties of a 50th 
percentile (average) human and has the capability to simulate human type injuries sustained in 
impacts.   
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3.3.1.1 Finite Element Model of Bicycle, Cyclist and Vehicle 

3.3.1.1.1 General Bike Set-Up 

Physical dimensions were measured from the adult aluminium bicycle frame. An FE model was 
developed in LS-DYNA using the dimensions to represent a bicycle frame. The main tubing was 
represented by shells and jointed together by using localised rigid bodies around the frame joints. It 
was assumed that the joints do not fail, but the region immediately surrounding the joints has the 
capability to deform. This was to allow for the collapse mechanism observed in the dynamic tests. The 
properties used for the shells are shown in Table 13. 
 

Material Density Young’s 
Modulus 

Poisson's 
Ratio 

Yield Stress 

 Tonne/mm3 Tonne/mm2  Tonne/mm2 

Aluminium 4.82E-9 72000.0 0.33 290.0 

Table 13 – Aluminium Frame Properties 

 
The bicycle model, as shown in Figure 21, was constructed with aluminium properties for the main 
tubes, with the seat and handlebars constructed of a rigid material. The wheels were modelled by 
representing the spokes as beams and the tyres as an elastic material. 

 

Figure 21 – Finite Element Model of Adult Bicycle 

 

The bicycle model was subjected to a rear loading from a flat wall to test its capability and to ensure 
that the model was stable and robust. After numerous iterations the model ran to 155 ms with the 
wheel buckling and the frame distorting as shown in Figure 23. The shape of the wheel deforming 
was similar to the real-world tests. In addition, the deceleration of the physical test was compared with 
the simulation model. After the initial impact at zero time the wheel collapsed until 150 ms at a 
constant rate of deceleration. At this point the simulation model (Figure 22) shows a large spike of 
deceleration highlighting a collapse of the structure. The test data did not show this feature but 
continues at the constant level of deceleration. Although the model is reasonably accurate to model 
the collapse of the wheel, once the impactor comes into contact with the frame the model shows a 
high peak. This may be due to LS-DYNA not being able to accurately predict the failure mechanism of 
the aluminium joints. 
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Figure 22 – Test and Model Decelerations from Rear Wall Impact with Bicycle 

 
 

 

Figure 23 – Deformed Bicycle from Flat Wall Rear Impact Scenario 

3.3.1.1.2 Combined Bicycle Model with Humanoid 

The next stage after developing the bicycle model was to incorporate a ‘human-like’ FE model onto 
the bike. A Humanoid model, as developed by CIC from a previous project [Howard et al. 2000] was 
chosen to be the most appropriate tool. From the accidentology previously conducted, the research 
has focused on the 16 to 35 year old age range. The child casualties from 1 to 16 year olds were 
more difficult to model, as they represent a wide range of sizes and human properties. The 16 to 35 
year olds were represented by a Humanoid model, which replicates the properties and dimensions of 
an average 50th percentile human. 
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3.3.1.1.3 Humanoid model 

A programme of work was conducted in a previous research contract by Cranfield Impact Centre to 
develop a finite element model of a human person (humanoid) that covered the spectrum of 
pedestrian sizes [Howard et al. 2000].  The objective behind the programme was to create a family of 
humanoid pedestrians, which could be used to assess the injury consequences of real world 
pedestrian accidents, as opposed to using current methods (cadaver or dummy testing) to assess 
injury consequences. 

 

By using the modelling of a humanoid, it was possible to gain a fuller understanding of the interaction 
between a bicycle and a cyclist and the injury causing mechanisms.  It was thus possible to assess 
the influence on injuries of the shape of the bicycle, the location of key components and their stiffness 
and energy absorbing qualities. Figure 24 shows the Humanoid and bicycle combined. 

 
Figure 24 – Humanoid and Bicycle Model Combined 

 

3.3.1.1.4 Vehicle Model 

A vehicle model was developed to be used for the cyclist and pedestrian simulations. The model was 
based on an existing vehicle geometry and represented a family car, Figure 25.  The bumper was 
connected to a translational spring and damper, which in turn was connected to the centre of gravity 
of the vehicle. The bumper was modelled using a rigid material property, but the spring allowed the 
bumper to compress under impact. The bonnet and windscreen were modelled as deformable eight 
node solid elements. A rigid plate underneath the solid elements was connected to the vehicle centre 
of gravity. By implementing deformable properties for the vehicle front, the kinematics of the 
pedestrian or cyclist were more likely to be a better representation of a real world accident. 
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Figure 25 – Vehicle Model 

3.3.1.1.5 Further Development of Humanoid and Bicycle Model 

The bicycle model was further developed to more accurately represent the physical characteristics of 
a bicycle. Pedals and cranks were included to allow the humanoid’s feet to sit on the pedals and 
create a more realistic starting position for the simulation. The cranks also have the ability to turn 
through 360 degrees by the use of a cylindrical joint positioned at the bottom bracket. For different 
riding settings the humanoid’s feet have the ability to be positioned onto the pedals and oriented to 
any desired position. When the feet are positioned the legs are also orientated to match the desired 
feet positions. When the various simulations were programmed the joint orientations of the legs 
rotated with any rotations of the upper or lower legs in a bio-fidelic manner. The steering column and 
front forks were further advanced to represent the movement of the handlebars if they are struck by a 
vehicle. A cylindrical joint was used with a pivot location at the top and bottom of the steering column 
to keep the forks attached to the steering column, but free to move in a ‘steering-like’ rotation. 
 

 

Figure 26 – Struck Leg Up Cycling Stance 
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Figure 27 – Struck Leg Down Cycling Stance 

 

 

Figure 28 – Close up of Pedals and Crank 

3.3.1.1.6 Hand Connection to the Handlebars 

In order to ensure that the hand to handlebar connection was modelled as accurate as possible, a 
literature review was conducted and a small development model was constructed. The grip of the 
cyclist plays an important role in determining when the hand is released from the handlebar during the 
simulation. If the grip of the cyclist is weak then the hands will become detached from the handlebars 
at an early stage of the simulation. If they are tightly squeezed onto the handlebars the upper torso 
and arms are kept more in their original alignment. Once the hands become detached the upper torso 
and arms are free to move in any orientation. From reference [Incel et. al. 2002] it was decided to use 
an average strength dominant hand grip of 860N for the cyclist. 

 

As the details of the hands, fingers and compression of the soft tissue were not going to be modelled 
in detail, it was decided to use a spring to represent the hand to handlebar connection. At a 
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designated force and displacement level the spring extended to simulate the releasing of the hand 
from the handlebars. The two springs were programmed to work independently. The displacement 
level was set at 10 mm with an 860N force level. For a typical simulation the non-struck side hand 
released early at approximately 30 ms, whilst the struck hand did not always release during the 
simulation. When one hand stayed on the handlebars the upper torso and arm kinematics were 
heavily influenced. When a connection was maintained for a longer time period, the bicycle became 
more involved in the collision by engaging with the legs and affected the twisting of the upper torso 
during the collision. At higher speeds this affect is not seen, because the forces involved in the 
collision are higher and the hands release after 10-20 ms. 

 

A small model was used to check the spring mechanism before it was introduced into the full model. 
The smaller model provided a more convenient and quicker method of developing the hand 
connection modelling technique before introducing the concept into the full model. 

 

 

Figure 29 – Hand Grip Force versus Time for Struck and Non-Struck Hand 

 

3.3.1.1.7 Simulation Set-Ups 

A first phase of simulations was conducted to evaluate a cyclist interacting with a vehicle in a typical 
side impact collision. The range of simulations was chosen to reflect a range of different accident 
scenarios and to focus future research activities more efficiently. The range of simulations is shown in 
Table 14. 

 

 Description 
Vehicle 
speed 

m/s 

Cyclist 
speed 

m/s 
Keyword 

1 Struck leg Up, Side on impact, vehicle 5 m/s 5 0 SLU5front 

2 Struck leg Up, Side on impact, vehicle 10 m/s 10 0 SLU10front 

3 Struck leg Up, Side on impact, vehicle 15 m/s 15 0 SLU15front 
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4 Struck leg Up, +500 mm offset, 10 m/s 10 0 SLU10 X+500 

5 Struck leg Up, -500 mm offset, 10 m/s 10 0 SLU10 X-500 

6 Struck leg Up, -1000 mm offset, 10 m/s 10 0 SLU10 X-1000 

7 Struck leg Up, +1000 mm offset, 10 m/s 10 0 SLU10 X+1000 

8 Struck leg Up, side on, no bike 5 m/s 5 0 SLU5nobike 

9 Struck leg Up, side on, no bike 10 m/s  10 0 SLU10nobike 

10 Struck leg Up, side on, no bike 15 m/s  15 0 SLU15nobike 

11 Struck leg Up, 10 deg bicycle impact 10 m/s 10 0 SLU+10 deg 

12 Struck leg Up, 20 deg bicycle impact 10 m/s 10 0 SLU+20 deg 

13 Struck leg Up, bicycle 5m/s, vehicle 10 m/s 10 5 SLU10hum5 

14 Struck leg Down, Side on impact, vehicle 5 m/s 5 0 SLD5front 

15 Struck leg Down, Side on impact, vehicle 10 m/s 10 0 SLD10front 

16 Struck leg Down, Side on impact, vehicle 15 m/s 15 0 SLD15front 

17 Struck leg Down, No bike, vehicle 10m/s 10 0 SLD10nobike 

18 Struck leg Down, bicycle 5m/s, vehicle 10m/s 10 5 SLD10hum5 

Table 14 – First Phase of Simulations 

 

The first three simulations were used to compare different vehicle speeds from 5 m/s up to 15 m/s. 
Figure 30. For simulations 4-7 the bike was positioned offset from the centre of the vehicle. These set-
ups are shown in Figure 31 and Figure 32. The vehicle remained stationary up to point of contact 
between the vehicle and cyclist. The X-500 set up is defined when the bike was positioned 500 mm to 
the left of centre, X+1000 identifies the bike when positioned 1000 mm to the right.  

Simulations 8-10 were designed to investigate the effect of the cyclist being struck without the bike, 
but remaining in the cyclist stance. Although such a cyclist accident in this scenario would be highly 
unlikely they were designed to examine the non inclusion of the bicycle. These simulations were 
different from the pedestrian type simulations which were conducted later. 

 

For simulations 11 and 12 the cyclist was angled away from the vehicle at two orientations. The 
angles were defined by the rotation of the cyclist about its head centre of gravity, about the vertical 
axis. 
 

Simulation 13 introduced the concept of the moving cyclist in addition to the moving vehicle. A cyclist 
speed of 5m/s (18 km/h) was used to represent the average speed of a cyclist. With a moving cyclist, 
the point of contact between the head and the vehicle was not always obvious with a ground contact 
possible, as the cyclist may miss the windscreen/bonnet region even if they had been initially struck 
by the bumper face of the vehicle. 
 

For simulations 14 to 16 a different leg orientation was used. The struck leg was orientated in a 
straight position and the non-struck leg was in a bent position. Both feet were positioned on the 
pedals. The struck leg down simulations were run for three vehicle speeds of 5, 10 and 15 m/s. 
Simulation 17 was a repeat of  simulation 9 with the struck leg down and simulation 18 was a repeat 
of  simulation 13 with the struck leg down.  
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Figure 30 – Cyclist in X=0 Side on Position 

 

   

Figure 31 – Cyclist in X= −1000 and X= −500 positions 

 

   

Figure 32 – Cyclist in X= +500 and X= +1000 positions 
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3.3.1.2 Second Phase - Comparison of Pedestrian and Cyclists 
 

A comparison was made between cyclist simulations performed in the first phase and new pedestrian 
simulations. Four simulations were chosen from the first phase series of cyclist simulations to 
replicate 5 and 10m/s vehicle speeds and two different orientations, struck leg up and struck leg 
down. A table of the simulations is shown below, Table 15. 

 
All the cycling simulations were conducted with the bike at X = 0 position, with the cyclist not moving 
at impact. The pedestrian simulations were conducted with the pedestrian also not moving. A floor 
plane was included to replicate initial ground friction for the pedestrian and bicycle models. The 
vehicle used was also identical to the first phase of simulation’s vehicle. 

 

Table 15 – Comparison Simulations of Pedestrians and Cyclists 

 

The C-stance, as shown in Figure 33, simulated a particular walking stance of the humanoid. The 
arms and legs were orientated with the joints of the humanoid corrected to provide accurate initial joint 
forces at the starting position. The humanoid had the struck leg in an elevated position, whilst the leg 
which was furthest away from the vehicle supported the entire mass of the humanoid. The D-Stance 
shown in Figure 34 is the mirror image of the C-Stance, but in this stance the struck leg supported the 
entire mass of the humanoid.  

 
There was no direct similarity between the C and D-Stance and any particular humanoid cycling 
stance because the limb orientations are different. However, the pedestrian D-Stance was similar to 
the cyclist struck leg down simulation, because the initial struck leg was in a vertical position.  

Keyword Vehicle 
Speed Description 

Cyclist   

SLU5front 5 Struck leg up, Side on impact 

SLU10front 10 Struck leg up, Side on impact 

SLD5front 5 Struck leg down, Side on impact 

SLD10front 10 Struck leg down, Side on impact 

Pedestrian   

C-Stance5 5 C-Stance as defined in Figure 33, Side on impact 

D-Stance10 10 D-Stance as defined in Figure 34, Side on impact 

C-Stance10 10 C-Stance as defined in Figure 33, Side on impact 

D-Stance5 5 D-Stance as defined in Figure 34, Side on impact 
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Figure 33 – C-Stance Pedestrian 

 

 

Figure 34 – D-Stance Pedestrian 

 

3.3.2 FE model of the human head 

 

After having replicated the pedestrian’s or cyclist’s body kinematics for different real world accident 
cases by using MADYMO, the project focussed on the head impact against the part of the striking car 
identified (i.e. car’s windscreen or bonnet). For that purpose a finite element model of the human head 
was used as well as finite element models of the car’s windscreen and bonnet. The different real 
world accidents numerical reconstructed allows the calculation of a large proportion of the mechanical 
parameters the victims will sustain. These calculated mechanical parameters can then be compared 
to existing human head injury mechanisms and tolerance limits. Indeed, such numerical models are 
able to predict head injuries as shown in section 2.2.2 of this report. It will then be interesting to 
compare the predicted injuries to the observed injuries in order to demonstrate the ability of such 
numerical models to predict injuries. More generally, it will be shown how powerful such numerical 
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tools can be in order to design, evaluate, validate and to optimise car structures against 
psychopathological injury criteria. 

 

The finite element model of the human head that was used is the one developed at the University 
Louis Pasteur of Strasbourg. That model is detailed in [Willinger and Baumgartner 2003] as well as 
briefly described in section 2.2.2 of this report. It is commonly called the ULP FEM of the human head. 
A much more detailed description will be proposed below. 

 

The ULP FEM of the head is three dimensional with a continuous mesh. The mesh of the model has 
been achieved by using HYPERMESH software. It contains 13208 elements divided in 10395 brick 
elements and 2813 shell elements and it weights 4800 g. This FE model includes the main anatomical 
components of the head which are illustrated in terms of mesh properties and mechanical behaviour 
in Table 16: the falx of the brain and the tentorium of the cerebellum, the brain/skull interface, the 
brain and the cerebellum, the skull, the face and the skin. The ULP FEM of the head is validated 
against experimental data from [Nahum et al 1977] and [Trosseille et al 1992] in terms of brain 
accelerations and pressures and against experimental data from [Yogonandan et al 1994] regarding 
skull bones fractures. The ULP FEM of the head is especially validated for the case of long duration 
highly damped impacts that last more than 15 ms and that usually reveal an important rotational 
acceleration. This validation is refined by [Baumgartner 2001] who modelled the cerebral spinal fluid 
flow through the subarachnoidal space and the lateral ventricles by introducing into the FEM a fluid 
solid coupling behaviour by using an arbitrary Eulerian Lagrangian formulation. That model has been 
developed by using RADIOSS CRASH software. 

 

The ULP FEM of the human head is able to predict skull fracture thanks to a Tsai Wu criterion, which 
is rarely modelled. Such a criterion is based on maximal tension and compression stress sustained in 
shell elements. In terms of finite elements, if an element reaches the allowed maximal values, it is 
deleted. This means that it is taken out of the model from the next time step. That failure criterion is 
detailed in Table 16. 
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Anatomical 

Segment 
Illustration Mesh 

Mechanical 

Behaviour 

Mechanical 

Characteristics 

Mechanical 

Characteristics 

Falx of the 
Brain 

and 

Tentorium 
of the 

Cerebellum  

471 

shell 

elements 

Linear 

Elastic 

e = 1 mm 

ρ = 1140 kg/m3 
E = 31.5 MPa 

ν = 0.45 

/ 

Brain/skull 

Interface 

 

2591 
brick 

elements 

Linear 
Elastic 

ρ = 1040 kg/m3 
E = 0.012 MPa 

ν = 0.49 

/ 

Brain 

and 

Cerebellum 

 

5508 

brick 
elements 

Elastic 

Plastic 

ρ = 1040 kg/m3 

K = 1125 MPa 

G0 = 0.049 MPa 
Ginf = 0.0167 

β = 145 s-1 

/ 

Skull 

 

1813 

three 

layered 

composite 

shell 

elements 

Elastic 

Plastic 

Brittle 

Cortical 

e = 2 mm 

ρ = 1900 kg/m3 
E = 15000 MPa 

ν = 0.21 

K = 6200 MPa 

UTS = 90 MPa 

UTC = 145 MPa 

Trabecular 

e = 3 mm 

ρ = 1500 kg/m3 
E = 4600 MPa 

ν = 0.05 

K = 2300 MPa 

UTS = 35 MPa 

UTC = 28 MPa 

Face 

 

529 
shell 

elements 

Linear 
Elastic 

e = 10 mm 

ρ = 2500 kg/m3 

E = 5000 MPa 

ν = 0.23 

/ 

Skin 

 

2296 

brick 

elements 

Linear 

Elastic 

ρ = 1000 kg/m3 

E = 16.7 MPa 

ν = 0.42 

/ 

 
Key: e - thickness, ρ - density, E - Young’s modulus, υ - Poisson’s ratio, K - bulk modulus, Go and Ginf - shear 
modulus, short time and long term, β - decay constant, UTS - ultimate tensile strength, UTC - ultimate 
compressive strength 

Table 16 – ULP FEM of the head. Mesh properties and mechanical behaviour 
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3.3.3 FE model of the car windscreen 

 
In order to represent a car’s windscreen a (1200 mm x 800 mm) rectangular surface was regularly 
meshed by using 1536 three layered composite shell elements. Both external laminated glass layers 
which have a thickness of 2.2 mm are linked together through an internal polyvinylbutyl (PVB) 
membrane which has a thickness of 1 mm. The three layered composite shell elements of the 
windscreen’s border are fixed to a rigid frame in order to represents the car’s mass and inertia. These 
border elements are free to translate but they are fixed in their three rotational degrees of freedom. 
Eventually added masses are set on these border elements of the windscreen in order to represent 
the mass and the inertia of the car. Nevertheless, that added mass has no significant influence on the 
dynamic response of the head during the impact as shown in recent studies. The mechanical 
behaviour adopted for both external laminated glass layers of the windscreen is an elastic plastic 
brittle law that allows rupture. The linking plastic membrane’s mechanical behaviour is assumed to be 
linear elastic. Both mechanical behaviours rely on the experimental data determined by [Haward 
1975] and detailed in Table 17. The validation of the windscreen FEM is based on a comparison 
between the damage which is observed and predicted by the FEM in a specific head impact 
configuration. This windscreen FEM relies on the one developed by [Mukherjee et al 2000]. 

 

Structure ρρρρ [kg/m
3
] e [mm] E [GPa] νννν    εεεεrt εεεεmt σσσσel [MPa] 

Glass 2400 2.2 65 0.22 0.000615 0.00123 3.8 

PVB 950 1 50000 0.22 / / / 
 

Key: ρ - density, e - thickness, E - Young’s modulus, υ - Poisson’s ratio, εrt - rupture 
tensile strain, εmt - maximum tensile strain, σel - maximum elastic stress 

Table 17 – FEM of the car’s windscreen. Mechanical behaviour 

 

3.3.4 FE model of the car bonnet 
 

In order to model a car’s bonnet, a (1200 mm x 1500 mm) rectangular surface has been regularly 
meshed by using 4500 shell elements. The thickness of each element is set to 1 mm. These shell 
elements’ border are fixed to a rigid frame in order to represents the car’s mass and inertia as for the 
windscreen. These border elements are free to translate but they are fixed in their three rotational 
degrees of freedom. Eventually added masses are set on these border elements of the car’s bonnet 
in order to represent the mass and the inertia of the car. Nevertheless, that added mass has no 
significant influence on the dynamic response of the head during the impact as for the windscreen. 
The mechanical behaviour adopted for the car’s bonnet shell elements is elastic plastic (Johnson 
Cook mechanical behaviour law) as shown in Table 18 below. 
 

Structure ρρρρ [kg/m
3
] e [mm] E [GPa] νννν    a b n σσσσmax [MPa] 

Bonnet 2700 1 69 0.3 120 567 0.623 345 
 

Key: ρ - density, e - thickness, E - Young’s modulus, υ - Poisson’s ratio, a - yield 
stress, b - hardening parameter, n - hardening exponent, σel - maximum stress 

Table 18 – FEM of the car’s bonnet. Mechanical behaviour 

 

3.3.5 Real world accidents reconstruction 
 

Nine real world accidents are considered in that part of the study: 

� One cyclist accident from BASC : BASC cyclist 001 (BC001) 
� Eight pedestrians from: 

� BASC: 
o BASC pedestrian 002 (BP002) 
o BASC pedestrian 022 (BP022) 
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o BASC pedestrian 023 (BP023) 
� GIDAS: 

o GIDAS pedestrian 001 (GP001) 
o GIDAS pedestrian 002 (GP002) 

� INSIA: 
o INSIA pedestrian 002 (IP002) 
o INSIA pedestrian 003 (IP003) 
o INSIA pedestrian 006 (IP006) 

 

For each of these accident cases, one of the aims of the MADYMO replication was to establish the 
relative position and velocity between the head and the windscreen or the bonnet of the striking car at 
the time of the head impact. The ULP FEM of the head is then positioned towards the windscreen or 
the bonnet in respect to the MADYMO calculated position just before the head impact. The initial 
relative velocity between the head and the windscreen or the bonnet is then set on the nodes of the 
head on the one hand and on the nodes of the windscreen or the bonnet on the other hand. 

 

The numerical analysis is done with the RADIOSS CRASH finite element code. The pre and post 
processing is achieved on a SUN SUNBLADE 150 workstation. The engine is running on a DEC 
ALPHA SERVER. Each accident case is ran over a duration of 30 ms. Such a running duration 
corresponds to a CPU time of 8 hours approximately. 

 

The different mechanical parameters that are calculated during the head impact are the following: 

� Brain pressure. 
� Brain von Mises shearing stress. 
� Global strain energy of the brain/skull interface. 
� Global strain energy of the skull. 
� Deleted elements of the skull. 
� Interaction force between the head and the impacted structure (windscreen or bonnet). 
� Deflection of the impacted structure (windscreen or bonnet). 

 

3.3.6 Human head injury mechanisms and tolerance limits 

 
In order to demonstrate the ability of such numerical tools to predict human head injuries, the 
mechanical parameters, which were described in the previous section, can be compared to existing 
human head tolerance limits. In fact, human head injury mechanisms and tolerance limits can be 
obtained by using FE model as detailed in section 2.2.2 of the present report. In this study the FE 
model of the human head developed at the University Louis Pasteur of Strasbourg and described 
previously is used. That model allows, as in previous studies achieved by [Willinger 2003] and [Ward 
et al 1980], to establish human head injury mechanisms and tolerance limits with ranges as follows: 

 

Calculated mechanical 
parameter and injury 

indicator 
Injuries Uninjured 

Possibly 
injured 

Injured 

Brain pressure 

[kPa] 

Brain contusions 

CONT 
< 160 

> 160 

< 240 
> 240 

Brain von Mises stress 
[kPa] 

Moderate neurological 
injuries 

MOD DAI 
< 14 

> 14 
< 22 

> 22 

Brain von Mises stress 

[kPa] 

Severe neurological 
injuries 

SEV DAI 
< 30 

> 30 

< 46 
> 46 
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Global strain energy of 
the brain/skull interface 

[mJ] 

Subdural or 
subarachnoidal 

haematoma 

SDH or SAH 

< 4300 
> 4300 

< 6500 
> 6500 

Global strain energy of 
the skull 

[mJ] 

Skull fracture 

SF 
< 1700 

> 1700 

< 2700 
> 2700 

Table 19 – Head injury mechanisms and tolerance limits for the ULP head model 

 

It must be kept in mind and strongly underlined that these injury mechanisms and tolerance limits are 
linked to a specific head model which is that of ULP. It is common for other FE models to predict 
injuries due to other mechanical parameters like strains, displacements, or strain rates. It is also usual 
for other FE models to use the same mechanical parameters as the ones proposed by ULP but with 
other values of tolerance limits. Indeed, the inferred tolerance limits are very sensitive to the geometry 
of the model as well as to the mechanical behaviour of each anatomical feature which is modelled. 

 

Eventually, the distinction between each head injury is detailed in section 2.2.2 of the present report 
as well as the nomenclature that is used (CONT for brain contusions, MOD DAI and SEV DAI for 
moderate and severe diffuse axonal injuries or brain haemorrhages, SDH for subdural haematoma 
and SF for skull fracture), which is sub-divided into three regions given by FB for frontal bone, PB for 
parietal bone, and TB for temporal bone. 

 

3.3.7 Human lower limbs injury mechanisms and tolerance limits 

 

3.3.7.1 Introduction 
 

The lower limbs are the second most frequent site of injuries in frontal impact, lateral impact and 
pedestrian impact. In the field of pedestrian injury biomechanics, lower limbs are highly loaded during 
crash situations (AIS from 2 to 3) with joint damages and bones failures [STUTTS ET AL., 2000]. A 
parametric study has been performed to better understand lower limbs injuries in pedestrian impacts. 
Three parameters have been chosen (according to specifications given in the in-depth database 
provided by WP3.1): 
 

- initial car velocity,  
- dummy’s percentile,  
- car class. 

 
To perform this study, generic car models (GCM’s) provided by the APROSYS Sub Project 7 (SP7), 
and HYBRID III dummies coupled with finite element model of the left lower limb were used. 
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Figure 35 – Calculation Parameters 

 

3.3.7.2 Modelling of the vehicle 

3.3.7.2.1 Vehicle models 

Vehicles have been provided by APROSYS SP7 (in the task SP7.1.4 - Vehicles). They have not been 
modified but have been characterized and compared with the geometry profiles and stiffness corridors 
obtained in WP3.1. 

 

GCM1 

Mass : 1012 kg 
Class : Supermini (SM) 

Reference car : VW Polo 3 doors 
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GCM3 

Mass : 1434 kg 
Class : Large Family Car (LFC) 

Reference car BMW 5 series 

 

 

 

GCM4 

Mass : 1271 kg 
Class : Multi Purpose Vehicle (MPV) 

Reference car Peugeot 807 

 

Table 20 – GCM Car models 

 

Generic car models geometry profiles have been compared to geometry corridors provided in Aprosys 
report AP-SP31-007R-BASC [APROSYS 2005A]. Median nodes coordinates (in y=0 plane) have 
been extracted from the FE models and overprinted to vehicle’s profiles in each class.  In each case 
they are a good fit in the corridors, demonstrating the relevance of the corridors in representing the 
European vehicle fleet. 
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Figure 36 – GCM Model Shapes 
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3.3.7.2.2 Vehicle characteristics 

The EuroNCAP protocol includes series of tests carried out to replicate accidents involving child and 
adult pedestrians where impacts occur at 40 km/h (25 mile/h). Impact sites are then assessed and 
rated fair, weak and poor. As with other tests, these are based on European Enhanced Vehicle-safety 
Committee guidelines [EEVC 2003, EuroNCAP 2004]. 

 

 
Figure 37 – EuroNCAP Pedestrian Test procedure 

 

Generic car model stiffness’s have been evaluated in pedestrian configurations using EEVC 
impactors (legforms, headforms etc.). Bumper and hood stiffnesses have been evaluated using 
methods described in an internal report APROSYS Deliverable 312B. (APROSYS 2006C). 



 
 
European funded project    Impact conditions for pedestrian and cyclists  
TIP3-CT-2004-506503        AP-SP32-009R 
 

AP-SP32-009R  62/177 

 

 

GCM1 

 

 

 

 

 

CHILD 
AREA 



 
 
European funded project    Impact conditions for pedestrian and cyclists  
TIP3-CT-2004-506503        AP-SP32-009R 
 

AP-SP32-009R  63/177 

 

 

 

GCM3 

 

 

CHILD 
AREA 



 
 
European funded project    Impact conditions for pedestrian and cyclists  
TIP3-CT-2004-506503        AP-SP32-009R 
 

AP-SP32-009R  64/177 

 

 

 

 

 



 
 
European funded project    Impact conditions for pedestrian and cyclists  
TIP3-CT-2004-506503        AP-SP32-009R 
 

AP-SP32-009R  65/177 

 

 

GCM4 

 

 

 

 

CHILD 
AREA 



 
 
European funded project    Impact conditions for pedestrian and cyclists  
TIP3-CT-2004-506503        AP-SP32-009R 
 

AP-SP32-009R  66/177 

 

 

Figure 38 – Results of Simulations 

 

3.3.7.2.3 Vehicle simplification 

The calculation time is one of the major issues in explicit FE simulation. Full vehicle models involve 
very large time costs. To reduce the time calculation, vehicles have been cut and the rear parts have 
been replaced by an equivalent rigid body having the same mass and inertia. 
 

 

Rigid body with same mass and 
inertia mass and inertia than full 
model 

 

Figure 39 – Vehicle discretisation 

 

This simplification reduces the time calculation by more than a factor of two. 

 

Cutting model : 215189 nodes 

Full model : 463835 nodes 
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3.3.7.3 Modelling of the pedestrian 

3.3.7.3.1 Lower Limb Model for Safety (LLMS)  

The LLMS model (lower limb model for safety), designed in collaboration between Mecalog and the 
“Laboratoire de Biomécanique Appliquée”, is an advanced finite element models of the whole lower 
limb. It has been designed in order to set an injury model based on an accurate description of all 
anatomical parts of the lower limb [ARNOUX 2005].  The model validation was performed with 
existing data for the main modes of solicitations and includes: 

 
A full leg validation (for the interaction with the vehicle) using sled test type with gross 
kinematics, impact forces and similar other global measurements. 
 
A knee validation with detailed 3D kinematics of tibia, patella and femur in flexion, axial impact 
on patella, axial impact on tibia (involved in tibial plateau fractures) and antero-posterior motion 
of tibia (involved in ligament tears). 
 
A Foot and ankle validation including all the modes involved in injury causation i.e. 
inversion/eversion, dorsiflexion and axial loading  

3.3.7.3.2 Scaling of LLMS 

The scaling of LLMS model has been done using HUMOS 2 anthropometric data base. Internal 
measurements have been performed on PMHS (Post Mortem Human Surrogate) and external 
measurements on volunteers. This project gives characteristic length of main body parts, especially 
lower leg bones (tibia, fibula and femur), for 5th to 95th percentile [SERRE 2004] 

. 

Example of characteristic points on Tibia Example of characteristic points on Femur 

  

Figure 40 – Characteristic Points on Bones 

3.3.7.3.3 LLMS validation 

LLMS 50th model validation was obtained by frontal and lateral crash simulations in order to identify 
complete injury mechanisms. The lateral bending impact test was performed in order to identify the 
mechanism of one of the main injury occurring in pedestrian impacts (KAJZER ET AL. 1990, KAJZER 
ET AL.  1993). In these tests, the upper leg was allowed to freely translate in the vertical direction, 
while a 22 kg dead weight was attached to the proximal femur to simulate the weight of the body. The 
foot was placed on a plate which allowed free translation along the direction of impact. A 40 kg 
impactor was used to load the distal tibia with an impact velocity of 20 km/h. The model validation was 
performed by comparing forces versus time recorded on the impactor face. Results were found to lie 
within the experimental corridors built with 15 experimental tests. For the shearing tests, the impactor 
had two impacting surfaces simultaneously applied on both proximal and distal extremities of fibula 
and tibia [ARNOUX 2005]. 
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Experiment Lower coridor
Experiment Upper coridor
Model

Experiment Lower coridor
Experiment Upper coridor
Model

 

Figure 41 – Overview of shearing testing conditions, Impact force versus time and von Mises 
stress concentrations on the knee during impact. LLMS 50

th
 validation 

 

 

  

5th 
percentile 

50th 
percentile 

95th 
percentile 
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Figure 42 – Different sizes of leg and the shear test configurations 

 

The same shearing tests have been performed on LLMS 5th and 95th. Knee kinematics’, von Mises 
stress level on bones and impact force given above follow the same behaviour as the reference LLMS 
50th model. The LLMS finite element model has then been coupled with HYBRID III rigid dummies. 

 

3.3.8 Analysis 

 

3.3.8.1 Introduction 
 

The methodology used for this work was based on previous work published by Arnoux & Thollon 
[ARNOUX 2005, THOLLON 2002, ARNOUX 2002]. 

It was based on:  
 

� the evaluation of joint kinematics relevance  with pathological movements. 

� the evaluation of von Mises stress iso-curves on bones and then failure (if it occurred) to 
investigate bone responses 

� the evaluation of strain levels in ligaments which were assumed relevant with failure criteria of 
ligamentous structures based on previous published work [ARNOUX 2002, ARNOUX 2004] 

 

These 3 points were analysed simultaneously regarding impact chronology in order to evaluate injury 
mechanisms up to injury criteria definition. 

 

The global injury mechanisms previously identified [ARNOUX 2002, ARNOUX 2004, KERRIGAN 
2003, KAJZER 1993, KAJZER 1990] put the emphasis on lateral shearing or bending. The primary 
objective of this work is to evaluate the specific injury mechanisms involved regarding car type, 
human body size and velocity. Lastly, injury criteria previously proposed [ARNOUX 2005] and used 
regarding working groups (IHRA PSWG EEVC WG1716) were evaluated. 

 
It should be noted that model analysis focuses on the first phase of the impact until the failure 
assumptions occurred. This point is due to the fact that no damage model (with failure criteria) was 
implemented in soft tissues. Hence, when a ligament is assumed to fail, the failure evaluation on other 
ligaments is observed from a conservative point view, and should be considered with caution. 

 

                                                      
16  IHRA PSWG EEVC WG17 stands for the International Harmonisation Research Association, 
Pedestrian Standards Working Group, European Enhanced Vehicle-safety Committee. 
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3.3.8.2 Injury mechanism analysis 
 

� Knee kinematics’ [ARNOUX 2005] 

 

Kinematics was recorded in order to check the global behaviour of the model and to study its 
interactions with the environment. In the LLMS model, the kinematics can also be recorded at each 
joint in order to check the correct relative movements between the corresponding bones or soft 
tissues. It gives, to a first approximation, information about the global kinematics behaviour (in lateral 
bending, in flexion – extension, in rotation or during combined motions) in order to validate the correct 
function of joints. This work was specifically focused on the relative rotation between tibia and femur 
bones. By computing the scalar product between femoral and tibial axes (frontal and antero-
posterior), it was possible to calculate knee torsion, lateral bending and frontal bending in the different 
planes and for each test. Therefore, the lateral relative displacement between the tibial eminence and 
the intercondylar notch was calculated to accurately identify knee lateral shearing at the joint level. 

 

Criterion Description Definition 

Knee Lateral Shearing 

 

Relative displacement 
between tibial eminence and 
intercondylar notch 

 

X difference between one 
node of tibial eminence and 
one node of intercondylar 
notch 

Knee Torsion 

 

Rotation angle between femur 
and tibia in XY plane 

 

Scalar product between femur 
vector and tibia vector 

Knee Frontal Rotation 

 

Rotation angle between femur 
and tibia in YZ plane 

 
Scalar product between femur 
vector and tibia vector 

Knee Lateral Rotation 

 

Rotation angle between femur 
and tibia in XZ plane 

 

Scalar product between femur 
vector and tibia vector 

Figure 43 – Definition of leg geometries 
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� Ligaments 

 
Ligaments are modelled using 3D, 2D and spring elements. No damage model (with failure criteria) 
was implemented in soft tissues. Relevant criteria used to analyse ligament behaviour were the 
maximum and the total elongation. The von Mises stresses may also be useful to locate the main 
stress concentration on the ligament. 

 

 Maximum Strain Total Strain 

 

Definition: maximum strain 
recorded at different levels of 
ligament 

 
Meaning: Locate high strain 
levels (damage or failure) 

 

Definition: sum of deflections 
recorded at each level of 
ligament 

 
Meaning: General overview of 
ligament strain 

 

Figure 44 – Definitions of strains 

 

Cruciate ligaments and Collateral ligaments do not have the same behaviour.  Firstly they could have 
significant strain differences between the central part and the connection on bones, and so maximum 
strain should be then more relevant for cruciate ligaments. Secondly they could have a linear 
elongation and then the total strain may be more relevant to analyse failure risks. 

 
In this work, and according to precedent studies [ARNOUX 2005], ultimate strains are 24 % for 
cruciate ligaments and 28% for collateral ones. Then, the maximum strain can be considered as a 
first sensor to locate damage in the structure whereas the total strain gives a global overview of the 
whole structure. However, this ultimate strain should not be used as a binary criterion. Indeed, only 
the first ligament failure could be determined. Moreover, because knee injury mechanism is a complex 
and coupled phenomenon, it could happen that the ultimate strain is reached without ligament failure 
risk. The proposed analysis methodology tries to consider the lower leg injury within a global 
approach. 

 

� Bones [ARNOUX 2005] 
 

The force, and more particularly the stress level and distribution in bones (against time) can be 
studied in order to evaluate the location and evolution of hard tissues injuries. Due to the mechanical 
properties of bones, damage is assumed to occur on bone structures when stress reaches the Yield 
stress values. The different von Mises stress levels obtained with the model are compared to the Yield 
and ultimate stress levels implemented in the different sets of parameters of the compact bone. 
 
In FE LLMS models, the ultimate stress level is assumed to be 130 MPa for bones. 
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4 Chapter 4 – Results 

 

4.1 MADYMO pedestrian accident reconstructions - Introduction 

 

A set of real accidents from the database has been reconstructed using MADYMO following the 
methodologies described in previous chapter. The next table summarizes the cases from the 
database that have been selected for reconstruction. 
 

Case 
number 

Database 
reference 

Vehicle Age Gender Injury locations Reconstructed by 

1 IP002 LFC 55 M Head INSIA-UPM 

2 IP003 LFC 19 F Leg, arm INSIA-UPM 

3 IP006 SMC 21 M Head, leg INSIA-UPM 

4 GP001 SFC 68 F Head, arm, leg DC 

5 GP002 SFC 9 F Head, arm DC 

6 CP026 SFC 7 M Head, leg Chalmers 

7 CP027 LFC 9 M Head, leg Chalmers 

8 BP002 SMC 19 M Head, pelvis, leg BASC 

9 BP022 SMC 75 F Head BASC 

10 BP023 SMC 10 F Head, arm, leg BASC 

11 BC001 SMC 15 F Head, thorax, arm, 
leg BASC 

(Key: SFC – Small Family Car, SMC – SuperMini Car, LFC – Large Family Car)  

Table 21 – Reconstruction matrix for pedestrian accidents 

 

A detailed description of each reconstruction is given below along with a brief summary of the real 
accident case. For more details on the accident case, please refer to the APROSYS in-depth Accident 
Database 2005. 
Note: Each partner was only responsible for the reporting and discussion of the results of the cases it 
has reconstructed. 
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4.1.1 Pedestrian Case IP002 

 

4.1.1.1 Real Accident information. 
 

The pedestrian was crossing in a crosswalk regulated by traffic lights, from the right to the left when 
the BMW 325 collided with him. There were no parked vehicles in the crosswalk. It was in the late 
evening and wet. The car braked and the impact speed was estimated at 27 km/h. 

 

Figure 45 – Case IP002 accident scenario 

 

The car shows the following evidence of the impact: 

o Impact point 1: In the windscreen. (wrap around distance =183 cm, Lateral =Right 34 cm) 

 

 

Figure 46 – Impact locations in the car (Case IP002) 

 

The pedestrian was hit by the right outer third of the car, he impacted the windscreen and was thrown 
into the traffic lane by the right side of the bonnet. The pedestrian, a 55 years old male 1.70 m height 
and 75 kg, suffered the following injuries: 
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Figure 47 – Injuries of the pedestrian in case IP002 (wo means without) 

 

4.1.1.2 Accident reconstruction model 
 

Pedestrian model 

The real pedestrian figures, a male 55 years old, 1.70 m and 75 kg, the MADYMO 50% pedestrian 
male model was used in the reconstruction. 
 

Vehicle model 

The vehicle model consists of five bodies: 

o Chassis. The chassis properties include vehicle mass, centre of gravity position (c.o.g) 
position and vehicle inertia properties (estimated based on McInnis 1997) 

o Tyres (4). The four tyres are included in the model in their real dimensions (205/60 R15) and 
inertia properties. The tyres are linked to the chassis with a translation/rotational joint to 
represent the suspension properties along with the rotation of the tyres. 

 

 

Figure 48 – MADYMO accident reconstruction model IP002 (pedestrian + vehicle) 

 

This multibody frame supports an ellipsoid geometry of the front part of the car built on top of the 
scanned splines of the actual car measured by INSIA, following the methodology described in chapter 
3.2.2.1. The Figure 48 shows a different view of the accident reconstruction model. 
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EuroNCAP tests have been used to derive the stiffness of the different parts in the vehicle front. The 
BMW Series 3 was tested by EuroNCAP (EuroNCAP 2001) and 16 tests were available to build the 
model. 

o 2 lower legform tests. (R1, R3) 
o 3 upper legform tests. (R4, R5, R6) 

o 6 child headform tests. (R7, R8, R9, R10, R11, R12) 

o 5 adult headform tests. (R13, R15, R16, R17, R18) 

 

Force-deflection curves have been derived from these tests following the procedure described in 
APROSYS Deliverable 312B (APROSYS 2006C). Considering the impact locations in the vehicle, a 
stiffness distribution according to the tests was modelled in the car. The force-deflection functions 
along with the stiffness distribution in the car are shown in Figure 49. 

 

  

  

Figure 49 – Stiffness implemented in the vehicle model IP002 derived from EuroNCAP 

 

4.1.1.3 Reconstruction results 
 
The best match to the simulation with the accident evidence was achieved with the pedestrian in 
walking position at speed of 1.1 m/s. 

 

The Figure 50. shows the kinematics of the accident. It can be seen that the car impacts the 
pedestrian with the bumper area below the right headlight cluster . It impacts first on the leg (time 25 
ms) and then in both legs (time 40 ms). 
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This impact made the pedestrian to bend over the bonnet, contacting the left part of the pelvis and the 
left upper extremity on the bonnet (time 105-135) followed by the head impact on the lower 
windscreen (time 205 ms-420 ms). This impact point matches the target impact point measured in the 
real accident scene and the severity, estimated by HIC, seems to be appropriate to the injuries 
sustained by the pedestrian. From then on the pedestrian is thrown forward due to the car braking 
and slides over the bonnet until it falls from the front of the vehicle. The final position of the pedestrian 
in the accident was recorded. In this case, the final position obtained in the simulation from the 
pedestrian (8.1 m) and the one recorded (7.5 m) is rather similar, which supports the feasibility of this 
simulation. 

 

Figure 50 – Sequence of special time points at accident case IP002 

 

Figure 51 shows the comparison between the real case and the simulation. The red marked points 
are documented in the real case as impact points in the car, and the yellow marked ones have been 
obtained in the simulation.  
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Figure 51 – Impact positions from the real case and the simulation IP002 

It can be seen that the impact in the windscreen is reproduced accurately in the model. Moreover, the 
simulation indicates that impact in the bumper occurred on the legs and some others occur on the 
bonnet with the pelvis and the arm, however, there was not evidence at the accident scene. 

 

The injuries sustained by the pedestrian are matched to the kinematics and summarized in the next 
table along with the observations from the outputs from MADMYO. The output values are given in 
order to roughly indicate the severity of the impact.  

 

Injury Timing Kinematics 
Observations / Simulated pedestrian 
load values 

Closed head injury, 
superficial scalp and 
stuporous without loss of 
consciousness (MAIS 2) 

185 ms 
At this moment, the 
head impacts the 
windscreen 

The acceleration signal from the head 
reaches its maximum (81 g) at time 
205 ms with a HIC of 1106 which may 
indicate a MAIS 2,  34% (Prasad-
Mertz) 

Table 22 – Injury information on the simulation 

 

4.1.2 Pedestrian Case IP003 

4.1.2.1 Real Accident information 
 

The pedestrian was crossing quickly a dual carriageway with 2 lanes in a pedestrian crosswalk 
regulated with traffic lights at green for cars. The vehicle involved, a Ford Mondeo 1997, was 
travelling in the left lane; it braked but hit the pedestrian.  
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Figure 52 – Case IP003 accident scenario 

 

The estimated impact speed of the car was 27 km/h. 

The car shows the following evidence of the impact: 

 
o Impact point 1: In the bonnet, above the right lamps. (wrap around distance - WAD=94 cm, 

Lateral =Right 53 cm) 

o Slide marks 1: along the bonnet, in the outer third. (Approx. Length=82 cm) 

 

Figure 53 – Impact locations in the car IP003 

 

The pedestrian was hit with the right outer third of the car, scooped up onto the bonnet sliding on it to 
be finally thrown by the right of the bonnet to the ground. 

 

The pedestrian, a 19 years old female 1.60 m height and 59 kg, suffered the following injuries: 
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Figure 54 – Injuries of the pedestrian in case IP003 

 

4.1.2.2 Accident reconstruction model 
 
Pedestrian model 

The real pedestrian figures, a female 19 years old, 1,60 m and 59 kg, the MADYMO 5% pedestrian 
model was used in the reconstruction. 
 

Vehicle model 

The vehicle model consisted of five bodies: 

o Chassis. The chassis properties include vehicle mass, centre of gravity position and vehicle 
inertia properties (estimated based on McInnis 1997) 

o Tyres (4). The four tyres are included in the model in their real dimensions (195/65 R15) and 
inertia properties. The tyres are linked to the chassis with a translation/rotational joint to 
represent the suspension properties along with the rotation of the tyres. 

 

Figure 55 – MADYMO accident reconstruction model (pedestrian + vehicle) 
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This multibody frame supports an ellipsoid geometry of the front part of the car built on top of the 
scanned surface of the actual car measured by INSIA, following the methodology described in chapter 
3.2.2.1. The Figure 55 shows a different view of the accident reconstruction model. 

 

EuroNCAP tests were used to derive the stiffness of the different parts in the vehicle front. The Ford 
Mondeo 1997 was tested by EuroNCAP (EuroNCAP 2001) and 13 tests were available to build the 
model. 

o 2 lower legform tests. (R1, R2) 

o 3 upper legform tests. (R4, R5, R6) 

o 5 child headform tests. (R7, R8, R9, R11, R12) 

o 3 adult headform tests. (R15, R17, R18) 
 

Force-deflection curves have been derived from these tests following the procedure from APROSYS 
D312B (APROSYS 2006C). Considering the impact locations in the vehicle, a stiffness distribution 
according to the tests was modelled in the car. The force-deflection functions along with the stiffness 
distribution in the car are shown in Figure 56. 

 

  

 
 

Figure 56 – Stiffness implemented in the vehicle derived from EuroNCAP 

 

4.1.2.3 Reconstruction results 
 

The best results were obtained with the pedestrian speed at 1.5 m/s and the right foot in front. With 
this initial posture and speed, the pedestrian hits the impact point from the vehicle and reproduce the 
marks recorded.  The accident kinematics are shown in Figure 57. This set of images represents the 
primary impact with the vehicle.  
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At 10-20 ms the pedestrian upper leg is struck by the bumper. At 70-90 ms, the pedestrian upper leg 
and pelvis have impacted with the vehicle headlight clusters and the pedestrian elbow is hitting in the 
bonnet. 

At 180 ms, the sliding phase of the pedestrian onto the bonnet, in which the left arm also impacts the 
bonnet, finishes with a slight impact of the head in the top of the bonnet. Finally, at 500 ms the 
pedestrian lands on the ground. 

 

Figure 57 – Sequence of special time points in accident case IP003 

 

Figure 58 – Impact positions from the real case and the simulation IP003 

 

The simulation has been evaluated with the information available from the evidence of the accident. 
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The figure shows the comparison between the real case and the simulation. The red marked points 
are documented in the real case as impact points in the car, and the yellow marked ones have been 
obtained in the simulation.  

 

It can be seen that the upper leg-pelvis impact point location in the car is well matched and the length 
of the sliding marks on the car are a bit higher (86 mm in simulation vs. 82 mm in the real case). 
These differences may be due to the real deformation occurring around the impact point 1 together 
with the actual surface curvature of the bonnet which eases the body to be thrown off it. This effect 
may also influence the fact that the simulation leads to a head impact in the bonnet when in the real 
case, there is not even an AIS 1 injury reported in the head. Moreover, the final position of the 
pedestrian in the accident was recorded. In this case, the final position obtained in the simulation from 
the pedestrian (5.67 m) and the one recorded (6.4 m) is within 1 m, which supports the feasibility of 
this simulation. The injuries sustained by the pedestrian are supported by the kinematics and 
summarized in the next table along with the observations from the outputs from MADYMO. The output 
values are given in order to roughly indicate the severity of the impact. 

 

Injury Timing Kinematics 
Observations / Simulated pedestrian load 
values 

Fracture of right femur 
AIS 3 18 ms 

Impact on the 
headlight cluster 
and bumper. 

The maximum shear, 6382 N and torque, 152 
Nm are reached at 18 ms. Compared to the 
limits of 5500 N and 380 Nm (MADYMO 
2001), they may suggest a femur fracture. 

Open fracture of 
humerus AIS 3 

80-90 
ms 

Impact with the 
elbow on the 
bonnet 

The values of axial 1504 N, shear 404 N and 
torque 41 Nm compared to the limits 3600 N, 
1700 N and 85 Nm respectively (Yang 2002) 
suggest no fracture 

No head injury 180 ms 
Impact on the 
upper part of the 
bonnet 

The HIC value of this impact is 732 (MAIS2, 
40% Prasad-Mertz). 

Table 23 – Injury information on the simulation 

4.1.3 Pedestrian case IP006 

 

4.1.3.1 Real Accident information 
The pedestrian was running crossing a pedestrian crossing when the car hit him. The driver said that 
she did not see the pedestrian because the sun dazzled her and therefore, she could not avoid the 
collision. 
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Figure 59 – Case IP006 accident scenario 

 

The estimated impact speed of the car was 31 km/h. As the driver did not see the pedestrian, the car 
did not brake in the impact. 

The car shows the following evidence of the impact: 
o Impact point 1: In the windscreen. (WAD=209 cm, Lateral =Right 50 cm) 

 

 

Figure 60 – Impact locations in the car (Case IP006) 

 

The pedestrian was hit with the right outer third of the car, he impacted the windscreen and was 
thrown into the traffic lane by the right side of the bonnet. 

 

The pedestrian, a 21 years old male 1.69 m height and 75 kg, suffered the following injuries: 
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Figure 61 – Injuries of the pedestrian in case IP006 

 

4.1.3.2 Accident reconstruction model 
 
Pedestrian model 

The real pedestrian figures, a male 21 years old, 1.69 m and 75 kg, the MADYMO 50% pedestrian 
male model has been used in the reconstruction. 

 
Vehicle model 

The vehicle model consisted of five bodies: 

o Chassis. The chassis properties include vehicle mass, centre of gravity position and vehicle 
inertia properties (estimated based on McInnis 1997) 

o Tyres (4). The four tyres are included in the model in their real dimensions (155/70 R13) and 
inertia properties. The tyres are linked to the chassis with a translation/rotational joint to 
represent the suspension properties along with the rotation of the tyres. 

 

Figure 62 – MADYMO accident reconstruction model IP006 (pedestrian + vehicle) 
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This multibody frame supports an ellipsoid geometry of the front part of the car built on top of the 
scanned splines of the actual car measured by INSIA, following the methodology described in chapter 
3.2.2.1. The Figure 62 shows different views of the accident reconstruction model. 

 

EuroNCAP tests have been used to derive the stiffness of the different parts in the vehicle front. The 
Renault Clio 1996 was tested by EuroNCAP (EuroNCAP 2001) and 13 tests were available to build 
the model. 

o 2 lower legform tests. (R1, R3) 

o 2 upper legform tests. (R4, R5) 

o 6 child headform tests. (R7, R8, R9, R10, R11, R12) 

o 3 adult headform tests. (R13, R15, R17) 
 

Force-deflection curves have been derived from these tests following the procedure from APROSYS 
D312B (APROSYS 2006C). Considering the impact locations in the vehicle, a stiffness distribution 
according to the tests was modelled in the car. The force-deflection functions along with the stiffness 
distribution in the car are shown in Figure 63. 

 

  

 
 

Figure 63 – Stiffness implemented in the vehicle model IP006 derived from EuroNCAP 

 

4.1.3.3 Reconstruction results 
 

The best reconstruction results were obtained with the pedestrian in running position and at speed of 
1.5 m/s. The Figure 64 shows the kinematics of the accident reconstruction.  

It can be seen in this figure that the car impacts the pedestrian with the corner of the bumper. This 
kind of impact has needed an accurate geometry definition of the front corner of the vehicle, therefore 
INSIA has derived it following scanning of the real vehicle. 
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The impact of the corner of the bumper to the left leg of the pedestrian (time 10 ms to 60 ms) was 
considered to cause the leg injuries to the pedestrian. As this impact hardly affects the right leg, the 
pedestrian is rotated around the vertical axis to land with the occipital part of the head into the 
windscreen. (time 160 ms to 250 ms). This impact to the windscreen may cause the scalp haematoma 
of the head. 

 

Figure 64 – Sequence of special time points at accident case IP006 

 

Figure 65 shows the comparison between the real case and the simulation. The red marked points 
are documented in the real case as impact points in the car, and the yellow marked ones have been 
obtained in the simulation. It can be seen that the impact point in the windscreen is reached within 3 
cm. Moreover, the simulation highlights the impact of the left leg of the pedestrian in the bumper and 
headlight cluster corner of the vehicle although there was no deformation evidence in the actual 
accident scene. The throw distance was estimated to be around 7 m and the simulation results in 
6.1 m. 
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Figure 65 – Impact positions from the real case and the simulation IP006 

 

The injuries sustained by the pedestrian are matched to the kinematics and summarized in the next 
table along with the observations from the outputs from MADYMO. The output values are given in 
order to roughly indicate the severity of the impact. 

 

Injury Timing Kinematics 
Observations / Simulated pedestrian 
load values 

Open fracture of left tibia 
and fibula 7-10 ms 

The left leg, which goes in 
front, is impacted by the 
corner of the bumper of 
the car 

The maximum shear force in the lower 
leg is 5553 N, and 196 Nm of torque at 
7 ms. These values suggest that the 
tibia is fractured as they exceeds the 
dummy lower leg fracture limits of 4000 
N and 285 Nm (MADYMO 2001) 

Slight closed head injury 
and occipital haematoma 
in scalp 

150-160 
ms 

The head is impacting the 
windscreen with the 
occipital part first 

The head acceleration reach a 
maximum of 119 g at that point with a 
HIC value of 723 (MAIS 2, 40% Prasad-
Mertz) 

Table 24 – Injury information on the simulation IP006 

 

4.1.4 Pedestrian case GP001 

 

4.1.4.1 Real Accident information 
 

In Figure 66, the scenario of the GIDAS (German In-Depth Accident Study) accident GP001 is 
illustrated. The driver turns left at a T-junction and overlooks the pedestrian who crosses the road at a 
pedestrian crossing.  
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Figure 66 – GIDAS accident case GP001 

 

The accident vehicle is a VW Golf 3, registration year 1997.  
 

Its initial velocity at the first impact of the pedestrian is 20 km/h. The vehicle is decelerated at the first 
impact by 5.0 m/s². For simplicity reasons, and since there is no further specification, the deceleration 
is regarded as constant over time. The wrap around distance of the impact dents is unknown but the 
damages can be seen on Figure 67. 

 

 

Figure 67 – Damages at the vehicle at GIDAS accident case GP001 

 

The pedestrian was a 68 years old woman with the height 156 cm and the weight 60 kg. The lady was 
walking with an unknown velocity. The injuries are shown in Figure 68. 

 

Figure 68 – Injuries of the pedestrian at GIDAS accident case GP001 
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4.1.4.2 Accident reconstruction model 
 
Pedestrian model 

The real pedestrian figures, a female 68 years old, 1,56 m and 60 kg, and the MADYMO Scaler tool 
has been applied to get the pedestrian model with this anthropometry.  However, this results in a 
much longer upper leg than in reality. 

 
Vehicle model 

The vehicle model geometry is built following the methodology from sketches defined in chapter 
3.2.2.1. Although the deceleration of the vehicle during the accident is known, the compression travel 
at the front axle and the pitch angle have not been considered since that data has not been available, 
and therefore, the model does not consider these effects either. 

 

Figure 69 – MADYMO accident reconstruction model (pedestrian + vehicle) GP001 

 
At the time of the simulations the stiffness data for the vehicle body structures of a Golf III were not 
available from EuroNCAP. Therefore, the force-deformation curves of a similar vehicle (Audi A3) have 
been used instead. These curves were calculated by Chalmers University from EuroNCAP tests, as 
described in Deliverable 312B (APROSYS 2006C), and provided to Daimler Chrysler. 

 

For the stiffness of the ellipsoid at the head impact position on the bonnet, the average curve of the 
two impactor test points C2A and C2B have been taken, as depicted in Figure 70.  

 

For the other ellipsoids the corresponding curves of the closest test impactor points have been used. 
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Figure 70 – Determination of the stiffness data for the Golf III at the head impact position of the 
GIDAS accident case GP001 

4.1.4.3 Reconstruction results 
 

The best results have been obtained with the initial pedestrian velocity 3 km/h. Figure 71 shows 
simulation images at special time points. The first contact between pedestrian and vehicle is at 
t = 0 ms. At t = 180 ms the upper arm impacts on the front part of the bonnet whereas the head 
impacts on the bonnet at t = 492 ms. At t = 804 ms the left knee hits the ground and at t = 902 ms the 
head impacts on the ground. After t = 929 ms the right hand slides on the ground surface. 

 

According to the GIDAS database the impact on the ground (secondary impact) is the main cause of 
the observed injuries. This is confirmed by the simulations for the abrasion at the head and the left 
knee – see the red marked areas in Figure 71 at t = 804 ms and t = 902 ms – and also for the de-
gloving of the right hand – see the red ellipsoid in Figure 71 at t = 929 ms. However, the right upper 
arm does not impact on the ground such that the simulated accident scenario suggests to assume 
that the primary impact on the bonnet is the main cause for the fracture (see Figure 71, red ellipsoid 
at t = 180 ms). 

 

 

Figure 71 – Sequence of special time points at GIDAS accident case GP001 

 

Figure 72 shows the impact positions of the pedestrian on the vehicle structure. The points marked by 
the red crosses are documented in the GIDAS database, the yellow marked ones have been 
simulated. The positions at the front edge of the bonnet are almost identical which is not surprising 
because the pedestrian model has initially been positioned accordingly. However, the head impact 
positions differ by 30 cm mainly because of the shorter wrap around distance (WAD). One reason can 
be that stiffness data of the accident vehicle Golf III has not been available such that the one of a 
similar vehicle (Audi A3) has been used. Another possible reason is the use of a multibody model 
instead of a more accurate FE model for the vehicle body structure. Internal studies at DC with a 
generic MB model and a FE model of a large family car have revealed that the pedestrian model 
rotates stronger around the y-axis when being hit by a MB vehicle model – the y-axis is defined to be 
in lateral direction of the vehicle – such that the pedestrian head hits the bonnet of a MB vehicle 
earlier and at a shorter WAD than with a FE vehicle model.  However, as the vehicle speed was lower 
than the actual, and the deceleration too high, these together with the lack of brake dive may account 
for the lack of correlation. 
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Figure 72 – Impact positions of the pedestrian on the vehicle for GIDAS accident case GP001 

 

The injuries sustained by the pedestrian are matched to the kinematics and summarized in the next 
table. 

 

Injury Timing Kinematics 
Observations / Simulated pedestrian 
load values 

Head and knee abrasions 
AIS 1 804-902 ms 

The head and the left 
knee impact and slide 
on the ground 

Since the human load values, e.g. 
accelerations, forces and moments of 
human parts, HIC values, etc., 
calculated by MADYMO multibody full-
scale pedestrian impact simulations are 
not reliable – rough stiffness and 
geometry models, non-physical 
modelling of contact forces (see chapter 
3.2) – DaimlerChrysler does not depict 
them to avoid wrong conclusions. 

Degloving of the right 
hand AIS 3 929 ms The right hand slides on 

the ground surface See above 

Subcapital humerus 
fracture AIS 2 180 ms 

The right upper arm 
does not impact on the 
ground such that the 
simulated accident 
scenario suggests to 
assume that the primary 
impact on the bonnet is 
the main causation for 
the fracture  

See above 

Table 25: Injury information on the simulation GP001 
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4.1.5 Pedestrian case GP002 

 

4.1.5.1 Real Accident information 
 

In Figure 73 the GIDAS accident GP002 is shown. A child runs between parking vehicles and behind 
a vehicle of the oncoming traffic from left over the road where it is hit by the accident vehicle. In the 
left picture of Figure 73 it can be seen that the collision point is close to urban train tracks. 

 

 

Figure 73 – GIDAS accident case GP002 

 
The vehicle involved in GIDAS accident case GP002 is a VW Polo, registration year 1999.  The initial 
velocity at the first contact of the vehicle with the pedestrian is 30 km/h, the deceleration is 7.0 m/s². 
As in GIDAS accident GP001 the deceleration is assumed to be constant over time. The wrap around 
distance for the pedestrian head impact is 1.45 m. In Figure 74 the damaged accident vehicle is 
depicted. 

 
The pedestrian was a 9 years young girl who is 146 cm in height and 37 kg weight. In the GIDAS 
database the walking style is described as “walking quickly”. In Figure 75 it is shown where the girl 
has been injured. 

 

 

Figure 74 – Damage at the vehicle at GIDAS accident case GP002 
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Figure 75 – Injuries of the pedestrian at GIDAS accident case GP002 

 

4.1.5.2 Accident reconstruction model 
 
Pedestrian model 

Taking into account the real pedestrian figures, a female 9 years old, 1,46 m and 37 kg, the MADYMO 
Scaler tool has been applied to get the pedestrian model with this anthropometry.  However, this 
results in a much longer upper leg than in reality. 
 
Vehicle model 

The vehicle model geometry is built following the methodology from sketches defined in chapter 
3.2.2.1. Although the deceleration of the vehicle during the accident is known, the compression travel 
at the front axle and the pitch angle have not been considered since that data has not been available, 
and therefore, the model does not consider these effects either. 
 

The stiffness data for the vehicle body structures of the VW Polo were not available from EuroNCAP 
at the time of the simulations. Therefore, the force-deformation curves of a similar vehicle (Audi A3) 
have been used instead in the same way than in the case GP002. 

 

 

Figure 76 – MADYMO accident reconstruction model (pedestrian + vehicle) GP002 
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4.1.5.3 Reconstruction results 
 
The best results were obtained with the initial pedestrian velocity 14 km/h, which is a very high speed 
– in the real accident the speed of the girl has probably been lower - the head of the pedestrian still 
does not impact far enough in the right half of the bonnet. This may again be to do with the multi-
ellipsoid model and the inaccurate stiffness data of the vehicle - see chapter 3.2.2. If a lower speed is 
used then the error becomes larger. However, the upper leg has not been modelled correctly and 
brake dive is not represented in the vehicle model. 
 

In Figure 77 a sequence of simulation images is depicted. The pedestrian impacts on the bumper of 
the vehicle at the time t = 0 ms. At t = 97 ms the upper arm region impacts on the bonnet. The image 
at t = 385 ms illustrates how high the girl is pushed upwards when losing the contact with the vehicle. 
At t = 933 ms the left shoulder of the pedestrian hits the ground which could cause the contusion. 
Finally the head impacts the ground surface at t = 976 ms. Again, it is stated in the GIDAS database 
that the secondary impact, i.e. the impact on the ground, is the main causation for the severity of the 
injuries. The simulation results indicate that these injuries may be explained by the impact on the 
ground – see the red ellipsoids in Figure 77. 

 

 

Figure 77 – Sequence of special time points at GIDAS accident case GP002 

 

Figure 78 shows the impact positions of the pedestrian on the vehicle structure. The red marked 
points are documented in the GIDAS database and the yellow marked ones have been simulated. As 
in the other reconstructed GIDAS case the positions at the front edge of the bonnet are almost 
identical. However, the difference of the head impact positions is smaller in this case (13 cm) and 
almost only in lateral direction. A possible reason for the smaller difference is that a child is simulated 
in this case whereas it has been an adult in the first GIDAS accident case. As the adult pedestrian 
model the child model rotates around the y-axis, too, after having hit the front edge of a multibody 
vehicle bonnet model. As mentioned earlier, this leads to a shorter WAD than with a FE vehicle 
model. However, the child model is pushed upwards stronger than an adult pedestrian model such 
that the time flying is longer. Therefore, in total the WAD for the child model is presumably nearly the 
same with a MB vehicle model as with a FE vehicle model which potentially represents reality more 
accurately. 
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Figure 78 – Impact positions of the pedestrian on the vehicle for GIDAS accident case GP002 

 

The injuries sustained by the pedestrian are matched to the kinematics and summarized in the next 
table. 

 

Injury Timing Kinematics 
Observations / Simulated pedestrian 
load values 

Head laceration 
Craniocerebral 
injury trauma 
MAIS3 

976 ms 

The head impacts the ground 
surface once the pedestrian has 
been considerably pushed 
upwards. Brake dive was not 
simulated. 

Since the human load values, e.g. 
accelerations, forces and moments of 
human parts, HIC values, etc., 
calculated by MADYMO multibody full-
scale pedestrian impact simulations are 
not reliable – rough stiffness and 
geometry models, non-physical 
modelling of contact forces (see chapter 
3.2) – DaimlerChrysler does not depict 
them to avoid wrong conclusions. 

Shoulder 
contusion AIS 1 933 ms 

The left shoulder of the 
pedestrian hits the ground which 
could cause the contusion. 

See above 

Table 26 – Injury information on the simulation 

 

4.1.6 Chalmers accident case CP026 

 

4.1.6.1 Real Accident information 
 

In Figure 79, the scenario of the Chalmers accident CP026 is illustrated. A car-to-child pedestrian 
collision occurred on a secondary rural road in South Sweden. The driver was approaching a group of 
children playing on the right side of the road at speed about 70 km/h.  The driver lifted his foot from 
the accelerator as he noticed the potential risk. The boy began running across the road without 
noticing the car. The driver braked hard and manoeuvred the car to avoid an impact. The car, 
however, still hit the child by the right front corner at an estimated speed of about 45 km/h - child was 
then thrown to the right. 
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Figure 79 – Chalmers accident case CP026 

 

The accident vehicle is an Opel Rekord Combi, registration year 1985. The contact dents were visible 
on the leading edge of the hood and the hood top (Figure 80). The dent on the hood top was identified 
as the result of the head impact. The measured wrap around distance (WAD) was 1350 mm. 

 

  

Figure 80 – Damage on the vehicle at Chalmers accident case CP026 

 

The pedestrian was a 7 years old boy. The child sustained unconsciousness due to the head-brain 
injuries: fracture at left orbit (AIS 3), subdural haematoma at left frontal lobe (GCS 5, GOS 2, and AIS 
5). Except some slight outer skin injuries in the lower extremities, no other injuries were reported. 
After 7 weeks the child could stand up but not walk.  
 

 
Figure 81 – Pedestrian injuries in case CP026 
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4.1.6.2 Accident reconstruction model 
 
Pedestrian model 

A 7-year-old child pedestrian model is scaled down from the MADYMO 5% pedestrian model by 
Madymo/Scaler. The pedestrian model has a height of 123 cm and a weight of 25 kg. 

 
Vehicle model 

A MBS vehicle model was developed based on the drawings of the production car that had the same 
make, model and series as the accident car. A series of ellipsoids were used to represent vehicle front 
structures including: lower bumper, bumper, hood edge and hood top. Planes and ellipsoids were 
assigned to describe the rear part and the wheels Figure 82. The force deformation properties of the 
hood and hood edge were obtained from the headform impactor test. The bumper stiffness was 
defined according to EuroNCAP test results of a similar car. 

 

Figure 82 – MADYMO accident reconstruction model (pedestrian + vehicle) 

 

 

Figure 83 – Force deformation characteristics of the vehicle front 

 

4.1.6.3 Reconstruction results 
 

The accident kinematics are shown in the Figure 84.  
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Figure 84 – Accident kinematics 

 

The next figure shows the impact positions of the pedestrian on the vehicle structure. The red marked 
points are documented in the database and the yellow marked ones have been simulated.  It can be 
seen that the impact point of the bonnet is achieved within 0.03 m (WAD real 135 cm vs. WAD 
simulation 132 cm) and the corresponding from the hip is also within 0.03 m (WAD real 78 cm vs. 
WAD simulation 75 cm).  The throw distance was also available from the real accident and it was 14 
m and the simulation has reached to 13.4 m. 

 

 

Figure 85 – Impact positions of the pedestrian on the vehicle for accident case CP026 

 

The injuries sustained by the pedestrian are matched to the kinematics and summarized in the next 
table along with the observations from the outputs from MADYMO.  

 

The output values are given in order to roughly indicate the severity of the impact. 

 

Injury Timing Kinematics 
Observations / simulated pedestrian 
load values 

Unconsciousness due to the 
fracture at left orbit and subdural 
haematoma at left frontal lobe 
(AIS 5) 

80 ms Head impacting 
the bonnet 

HIC15 = 687 (MAIS 5, 0.5% Prasad-
Mertz) 

Max. Ang. Vel.= 56 rad/s 

Max. Ang. Acc.= 6869 rad/s2 

Table 27 – Injury information on the simulation 
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4.1.7 Chalmers accident case CP027 

 

4.1.7.1 Real Accident information 
 

In Figure 86, the Chalmers accident scenario CP027 is shown. A 9 year old child was hit by a Volvo 
car on a crosswalk of street in a residential area. The driver was approaching the crosswalk at speed 
about 40 km/h. A child was suddenly running through the crossing path to meet his parents standing 
on the opposite side of the street. The driver braked the car, but he could not avoid striking the child. 
The child was then thrown to the left. The brake distance after initial impact was about 7-7.5 m.  

 

 

Figure 86 – Chalmers accident case CP027 and damages to the car 

 

The vehicle involved in Chalmers accident case CP027 is a Volvo 850, registration year 1999. On the 
hood top, a very slight dent was found at 63 cm away from the front edge. The measured WAD was 
139 cm. In the figure a diagram of the damaged accident vehicle is depicted. 

 

The pedestrian is a 9 years young boy. The boy was running at an estimated speed of 2.5 m/s. The 
child pedestrian was injured on the head and was bruising on the leg. No bone fracture was found. 
The child sustained slight head injuries (AIS=3) and recovered in 2 weeks. 

 

 

Figure 87 – Pedestrian injuries in case CP027 
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4.1.7.2 Accident reconstruction model 
 
Pedestrian model 

A 9-year-old child pedestrian model is scaled down from the MADYMO 5% pedestrian model by 
MADYMO Scaler. The pedestrian model has a height of 130 cm and a weight of 31 kg. 

 
Vehicle model 

A MBS vehicle model was developed based on the drawings of the production car that had the same 
make, model and series as the accident car. A series of ellipsoids were used to represent vehicle front 
structures including: lower bumper, bumper, hood edge and hood top. Planes and ellipsoids were 
assigned to describe the rear part and the wheels. The force deformation properties of the vehicle 
front were defined according to EuroNCAP test results of a similar car (Volvo S70). 
 

 

Figure 88 – MADYMO accident reconstruction model (pedestrian + vehicle) 
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Figure 89 – Force deformation characteristics of the vehicle front (Volvo S70) 
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4.1.7.3 Reconstruction results 
 

The accident kinematics is shown in Figure 90. 

 

Figure 90 – Accident kinematics case CP027 

 

 

Figure 91 – Impact positions of the pedestrian on the vehicle for accident case CP027 

 

It can be observed that the head impact is reached within 0.01 m (139 cm real and 140 cm simulation) 
the throw distance was also available (8.5-9.5 m) while the simulation reaches to 8.6 m. 

 

The injuries sustained by the pedestrian are matched to the kinematics and summarized in the next 
table along with the observations from the outputs from MADMYO. The output values are given in 
order to roughly indicate the severity of the impact. 
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Injury Timing Kinematics 
Observations / simulated pedestrian 
load values 

Thalamus bleeding  

(AIS 3) 
100 ms The head impacts 

the bonnet 

HIC15 = 559 (MAIS 3, 12% (Prasad-
Mertz) 

Max. Ang. Vel.= 28 rad/s 

Max. Ang. Acc.= 7620 rad/s2 

Table 28 – Injury information on the simulation 

 

4.1.8 Case BP002 

 

4.1.8.1 Real Accident information 

 

Figure 92 – BP002 scene diagram 

 

A drunk 19-year-old male pedestrian crossed the road and stepped in front of car from the driver’s 
right. The vehicle was travelling at 30 miles/h on a wet road surface at night. The car did not brake 
before impact and took 42m to stop. The pedestrian moved across the bonnet from left to right. The 
right-hand wing mirror was found in the road, blood was found on the opposite carriageway alongside 
pedestrian. The man died at the scene. The estimated vehicle impact speed from throw distance was 
13.4 m/s with no braking prior to impact. Detailed injuries were recorded as well as the visible 
deformation of the vehicle. 

 
 

 

Figure 93 – BP002 vehicle deformation 
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Figure 94 – BP002 injuries 

4.1.8.2 Accident reconstruction model 
 
Pedestrian model 

The man was 1.75 m tall and weight 83 kg. This is 50th percentile male height but about 7 kg over 50th 
percentile male weight so MADYMO/Scaler was used. The leg proportions had to be adjusted as 
explained in the Methodology (section 3.2.3.). 
 

Vehicle model 

The vehicle was a 1998 3-door Renault Clio 1.6. The vehicle was modelled from 3 views of a 1998 
Clio diagram (as described in the Methodology section). EuroNCAP test results were used to define 
simplified stiffness characteristics of different areas of the vehicle, using the method explained in the 
APROSYS D312B [APROSYS 2006C]. Loading curves, hysteresis slopes and unloading curves 
where applicable were defined from the test data.  For areas where no test data for that vehicle model 
was available, data for the same area from another vehicle was used. For example, the stiffness 
characteristics for the Clio bonnet and bumper areas are shown below. 
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Figure 95 – Clio bonnet (left) and bumper (right) stiffness characteristics 
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4.1.8.3 Reconstruction results 
 

Due to the orientation of the pedestrian at impact (crossing from right to left in front of the vehicle) 
apparently conflicting with the deformation points on the vehicle (traversing from left to right), it was 
very difficult to reconstruct this impact. The left leg fractures agree with the left side impact from the 
scene diagram, but the right side skull fracture is then difficult to attribute to the primary head impact 
on the windscreen. It is therefore more than likely that the head injury was sustained from the 
secondary ground impact. This can be supported by the simulation which gave a significantly higher 
HIC output for the secondary head impact. Initial conditions including posture (Figure 96) were found 
that resulted in kinematics matching the witness statements and scene diagram and almost matching 
all of the vehicle contact points. The following list of initial conditions were varied before a set was 
found that resulted in a viable reconstruction: initial vehicle speed, pedestrian orientation relative to 
vehicle, pedestrian gait (left and right hip rotations, left and right knee bending, left and right ankle 
flexing – all rotations in the same plane as the walking direction), pedestrian upper body posture (left 
and right elbow flexing about 2 axes, left and right shoulder rotation about 2 axes, trunk bending, 
trunk twisting, head rotation in sagittal plane and about z-axis). A total of 16 different sets of initial 
conditions were tried before a solution was found. 

      
 (a) (b) 

Figure 96 – Initial conditions including posture 

 

Kinematics 

The primary head impact on the windscreen (Figure 97) caused a radial fracture pattern centred 
where the lines cross in Figure 97(b). The simulation resulted in the head impacting within 5 cm of this 
point. 

 

 

 
 (a) (b) (c) 

Figure 97 – The primary head impact on the windscreen 
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Clues to the post primary impact kinematics include the dents which show the pedestrian moving 
across the bonnet from left to right (nearside to offside), removal of the right wing mirror and the body 
ending up on the opposite carriageway (all despite the pedestrian crossing in front of the vehicle from 
right to left).  The simulation recreated these approximate kinematics (Figure 98) and also suggested 
a significant secondary head impact (Table 29). 

 

 
 (a) (b) 

Figure 98 – secondary head impact 

 

 

Real world injury Timing 
(ms) 

Kinematics  Observations 

Fracture of upper left tibia 
(AIS 2) 

0 – 10 

Left lower leg impacting 
bumper 

Left lower leg: max res. linear 
accel. at 6 ms; max. res. 
constraint force at 8 ms in 
both places (5.64 kN and 
4.84 kN respectively).  

Fractured left ischial pubic 
ramsis (AIS 2) 37 - 53 

Left side of pelvis 
impacting bonnet leading 
edge 

 

Abrasions to left side  Left side impacting bonnet 
and windscreen 

 

Lacerations to left cheek 106 Left side of face impacting 
windscreen 

 

Lacerations, abrasions and 
bruising to right side of face 1116 Ground impact with right 

side of face 
 

Severe head injuries: DAI, 
right parietal skull fracture, 
sub-arachnoid 
haemorrhage. 

106 / 
1116 

High velocity head impact 
with ground. (Could also be 
partly due to head impact 
with windscreen) 

HIC = 688 at 106 ms (MAIS 2, 
37% Prasad-Mertz)  

HIC = 11213 at 1116 ms (off 
scale HIC 3250 75% fatal) 

Table 29 – BP002: real-world injuries vs. MADYMO results 
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4.1.9 Case BP022 

 

4.1.9.1 Real Accident information 
 

A 75-year-old woman was in the middle of the road (having crossed over one lane) and then carried 
on into the path of the Renault Clio. The vehicle braked hard on dry ground, skidded and then struck 
the pedestrian. She was struck on her left side by the centre-line of the vehicle front, then wrapped 
onto the bonnet, then moved up towards the windscreen, hitting her head on the scuttle area. Finally 
she rolled onto the road landing head first on the ground. After the accident, she was unconscious for 
1 minute and then became agitated and confused and tried to get off the trolley while being 
transferred into the ambulance. She suffered severe head injuries and eventually died 100 days after 
the accident. There was no windscreen fracture but there was significant deformation to a large area 
of the bonnet as shown on the photo. According to skid marks calculation, the vehicle was travelling 
at 27 miles/h (12.1 m/s) in a 30 miles/h zone before braking.  

 

Figure 99 

 

  

Figure 100 
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4.1.9.2 Accident reconstruction model 
 
Pedestrian model 

The woman was 1.65m tall and weight 70.2 kg. MADYMO/Scaler was used to scale the model from 
the 50th percentile male model. The leg proportions were adjusted. 
 

Vehicle model 

Renault Clio model as used in BP002 was used. 
 

 

 

 

4.1.9.3 Reconstruction results 
 

 
(a)  

   
 (b)    (c)     (d) 

 
 (e)   (f)    (g) 

Figure 101 
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Figures (a) and (b) show the initial pre-impact posture at t=0 in two views. The ‘stoop’ – common in 
elderly women – was necessary to obtain a primary head impact short of the windscreen. The actual 
initial impact speed in the simulation was 8 m/s and the deceleration 7m/s2 in order to achieve the 
correct kinematics. Figures (d) and (e) show the primary head impact in two views, matching with the 
location of the broken washer nozzle (see Figure 101). According to witness statements, the 
pedestrian then rolled off the car, landing head-first on the ground, as shown in the reconstruction, 
figure (g). This secondary head impact gave a much higher HIC value suggesting that the serious 
head injuries may have been caused by the secondary head impact. 

 

Real world injury Timing 
(ms) 

Kinematics  Observations 

No leg fractures 0 - 60 Relatively low speed initial 
impact  

 

Severe head injuries 
including DAI, brain 
contusion and SDH (MAIS 5) 

158 / 
898 

Head impact on scuttle area 
and also head-first 
secondary ground impact 

HIC = 1261 at 159 – 163 ms 

(MAIS 2, 25% Prasad-Mertz) 

HIC = 2576 at 899 – 901 ms 

(58% fatal Prasad-Mertz) 

Occipital scalp laceration 
(AIS 1) 898 Occipital area of head 

impacting ground  
 

Leg abrasions and bruising 
and arm lacerations  

980 - 
1050 

Secondary ground impact  

Table 30 – BP022: real-world injuries vs. MADYMO results 

 

4.1.10 Case BP023 

4.1.10.1 Real Accident information 
In a 30 miles/h (49 km/h) limit residential area in light and dry conditions, a 10-year-old girl ran up to 
kerb and waited to cross road, standing clearly visible between two trees on the pavement. There 
were no parked vehicles hiding her from oncoming vehicles. She stepped off the kerb and was 
immediately struck by speeding car which didn't brake before impact. The car stopped further up the 
road after the accident. The girl was struck by the left corner of the car on her right side, thrown about 
15 ft (5.71 m) into air, appeared to cartwheel over vehicle and then landed back against base of tree 
where she had just stepped from. GCS at the scene was 3- 4. The child died 9 days later due to 
intractable cerebral oedema. There was no post-mortem – injury data came from the hospital (Figure 
102) - brain injury data was obtained from CT scans. The vehicle only sustained a dislodged left 
headlamp and cracked left wing (Figure 103). 
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Figure 102 Figure 103 

4.1.10.2 Accident reconstruction model 
 

The height and weight were unknown so the model was scaled to a 10-year-old girl using 
MADYMO/Scaler and the leg proportions were adjusted. 
 

Vehicle model 

Renault Clio model as used in BP002 was used. 

 

4.1.10.3 Reconstruction results 
 

 
(a) 
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(b)    (c)     (d) 

  
(e)    (f)  

Figure 104 

 

Figures (a) and (b) show the initial pre-impact posture at t=0 in two views. Figure (c) clearly shows the 
impact between the right upper leg and the left wing, resulting in a fracture to the right femur of the 
child (see Figure 102) and the cracked left wing and displaced headlamp of the Clio (see Figure 103). 
Figure (d) then shows the moment of head impact on the lower part of the left A-Pillar. This high 
speed impact with such a stiff component corresponds with the serious head injuries reported. Figure 
(d) also shows the entrapment of the right upper arm between the torso and left wing of the car – 
corresponding with the right humerus fracture found in the medical report. The subsequent ‘cart-
wheel’ kinematics as described by the witnesses are shown in figures (e) and (d). According to the 
witness statements, the child was thrown straight up into the air cart-wheeling, but then landed back 
in the same spot – i.e. without any travel in the direction of impact. In the simulation, the pedestrian 
throw was found to be about 20m. One explanation could be that the child’s throw was restricted by 
the trees either side of her as no set of initial conditions were found including the impact speed 
estimated by the skids marks calculation that resulted in the correct primary impact kinematics with no 
longitudinal pedestrian throw. 

 

Real world injury Timing 
(ms) 

Kinematics  Observations 

Right femur fracture (AIS 2) 

0 - 20 

Initial impact between right 
upper leg and left wing / 
headlamp – visible break. 

Max res. linear acc. of upper 
right leg at 0 ms, max. res. 
constraint force at 9 ms 
(2.56 kN) 

Right humerus fracture (AIS 2) 
40 

Right upper arm crushed 
between left bonnet/wing 
edge and body. 

 

Severe head injuries including 
right parietal skull fracture, 
right frontal soft tissue cerebral 
haematoma and right frontal 
brain contusion (MAIS 4) 

45 

Right side of head 
impacting A-Pillar near 
scuttle 

HIC = 23377 at 46 – 49 ms 
(MAIS 3250 75% fatal 
Prasad-Mertz) 

Table 31 – BP023: real-world injuries  vs. MADYMO results 
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4.2 MADYMO cyclist accident reconstructions 

 

A total of eight car-cyclist accidents are recorded in the in-depth APROSYS database (two from 
BASC, two from GIDAS and four from OTS. Bicycle models and scaled cyclist models have been 
completed for both the BASC cases but only one case has been reconstructed within the time limits of 
the project. 

 

Cyclist 
Case 
number 

Database 
reference 

Vehicle Age Gender Injury locations Reconstructed by 

1 BC001 Fiesta 15 F Face, posterior ribs, 
both femurs, left tibia BASC 

Table 32 – Reconstruction matrix for cyclist accidents 

 
A description of the case and reconstruction is given below. For more details on the case, please refer 
to the APROSYS in-depth database 2005. 

 

4.2.1 Case BC001 

 

4.2.1.1 Real Accident information 
A 15 year-old girl was riding a mountain bike (or ATB – All Terrain Bike) wearing dark clothes but 
carrying a fluorescent yellow newspaper bag across her left shoulder (not visible from the direction of 
the driver) and was not wearing a helmet. She was riding across dual-carriageway from the driver's 
off-side (right) in the dark on a damp road surface. A Ford Fiesta approaching from the cyclist’s left 
was travelling at a speed of 53 km/h (14.7 m/s – estimated from skid marks). The driver braked hard 
and struck left side of bicycle (centre of bicycle slightly to the left of the vehicle centreline). The cyclist 
came off the bicycle onto the bonnet, travelled up the near-side of the bonnet and struck the near-side 
edge of windscreen near the left A-pillar then came off the vehicle. She then hit the side of bus-shelter 
before landing on the pavement beside the bus-shelter. The bicycle was dragged along the road in 
front of the car, ending up 5m in front of the car's final resting position. 

 

 

Figure 105 – BC001 scene diagram 
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Figure 106 – BC001 vehicle contact diagram 

 
The girl sustained serious multiple injuries (recorded in the post-mortem) and died at the scene. 
Although no head or brain injuries have been recorded other than the outwardly visible scalp 
laceration, bruised eye sockets and fractured left mandible, it is likely that serious brain injuries were 
sustained but not investigated at post-mortem and therefore not recorded. 
 

 

Figure 107 – Cyclist injury diagram 

 

4.2.1.2 Accident reconstruction model 
 
Cyclist model 

For the cyclist accident reconstruction, TNO’s pedestrian model could not be used due to excessive 
joint constraints at the knees (a cyclist’s knees need to bend up to about 2.2 radians whist cycling). A 
modified scalable human model with more biofidelic knee joints was provided specifically for this 
project. In this case, the cyclist’s gender, age, height and weight were known so the model was 
scaled accordingly.  
 

Vehicle model 

The vehicle involved was a 2001 Ford Fiesta. A MBS vehicle model was developed based on the 
drawings of a 2002 Ford Fiesta. As the impact involved the corner of the vehicle, this was modelled as 
accurately as possible using the facet model created from the three 2D views as a guide. Wheels 
were also modelled as the bicycle was apparently dragged in front of the car before coming to rest. 
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There was no EuroNCAP test data available for this vehicle so results for a similar ‘Supermini’ - the 
Renault Clio – were used instead.  
 

Bicycle model 

 
An MBS bicycle model (Figure 108) was developed based on a photograph of the make and model 
scaled to a known wheel size. See Methodology section in this report for details.  

 

            

 

 
 

 

 

 

 

 
 

 

 

 

Figure 108 – Bicycle model 

 

4.2.1.3 Accident reconstruction results 
 

The inclusion of a bicycle to the accident scenario adds yet more complexity to the task of 
reconstructing the kinematics. The following initial conditions were varied before a set of initial 
conditions was found that resulted in a viable reconstruction: Initial vehicle speed and vehicle braking, 
initial bicycle speed and bicycle braking, bicycle crank rotation (and therefore also hip, knee and ankle 
rotations of both legs), steering direction, head rotation, trunk bending and twisting. A total of 25 
different combinations of initial conditions were tried before a solution was found. 

 
 

 
Kinematics 

 
(a)   (b)    (c) 

Figure 109 
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The car first made contact with the cyclist’s left lower leg – corresponding with the two left tibia 
fractures recorded in the post-mortem – followed immediately by contact between the left upper leg 
and BLE – corresponding with the left femur fracture – Figure 110 (a) and (b). The vehicle inspection 
found a cracked headlamp and figure (b) shows the front bicycle frame impacting the left head-lamp 
and also the left leg contact with the bumper and BLE. Initially the bicycle was pushed along the road 
leaving marks, before being thrown up into the air. 

 

 
  (a)      (b) 

Figure 110 

 

Impact of the cyclist’s head on the bonnet: 

The cyclist’s head impacted the bottom left corner of the windscreen (in agreement with the accident 
data), as shown by the screenshots below.  

 

               
  (a)      (b)  

Figure 111 

The accident case reported that after impact with the vehicle, the cyclist was thrown up and into the 
bus-shelter before landing on the ground and that the bicycle was thrown into the air, flying about 
0.5m in front of the car and ending up on the ground about 5m in front of the car. An initial bicycle 
speed and orientation was found that resulted in cyclist and bicycle separating in this way as shown in 
Figures 112 and 113 
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   (a)     (b) 

Figure 112 

The cyclist was reported to have struck the bus-shelter before landing on the pavement and initial 
conditions were found which resulted in these post-primary impact kinematics. Moreover, the posterior 
rib fractures which could not be attributed to the primary impact, could be attributed to this impact – 
Figure 113 shows the cyclist’s back striking the corner of the bus shelter. 

 

  
(a)    (b)    (c) 

Figure 113 

 

As reported in the accident case, the cyclist in the simulation ended up on the pavement beside the 
bus-shelter and the bicycle ended up in front of the vehicle - but further than the 5m in front of the car 
reported in the accident case and ending up on the opposite side of the carriageway. 
 

Real world injury Timing 
(ms) 

Kinematics  Observations 

1 open and 1 closed fracture to 
left tibia (AIS 3 and 2 
respectively), 3 cm skin 
puncture to left lower leg.  

5 

Left lower leg 
impacted by bumper – 
constrained by bicycle 
frame & pedal. 

Max. resultant load cell forces 
and torques on left lower leg 
joints at bumper impact time 
(5550 N, 176 Nm, 172N m)  

Left femur fracture (AIS 3) 
15 

Left upper leg contact 
with BLE  

Max. resultant load cell force of 
5759N on left upper leg at time of 
BLE contact 

Left mandible fracture, bruised 
eyes, forehead laceration, sub-
arachnoid haemorrhage and 
raised intracranial pressure 

87 

Contact with 
windscreen on left 
side of face / head 

HIC 957 and max angular accel. 
14168 rad/s/s at primary head 
impact on windscreen 
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Posterior rib fractures: 6-8 on 
left, 8-10 on right (AIS 3) 

510 

Cyclist’s back 
impacting the top-right 
corner pavement side 
of bus-shelter 

Max. resultant accelerations of 
sternum, upper torso and lower 
torso of 996,  855 and 891m/s/s 
respectively – all from bus-shelter 
impact 

Right femur fracture (AIS 3) 
620 

Impact with side of 
bus-shelter 

Max. resultant load cell force of  
2034N on right upper leg from 
bus-shelter contact  

Table 33 – BC001: real-world injuries  vs. MADYMO results 

 

4.3 Summary of MADYMO reconstruction outputs 

 

As already mentioned, MADYMO kinematics outputs are used as inputs for more detailed finite 
element models of the head. For these models, MADYMO reconstructions have determined: 

o Car impacted structure and head centre of gravity linear and angular velocity at the moment 
of impact. 

o Position and lineal velocities of three points at the car impacted structure and in the head in 
the moment of impact. 

o Stiffness curves used in the impact. 

 

Figure 114 – Example of head with extra bodies for head position and orientation data 

 

Table 34 contains the results for the translational and angular velocity components of the centre of 
gravity of the pedestrian head along with the speed of the car in the moment of head impact. 
 

X-component 
of car impact 
velocity (ms) 

Component of head 
impact velocity (m/s) 

Components of head 
angular velocity (rad/s) Case 

Head Impact 
time (ms) 

Car structure 
impacted 

Vx Vx Vy Vz Vres Ωx Ωy Ωz Ωres 

IP002 185 Windscreen -6.28 -6.19 2.35 -5.15 8.39 -24.4 6.037 14.52 29.04 

IP003 175 Bonnet  -7.47 -4.18 2.24 -4.54 6.57 2.49 9.89 -8.34 13.2 

IP006 144 Windscreen -8.27 -1.47 -0.57 -5.9 6.15 4.38 22.1 -2.37 22.6 

GP001 186 Bonnet -4.49 -3.27 0.26 -2.24 3.97 -4.04 15.16 -2.56 15.9 

GP002 137 Bonnet -7.17 -5.26 1.67 -3.37 6.47 2.96 25.85 -5.84 26.67 

CP026 81 Bonnet -10.68 -6.20 1.84 -7.39 9.82 -8.51 30.2 6.14 31.98 
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CP027 92 Bonnet -9.13 -4.54 0.58 -6.96 8.33 -3.93 27.2 14.58 31.11 

BP002 106 Windscreen -12.6 -4.73 0.59 -8.39 9.65 -12.0 35.49 -9.21 38.59 

BP022 157 Lower scuttle -6.32 -5.04 1.03 -5.95 7.96 3.93 18.92 7.19 20.62 

BP023 55 A pillar -21.00 -8.70 -4.44 -16.0 18.73 19.71 63.44 -12.5 67.59 

BC001 87.1 Windscreen -11.86 -3.10 2.54 -8.75 9.62 -4.73 39.47 21.35 45.12 

Table 34 – Head linear and angular velocity in the time of impact with the car 

 

The coordinate system for all these data has its origin on the centre line of the vehicle at the vertical 
projection of the bumper front on the ground plane. The coordinate system is an inertial coordinate 
system, i.e. it is fixed in space. 

 

o The x-axis is the vertical projection of the vehicle centre line on the ground, x is positive 
backwards.  

o The y-axis is in the ground plane perpendicular to the centre line of the vehicle. Y is positive 
to the right.  

o The z-axis is in vertical direction, z is positive upwards.  

 

Position of nose at head 
impact time (m) 

Position of head top at head 
impact time (m) 

Position of head CG at head 
impact time (m) Case 

Head 
impact 
time (ms) 

X Y Z X Y Z X Y Z 

IP002 185 -0.119 0.344 1.001 -0.117 0.272 0.944 -0.018 0.364 0.979 

IP003 175 -0.265 0.581 0.988 -0.253 0.585 1.068 -0.184 0.532 0.979 

IP006 144 -0.051 0.449 1.27 -0.095 0.377 1.30 0.0369 0.421 1.32 

GP001 186 -0.26 0.47 1.01 -0.16 0.36 1.00 -0.26 0.37 1.03 

GP002 137 -0.19 0.38 0.94 -0.10 0.28 0.96 -0.19 0.28 0.98 

CP026 81 -0.21 0.32 0.88 -0.11 0.44 0.83 -0.22 0.41 0.0.84 

CP027 92 -0.29 0.47 1.00 -0.17 0.42 0.91 -0.24 0.45 0.93 

BP002 106 -0.092 -0.019 -0.351 0.047 0.013 -0.448 -0.014 0.003 -0.397 

BP022 157 -0.100 -0.272 -0.359 0.044 -0.143 -0.484 -0.034 -0.203 -0.431 

BP023 55 -0.082 0.017 -0.215 0.069 -0.063 -0.300 -0.003 -0.025 -0.261 

BC001 87.1 -0.023 -0.319 -0.2003 0.1237 -0.2013 -0.2552 0.0576 -0.2528 -0.2381 

Table 35 – Head impact with the car: positions of additional pedestrian head points 

 
Note: Each partner was only responsible for the reporting and discussion of the results of the 
cases it has reconstructed. 
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4.4 FE studies on pedestrians 

 

4.4.1 Lower limb injuries 

 
The tests proposed in this work have been running using RADIOSS ENGINE VERSION 4.4 Release 
Q MARCH 2005, LINUX X86-64 SPMD, NUMBER OF PROCESSORS 4. 
 
Each run took 15 hours to complete. 

 

27 tests GCM1 GCM3 GCM4 

5th pedestrian 
20 kmh-1 

30 kmh-1 

40 kmh-1 

20 kmh-1 

30 kmh-1 

40 kmh-1 

20 kmh-1 

30 kmh-1 

40 kmh-1 

50th pedestrian 
20 kmh-1 

30 kmh-1 

40 kmh-1 

20 kmh-1 

30 kmh-1 

40 kmh-1 

20 kmh-1 

30 kmh-1 

40 kmh-1 

95th pedestrian 
20 kmh-1 

30 kmh-1 

40 kmh-1 

20 kmh-1 

30 kmh-1 

40 kmh-1 

20 kmh-1 

30 kmh-1 

40 kmh-1 

Table 36 – Simulation runs for lower leg impact 

Below is detailed the analysis performed for the impact between GCM1 and the 50th percentile 
pedestrian at 30 km/h. The same analysis have been performed for the 26 other runs and conclusions 
have been deduced from these analysis. 

 

4.4.1.1 Example of results detailed for one case 
 

� Relative position of vehicle and pedestrian 

 

 

 

 

 
The impact is centred on the tibial part of 
the knee. 

 

 

The pedestrian is located on the median 
plane of the vehicle. 
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Figure 115 – Relative positions of vehicle and pedestrian 

 

� Kinematics of the impact 

 

 

Figure 116 – Kinematics of the impact 

 

The kinematic behaviour of the knee shows the correct contact time, the impact occurs at 3 ms. 

 

   

   

 

  

Bone failure locations 
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Figure 117 – Knee rotation, torsion, and lateral shearing 

 

Above curves illustrate: 
� in red: the knee frontal rotation 

� in green, the knee lateral rotation 

� in pink, the knee torsion 

� in blue, the knee lateral shearing 

 

The dominant effect is the knee lateral shearing. It appears after 6 ms and is stable at 25 mm after 13 
ms. Knee lateral bending is also high and is delayed in comparison with the knee lateral shearing. 
This point has to be linked to the asymmetrical geometry of the femoral condyle and the tibial glena. 
From a medical point of view, this torsion effect is described as a natural safety countermeasure of 
the human body during trauma situations in order to avoid (or limit) damage to ligaments [ARNOUX 
2005]. 

 
The knee torsion is limited before 15 ms and is also delayed in comparison to the knee lateral 
shearing. After 15 ms, torsion effect is important. 

 

� Ligaments analysis 
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Figure 118 – Ligament analysis 

 

Total and maximum strain curves have been plotted for the collateral and cruciate ligaments. 
TOT_LCA_GCM15030 corresponds to the total strain (TOT) on the anterior cruciate ligament (LCA) 
for the run on GCM1 vs. 50th pedestrian at 30 km/h (GCM15030) and MAX_ LCA_GCM15030 
corresponds to the maximum strain (MAX) on anterior cruciate ligament (LCA) for the run on GCM1 
vs. 50th pedestrian at 30 km/h (GCM15030).  LLI refers to the lateral ligament. 

 

The first ligament to fail is the posterior cruciate ligament (LCP). It reaches an elongation of 24% at 
9.1 ms corresponding to a shear of 12.5 mm. This value is relevant in comparison with precedent 
study [ARNOUX 2005]. The value proposed in pure shearing was 15 mm, coupled with torsion effect ; 
12.5 mm seems to be correct. 

 

Ligament Ultimate 
strain 

Time 
(ms) 

Lateral 
(°) 

Shear 
(mm) 

Torsion 
(°) 

Frontal 
(°) Gap (%) 

LCA-Total 24% no no no no Stable 
LCA-Max 24% 9,7 5 15,2 7,15 Stable 

11,5 

LCP-Total 24% 11,6 9,8 22,1 5,2 Stable 
LCP-Max 24% 9,1 3,7 12,5 7,4 Stable 

14 

LLI-Total 28% 13 13,4 23,8 6,1 Stable 
LLI-Max 28% 11 8,2 20,5 5,6 Stable 

7,5 

Table 37 – Ligament parameters 

 

The gap value is the difference between the maximum and the total strain values (in %) when the 
maximum value reaches the ultimate strain. For example, at 9.1 ms, the LCP maximum strain 
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reached the ultimate strain 24%. At 9.1 ms, the LCP total strain is 10 %. Thus the gap between the 
maximum and the total strain is 14% for the LCP ligament. 

 

Note that a stable knee frontal rotation is a necessary condition for the knee kinematics’ to be 
relevant. 
 

 

� Bones stress level 

 

       

     Failure on tibia 
and femur 

Failure of the 
fibula 

Figure 119 – Bone stress levels and failure 

 

The failure on bones occurs after the possible ligament failure. 

 

4.4.1.2 Result: first risk of failure / impact locations / kinematics 
 

In this table the first severe injuries occurred for each case are summarized.  

The objective is to be able to determine the probable injury mechanisms for the lower limb. 

 
 

INJURY MECHANISMS GCM1 GCM3 GCM4 
First failure risk LLI & LCA LCP Later Femur 

Impact point 
Knee femoral distal 

epiphysis 
Mid-femur Mid-femur 

20 km/h 

Kinematics 

Bending (16 to 20°) 

+ shearing (7 to 8 
mm) 

Bending (13.4°) 

+ shearing (10.5 mm) 
Shearing 7-8 mm 

First failure risk LLI & LCA Femur Femur 

Impact point 
Knee femoral distal 

epiphysis 
Mid-femur Mid-femur 30 km/h 

Kinematics Bending (10 to 21°) / Shearing 10 mm 

First failure risk LLI Femur Femur & LLI & LCA 

Impact point 
Knee femoral distal 

epiphysis 
Mid-femur Mid-femur 

5TH 

40 km/h 

Kinematics Bending (7.7 to 18.8°) / Shearing  (1 2 mm) 
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First failure risk LCP LCP Later LLI 

Impact point 
Knee tibial proximal 

epiphysis 
Knee femoral distal 

epiphysis 
Knee femoral distal 

epiphysis 20 km/h 

Kinematics Shearing (11.6 mm) Bending (10°) Bending (16 to 21°) 

First failure risk LCP & LCA LLI LLI & LCP 

Impact point 
Knee tibial proximal 

epiphysis 
Knee femoral distal 

epiphysis 
Knee femoral distal 

epiphysis 30 km/h 

Kinematics Shearing (12.5 mm) Bending (12 to 15°) Bending  (9 to 14°) 

First failure risk LCP & LCA Fibula Fibula & LLI 

Impact point 
Knee tibial proximal 

epiphysis 
Knee femoral distal 

epiphysis 
Knee femoral distal 

epiphysis 

50TH 

40 km/h 

Kinematics Shearing (14.6 mm) 
Bending (10.7 to 13.4°)  

+ shearing (10 mm) 

Bending (5 to 7°)  

+ shearing (6 mm) 

First failure risk LCA & LCP LLI Later LLI & LCP 

Impact point 
Knee tibialproximal 

metaphysis 
Knee tibial  proximal 

epiphysis 
Knee femoral 

epicondyle 20 km/h 

Kinematics Shearing (14.5 mm) Bending  (16°) 
Bending (13.8°) 

 + shearing (11.8 mm) 

First failure risk Tibia/Fibula Fibula LLI & LCP 

Impact point 
Knee tibialproximal 

metaphysis 
Knee tibial  proximal 

epiphysis 
Knee femoral 

epicondyle 30 km/h 

Kinematics Shearing  (13 mm) Bending (11°) 
Bending (8 to 12°)  

+ shearing (4 to 6 mm) 

First failure risk Tibia/Fibula Fibula LLI & LCP 

Impact point 
Knee tibialproximal 

metaphysis 
Knee tibial  proximal 

epiphysis 
Knee femoral 

epicondyle 

95TH 

40 km/h 

Kinematics Shearing (12 mm) / 
Bending (5 to 7°)  

+ shearing (8 mm) 

Conclusions 
High ligament risk 
Bone risk with size 

Low ligament risk 
High bone risk 

High bone risk with low 
size 

High ligament risk with 
high size 

Table 38 – Lower leg impact results 

 

4.4.1.3 Detailed analysis of the results 
 

GCM1 Analysis : 

 
Regarding methodology of analysis 

The kinematics identified for these tests refers to the lateral bending or lateral shearing usually 
described in literature. It should be noted that the combination of these two modes has not been 
observed. One mode is always dominant. Additionally, torsion effects already described as 
countermeasure effects for the knee joint, were recorded with different levels according the phases of 
the impacts. In all situations covered by GCM1 tests configurations, pathological kinematics of the 
knee joint was recorded. 

The von Mises distribution on long bones were recorded and exhibit three point flexion modes for 
femur, tibia and fibula. These flexion modes lead to failure located on the proximal tibial metaphysis 
and distal femoral metaphysis. 

The strain level recorded on ligaments exhibit differences in elongation process between cruciate and 
lateral ligament. Lateral ligaments exhibit homogeneous strain along the structure whereas for 
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cruciates ligaments, strong differences between ligaments insertions and the whole structure has 
been recorded; this point is discussed later. The previous correlations between strain level and knee 
joint kinematics (through lateral shearing and lateral flexion) leading to the definition of failure criteria 
were checked in this work. 

 
Impacts conditions 

The impacts conditions exhibit in GCM1 car pedestrian simulations a strong influence on results 
especially regarding knee joint kinematics. If the impact occurs on the tibial component (proximal 
epiphysis & proximal metaphysis for 50th and 95th percentile respectively), the knee joint kinematics 
shows strong shearing effects during the first phase of the impact with negligible lateral bending. 
When impact is obtained on the femoral component (femoral distal epiphysis for the 05th percentile 
model), lateral bending is dominant but in some cases coupled with stretching effects of the leg in its 
main axes (z). In all situations, torsion effects are observed on the knee joint with low levels at the 
very beginning of the impact and then they increase significantly in the second phase of the impact. 
The kinematics is amplified by the contribution of both cruciate ligaments in tension when the knee 
joint is in stretching along the leg axes. 

 
Human body size effects 

Regarding knee joint kinematics, human body size influences the conditions of impacts (as described 
in impact conditions section). Then in the case of the 50 and 95th percentile, with increase of size, 
effects of lateral flexion and torsion seem to be attenuated. This point could be an indication of a 
lower risk for the knee joint with low points of impacts. On the opposite, for small size, the risk for the 
knee joint seems to be linked to different mechanisms which seem to act as a combination of lateral 
flexion and stretching effects on the leg axes. 

 
Impact velocity influence 

For each size model, three impact velocities were tested. The velocities used in this study, seem to 
have no influence on the global mechanisms in term of kinematics. Connecting this observation with 
ligament strain level, the study confirms the point that impact velocity has a low influence in the failure 
criteria for knee ligaments. However, if the focus is on bone structures, the impact velocity is a 
significant factor in increasing the bone stress level up to failure situations. For 20 km/h the fracture 
risk seems to be low (no fracture occurred in bones and von Mises stress level are acceptable), with 
30 km/h the risk of fracture is higher regarding distal metaphysis for femur and proximal metaphysis 
for tibia and fibula component. 

 



 
 
European funded project    Impact conditions for pedestrian and cyclists  
TIP3-CT-2004-506503        AP-SP32-009R 
 

AP-SP32-009R  125/177 

 

GCM3 Analysis : 

 
Regarding methodology of analysis 

The kinematics identified for the CGM3-05th percentile car seem to exhibit the same phenomenon as 
for previous tests which are a dominant lateral flexion combined with lateral shearing, torsions effects 
and also (but not monitored in this work) stretching effects. For the GCM3-50 & 95th percentile car 
tests, the kinematics seems to be based on lateral flexion coupled with shearing and stretching effects 
(illustrated by torsion). 

 
The von Mises stress distribution on long bones was recorded and exhibit three point flexion modes 
for femur for 50th & 95th percentile model. These flexion modes lead to failure located in distal 
femoral metaphysis. Regarding the 5th percentile, due to the contact area with the car, failure was 
observed on the proximal and distal femur metaphysis. Lastly, due to front car shape, distal fibula 
failure is observed in a second phase of the impact. The strain level recorded on ligaments exhibit 
here again differences in elongation process between cruciate and lateral ligament. Lateral ligaments 
exhibit homogenous strain along the structure whereas for cruciate ligaments, it has been recorded 
strong differences between ligaments insertions and the whole structure. With bone failure, which was 
the primary failure mode observed, strain level analysis can be modified. Consequently the typical 
injury criteria were not satisfied in these tests. They occurred later in the tests (closely to 20 ms) and 
as a combination between lateral flexion, shearing and stretching of the knee joint. 

 
Impacts conditions 

Due to the car shape, the question of impact location seems to be not as important as the impact 
location for the previous car GCM1. Two large impact areas were identified on the GCM3 car model: 
one on the front car which is related to knee joint or distal femur, one on the leg which induced a 
second impact on the tibia. With these impact conditions first failure process was observed on the 
bone (which is opposite situations as previous tests in many configurations). Ligaments injury criterion 
was reached later with a high discrepancy between global and local strain level. This situation can be 
considered as more secure regarding knee joint safety. 
 
Human body size effects 

Regarding knee joint kinematics and the car type used, the human body size seems to have an 
influence (through proportion of flexion, shearing and stretching effects) on potential injuries 
observed. For bone structures, even if the same phenomena seems to be observed, with 50 & 95th 
percentile, and due to contact with car structure, new failure process were observed with fibula failure. 
It is notable that the bone fracture occurs earlier with the low size model, rather than with the high 
percentile body model. 

Regarding the knee ligaments, the strain curves showed differences between 5th, 50th and 95th tests 
but it was difficult to evaluate causes of such differences as induced by bone failure, size effects and 
car shape. 

 
Impact velocity influence 

For all percentile tests with this car model, impact velocity is major factor for bone failures. However, 
regarding knee ligaments, and due to bone failures, it will be hazardous to reach conclusions on that 
point. 

 
GCM4 Analysis : 
Impacts conditions 

The impacts conditions exhibit in GCM4 car pedestrian tests are high regarding the three percentile 
tested (from femoral epicondyle in 95th percentile to mid femur for the 5th percentile). With these 
kinds of impacts, the induced kinematics seems to give lateral bending effects (with some coupling 
with shearing or stretching effects according to percentile and impact velocity). Due to the impact 
position, the femur bone seems to be highly loaded whatever the impact velocity. Potential failure 
observed seems to have the same location in all cases, but for the 5th percentile the failure process 
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seems to begin on the opposite direction than in 50 & 95th tests.  In all situations, torsion effects are 
observed with low variation (ranged from 0 to 10°) until ligament failure. 

 
Human body size effects 

Regarding the knee joint kinematics and car type used, the human body size seems to have an 
influence on potential injuries. For the 95th percentile, the lateral flexion coupled with shearing are the 
injury mechanisms leading to knee joint injury. It is notable that with the low size model, the bone 
fracture occurred earlier than with high percentile model. Regarding knee ligaments, it is difficult to 
make a distinction between the 50th and 95th tests; but for 5th percentile, with this class of vehicle, 
the ligaments injury risk seems to be lower as it occurs later in the test. 

 
Impact velocity influence 

For all percentile tests with this car model, impact velocity is a major factor for bone failure. Regarding 
knee ligaments the situation should be considered with more attention. Obviously, with higher velocity, 
the failure (regarding time evolution) occurred earlier. But if the focus is on knee joint kinematics (one 
component of failure criteria), the combination of lateral flexion, shearing and probably stretching 
seems to occur in the same proportions (this point needs further investigation). 
 

4.4.2 Lower Limb injury results compared to real accidents 

A set of real pedestrian accidents from the database has been analysed and compared to lower limb 
injuries given by the parametric study performed with generic car models. Three pertinent real cases 
have been extracted from the database. 

 

4.4.2.1 BP002 : Clio 1998 vs. 175 cm male pedestrian at 48 km/h / 50th dummy against 
GCM1 model at 40 km/h 

 
Accident scenario description: An intoxicated 19-year-old male pedestrian crossed road in front of 
car travelling at 30 miles/h (48 km/h) on wet road surface at night. Car did not brake before impact 
and took 42 m to stop. Pedestrian moved across the bonnet from left to right. The right-hand wing 
mirror was found in the road, blood was found on the opposite carriageway alongside pedestrian. 

 

Supermini Profiles : GCM1 and Clio 1998
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Figure 120 – Supermini profiles:  GCM1 and Clio 1998 
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The vehicle profiles are similar in lower limb impact area.  For GCM1, impact is located on tibial 
proximal epiphysis.  In the real accident, fracture occurs on tibia and ischial pubic ramsis.  

In the simulation the fractures occur first on tibia and fibula and after on femur. Femur fracture can be 
explained by the models limitations. Femur upper part and pelvis are considered infinitely rigid 
articulated by hip joint (due to link between LLMS and Hybrid III FE model). Femur fracture appears 
under the rigid part of the bone. A better model of hip articulation could lead to prediction of the 
fracture observed in real accident. 

 

Clio vs. 50
th

 pedestrian at 48 km/h GCM1 vs. 50
th

 pedestrian at 40 km/h 

  

Figure 121 – Injuries in Clio impact 

 

4.4.2.2 IP001 : Yaris 1999 vs. 180 cm male pedestrian at 49 km/h / 95th dummy against 
GCM1 model at 40 km/h 

 
Accident scenario description: The pedestrian was jogging along the street. When he tried to cross 
the street on a pedestrian crosswalk, the Toyota Yaris struck him. Pedestrian moved up onto the 
bonnet, and was thrown into the traffic lane. The driver said he did not see him and he could not avoid 
the accident. 
 

Fracture left 
ischial pubic 

ramsis 

Fracture of upper 
left tibia 

Fracture 
right femur 

Fracture 
right tibia 
and fibula 
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Supermini Profiles : GCM1 and Yaris 1999
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Figure 122 – Supermini profiles: GCM1 and Yaris 1999 

Yaris is higher than GCM1 in the lower limb impact area. For GCM1, impact is located on tibial 
proximal epiphysis. In real accident, fracture occurs on tibia. In calculation, fractures occurs first on 
tibia and fibula and after on femur. Femur fracture can be explained by the models limitations. Femur 
upper part and pelvis are considered infinitely rigid articulated by hip joint (due to link between LLMS 
and Hybrid III FE model). Femur fracture appears under the rigid part of the bone. 

 

Yaris vs. 50
th

 pedestrian at 49 km/h GCM1 vs. 50
th

 pedestrian at 40 km/h 

 

 

Figure 123 – Comparison GCM1 and Yaris 
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Figure 124 – Fracture with front bumper 

 

In the real accident, the identified component causing fracture on tibia is the bonnet. This may be 
incorrect as the above sequence shows that, in the simulation the fracture on the tibia results from the 
front beam (behind the bumper) impact. In the real accident, the bumper has 2 cm of deformation and 
its impact could lead to tibia fracture. Knowing the position of the front beam could be relevant 
information in accident analysis. 

 

4.4.2.3 IP004 : Vectra 1998 vs. 175 cm female pedestrian at 28 km/h / 50th dummy against 
GCM3 model at 30 km/h 

 
Accident scenario description: The accident occurred in a dual carriageway with two lanes. The 
pedestrian involved left her car was hit by the Vauxhall Vectra. Pedestrian moved onto the bonnet, 
and was then thrown forwards into the traffic lane. 

 
Injury details: 

04 - Head of tibia contusion, with medulia ederna 
06 - Right knee cruciate ligament whole rupture 

08 - Internal meniscus tear 
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Figure 125 – Large family cars 

 

For this calculation (GCM35030: GCM3 vs. 50th pedestrian at 30 km/h), the impact is located on the 
knee femoral distal epiphysis. Opel Vectra and GCM3 profiles are close in the lower limb impact area. 
Neither the simulation nor the real accident leads to bone fracture. In this case, the main injury is the 
cruciate ligament rupture (in calculation LCA first and then LCP and whole rupture in real accident).  
The real accident and simulation show a good correlation in this case. 

 

 

 

von Mises distribution on bones von Mises distribution on ligaments 

Figure 126 – von Mises stress distributions 

 
The von Mises distribution on the knee tibial component could lead to the head of tibia contusion 
observed in the real accident. 

 

Large Family profiles : GCM3 vs Opel Vectra 2003 

70 MPa 

30 MPa 

T = 30 ms T = 30 ms 
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Figure 127 – Behaviour of cartilage and meniscus during impact 

 
Stretching of the interior meniscus could lead to the internal meniscus tear observed in the real 
accident. 

 

 
 

4.5. FE Head Impact simulations 

 

In this section, the most significant finite element head impact results are shown for each real world 
accident case. Particular attention is paid to the comparison between the predicted injuries on the one 
hand, and the observed injuries on the other hand. It must also be kept in mind that for some cases a 
ground impact of the head is mentioned in the investigation report. That kind of impact is detailed in 
section 2.2 of APROSYS Deliverable 3.2.4 (Assessment of the relevance of the secondary ground 
impact and its influence on injuries. AP-SP32-010R, 2007). Therefore sometimes it is not the head 
impact on the bonnet or on the windscreen of the car which causes the observed injuries, but the 
impact on the ground. 

 

4.5.1 BASC cyclist 001 (BC001] 

A 15 year-old girl was riding a mountain bike (or ATB – All Terrain Bike) wearing dark clothes but 
carrying a fluorescent yellow newspaper bag across her left shoulder (not visible from the direction of 
the driver) and was not wearing a helmet. She was riding across dual-carriageway from the driver's 
off-side (right) in the dark on a damp road surface. A Ford Fiesta approaching from the cyclist’s left 
was travelling at a speed of 53 km/h (14.7 m/s – estimated from skid marks). The driver braked hard 
and struck left side of bicycle (centre of bicycle slightly to the left of the vehicle centreline). The cyclist 
came off the bicycle onto the bonnet, travelled up the near-side of the bonnet and struck the near-side 
edge of windscreen near the left A-pillar then came off the vehicle. She then hit the side of bus-shelter 
before landing on the pavement beside the bus-shelter. The bicycle was dragged along the road in 
front of the car, ending up 5m in front of the car's final resting position. 

 
 

Crushing of 
external meniscus 

T = 0 ms 
T = 30 ms 

Stretching of 
internal meniscus 
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Figure 128 – Initial relative position and velocity between head and windscreen 

 

Figure 129 – Brain pressure field 

 

 

Figure 130 – Brain von Mises stress field 

 

Calculated mechanical  Maximal  Observed  Predicted  
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parameter value injury injury 

Brain pressure 

[kPa] 
150 NO CONT NO CONT 

Brain 

von Mises stress 

[kPa] 

55 SEV DAI SEV DAI 

Global strain 

energy of the 

brain/skull interface 

[mJ] 

2923 SAH NO SAH 

Global strain 

energy of the skull 
[mJ] 

790 SF NO SF 

Table 39 – Calculated mechanical parameters and injury prediction 

 

4.5.2 BASC pedestrian 002 (BP002) 

A drunk 19-year-old male pedestrian crossed the road and stepped in front of car from the driver’s 
right. The vehicle was travelling at 30 mile/h on a wet road surface at night. The car did not brake 
before impact and took 42 m to stop. The pedestrian moved across the bonnet from left to right. The 
right-hand wing mirror was found in the road, blood was found on the opposite carriageway alongside 
pedestrian. The man died at the scene. The estimated vehicle impact speed from throw distance was 
13.4 m/s with no braking prior to impact.  

 

 

Figure 131 – Initial relative position and velocity between head and windscreen 
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Figure 132 – Brain pressure field 

 

 

Figure 133 – Brain von Mises stress field 

 

Calculated mechanical  
parameter 

Maximal  
value 

Observed  
injury 

Predicted 
injury 

Brain pressure 

[kPa] 
130 CONT NO CONT 

Brain 

von Mises stress 

[kPa] 

25 SEV DAI MOD DAI 

Global strain 
energy of the 

2261 SAH NO SAH 
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brain/skull interface 

[mJ] 

Global strain 
energy of the skull 

[mJ] 

2167 SF SF* 

 * - possible injury 

Table 40 – Calculated mechanical parameters and injury prediction 

 

4.5.3 BASC pedestrian 022 (BP022) 

A 75-year-old woman was in the middle of the road (having crossed over one lane) and then carried 
on into the path of the Renault Clio. The vehicle braked hard on dry ground, skidded and then struck 
the pedestrian. She was struck on her left side by the centre-line of the vehicle front, then wrapped 
onto the bonnet, then moved up towards the windscreen, hitting her head on the scuttle area. Finally 
she rolled onto the road landing head first on the ground. After the accident, she was unconscious for 
1 minute and then became agitated and confused and tried to get off the trolley while being 
transferred into the ambulance. She suffered severe head injuries and eventually died 100 days after 
the accident. There was no windscreen fracture but there was significant deformation to a large area 
of the bonnet as shown on the photo. According to skid marks calculation, the vehicle was travelling 
at 27 mile/h (12.1 m/s) in a 30 mile/h zone before braking. 

 

 

Figure 134 – Initial relative position and velocity between 
head and bonnet/windscreen 
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Figure 135 – Brain pressure field 

 

 

Figure 136 – Brain von Mises stress field 

 

Calculated mechanical 

parameter 

Maximal 

value 

Observed 

injury 

Predicted 

injury 

Brain pressure 

[kPa] 
110 CONT NO CONT 

Brain 

von Mises stress 

[kPa] 

18 SEV DAI MOD DAI* 

Global strain 
energy of the 

brain/skull interface 

1601 SDH NO SDH 
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[mJ] 

Global strain 

energy of the skull 
[mJ] 

461 SF NO SF 

 * - possible injury 

Table 41 – Calculated mechanical parameters and injury prediction 

 

4.5.4 BASC pedestrian 023 (BP023) 

In a 30 mile/h limit residential area in light and dry conditions, a 10-year-old girl ran up to kerb and 
waited to cross road, standing clearly visible between two trees on the pavement. There were no 
parked vehicles hiding her from oncoming vehicles. She stepped off the kerb and was immediately 
struck by speeding car which didn't brake before impact. The car stopped further up the road after the 
accident. The girl was struck by the left corner of the car on her right side, thrown about 15 ft into air, 
appeared to cartwheel over vehicle and then landed back against base of tree where she had just 
stepped from. GCS at the scene was 3- 4. The child died 9 days later due to intractable cerebral 
oedema (up to 60 mmHg).  
 

 

Figure 137 – Initial relative position and velocity between head and windscreen 
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Figure 138 – Brain pressure field 

 

 

Figure 139 – Brain von Mises stress field 

 

 

Figure 140 – Skull deleted elements 

 
 

 

 

Calculated mechanical 

parameter 

Maximal 

value 

Observed 

injury 

Predicted 

injury 

Brain pressure 

[kPa] 
1590 CONT CONT 

Brain 
von Mises stress 

[kPa] 

80 SEV DAI SEV DAI 

Global strain 

energy of the 
brain/skull interface 

[mJ] 

21737 NO SDH SDH 
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Global strain 

energy of the skull 

[mJ] 

25642 SF SF 

Table 42 – Calculated mechanical parameters and injury prediction 

 

4.5.5 GIDAS pedestrian 001 (GP001) 

 

The driver turns left at a T-junction and overlooks the pedestrian who crosses the road at a pedestrian 
crossing. The pedestrian was a 68 years old woman with the height 156 cm and the weight 60 kg. 
The lady was walking with an unknown velocity. The accident vehicle is a VW Golf 3, registration year 
1997. Its initial velocity at the first impact of the pedestrian is 20 km/h. The vehicle is decelerated at 
the first impact by 5.0 m/s². The wrap around distance of the impact dents is unknown but the damage 
can be seen on the car. 
 

 

Figure 141 – Initial relative position and velocity between head and bonnet 

 

 

Figure 142 – Brain pressure field 
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Figure 143 – Brain von Mises stress field 

 

Calculated mechanical 

parameter 

Maximal 

value 

Observed 

injury 

Predicted 

injury 

Brain pressure 

[kPa] 
65 NO CONT NO CONT 

Brain 

von Mises stress 
[kPa] 

10 NO DAI NO DAI 

Global strain 

energy of the 

brain/skull interface  
[mJ] 

651 NO SDH NO SDH 

Global strain 

energy of the skull 

[mJ] 

1618 NO SF NO SF 

Table 43 – Calculated mechanical parameters and injury prediction 

 

4.5.6 GIDAS pedestrian 002 (GP002) 

A child runs between parking vehicles and behind a vehicle of the oncoming traffic from left over the 
road where it is hit by the accident vehicle. The vehicle involved was a VW Polo, registration year 
1999.  The initial velocity at the first contact of the vehicle with the pedestrian was 30 km/h, the 
deceleration is 7.0 m/s². The wrap around distance for the pedestrian head impact is 1.45 m.  
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Figure 144 – Initial relative position and velocity between head and bonnet 

 

 

Figure 145 – Brain pressure field 

 

 

Figure 146 – Brain von Mises stress field 
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Calculated mechanical 

parameter 

Maximal 

value 

Observed 

injury 

Predicted 

injury  

Brain pressure 
[kPa] 

126 NO CONT NO CONT 

Brain 

von Mises stress 

[kPa] 

16 MOD DAI MOD DAI* 

Global strain 

energy of the 

brain/skull interface 

[mJ] 

2305 NO SDH NO SDH 

Global strain 

energy of the skull 

[mJ] 

4818 NO SF SF 

 * - possible injury 

Table 44 – Calculated mechanical parameters and injury prediction 

 

4.5.7 INSIA pedestrian 002 (IP002) 

The pedestrian was crossing in a crosswalk regulated by traffic lights, from the right to the left when 
the BMW 325 collided with him. There were no parked vehicles in the crosswalk.  It was in the late 
evening and wet. The car braked and the impact speed was estimated at 27 km/h. 

 

 

Figure 147 – Initial relative position and velocity between head and windscreen 
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Figure 148 – Brain pressure field 

 

 

Figure 149 – Brain von Mises stress field 

 

Calculated mechanical 

parameter 

Maximal 

value 

Observed 

injury 

Predicted 

injury 

Brain 

pressure 
[kPa] 

100 NO CONT NO CONT 

Brain 

von Mises stress 

[kPa] 

18 MOD DAI MOD DAI* 

Global strain 225 NO SDH NO SDH 



 
 
European funded project    Impact conditions for pedestrian and cyclists  
TIP3-CT-2004-506503        AP-SP32-009R 
 

AP-SP32-009R  144/177 

 

energy of the 

brain/skull interface 

[mJ] 

Global strain 

energy of the skull 

[mJ] 

1258 NO SF NO SF 

 * - possible injury 

Table 45 – Calculated mechanical parameters and injury prediction 

 

 

4.5.8 INSIA pedestrian 003 (IP003) 

The pedestrian was crossing quickly a dual carriageway with 2 lanes in a pedestrian crosswalk 
regulated with traffic lights at green for cars.  The vehicle involved, a Ford Mondeo 1997, was 
travelling in the left lane; it braked but hit the pedestrian.  

 

 

Figure 150 – Initial relative position and velocity between head and bonnet 

 

 

Figure 151 – Brain pressure field 
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Figure 152 – Brain von Mises stress field 

 

Calculated mechanical 

parameter 

Maximal 

value  

Observed 

injury 

Predicted 

injury 

Brain pressure 

[kPa] 
88 NO CONT NO CONT 

Brain 

von Mises stress 

[kPa] 

35 MOD DAI SEV DAI* 

Global strain 
energy of the 

brain/skull interface 

[mJ] 

1176 NO SDH NO SDH 

Global strain 
energy of the skull 

[mJ] 

233 NO SF NO SF 

 * - possible injury 

Table 46 – Calculated mechanical parameters and injury prediction 

 

4.5.9 INSIA pedestrian 006 (IP006) 

The pedestrian was running crossing a pedestrian crossing when the car hit him. The driver said that 
she did not see the pedestrian because the sun dazzled her and therefore, she could not avoid the 
collision.  
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Figure 153 – Initial relative position and velocity between head and windscreen 

 

 

Figure 154 – Brain pressure field 

 

 

Figure 155 – Brain von Mises stress field 

 

Calculated mechanical Maximal Observed Predicted 
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parameter value injury injury 

Brain pressure 

[kPa] 
110 NO CONT NO CONT 

Brain 

von Mises stress 

[kPa] 

15 MOD DAI MOD DAI* 

Global strain 

energy of the 

brain/skull interface 

[mJ] 

1270 NO SDH NO SDH 

Global strain 

energy of the skull 

[mJ] 

530 NO SF NO SF 

 * - possible injury 

Table 47 – Calculated mechanical parameters and injury prediction 

4.6. FE Studies on Cyclists 

 

4.6.1 Results of First Phase Simulations 

 

The results for the first phase of simulations were grouped for ease of presentation. The struck leg up 
simulation trajectories are shown in Figure 157. 

 

The trajectory plots are representations of the displacements of the vertical and longitudinal directions 
of the head, chest and pelvis centre of gravities (CoG’s), in relation to the vehicle. The lateral 
component was not included. The starting positions for the trajectories were referenced from the 
ground, i.e. the head was 1650 mm from the ground plane. The starting height for the first phase of 
simulations did not change and no normalising of results was needed. The displacement of the 
vehicle has been subtracted from the longitudinal component of the trajectory to aid the presentation 
of results. 
  

The dark blue lines represent the 15 m/s simulation and as expected the cyclist head, chest and 
pelvis centre of gravities travel the furthest distance with the greatest vehicle impact velocity. For the 5 
m/s simulation the head trajectory (light blue) did not move significantly in the longitudinal direction 
after impact with the bonnet. This is due to the fact that after the cyclist’s head strikes the vehicle 
bonnet, the cyclist did not have enough inertia to travel any further up the vehicle front. For the 15m/s 
simulations the cyclist had greater inertia and started to travel further up the vehicle front after first 
contact. The 10m/s trajectories lie in-between the other two simulations. 
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Figure 156 – Struck leg Up Trajectories for 5, 10 and 15 m/s Impacts 

 
For the offset simulations 4-7, the cyclist did not fully engage with the front of the vehicle as seen in 
Figure 157. The cyclist and bicycle were impacted by the vehicle and initiated a twisting motion in the 
cyclist. The head was projected towards the ground rather than the vehicle, as can be seen in the 
latter stages of the simulation. For the simulation at X+500 the cyclist’s head struck the vehicle, Figure 
158. 

 

 

Figure 157 – Kinematics of Struck Leg Up X+1000 (Simulation 7) 
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Figure 158 – Head strike of the Struck Leg Up Simulation at X +500 (Simulation 4) 

 

The struck leg up simulation with no bike contacts defined (simulation 9), was compared with the 
simulation with the bicycle included in the contact (simulation 2). The two simulations show the effect 
of the bicycle interacting with the vehicle and humanoid. Figure 159, Figure 160 and Figure 161 show 
the kinematics at various stages. After 100 ms, simulation 2 showed the upper torso leaning closer to 
the vehicle and the arms were orientated differently. At approximately 200 ms, the head struck the 
windscreen for both simulations, but the head struck further up the windscreen in the no bike 
simulation (simulation 9) Figure 161.  

 

Figure 159 – Comparison of Simulation 9 and Simulation 2, 0 ms 
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Figure 160 – Comparison of Simulation 9 and Simulation 2, 100 ms 

 

 

Figure 161 – Comparison of Simulation 9 and Simulation 2, 200 ms 

 

Figure 162, Figure 163 and Figure 164 show a comparison of the struck leg down (simulation 15), 
next to the struck leg up (simulation 2) simulations for the 10m/s impact speed. Simulation 2 showed 
the humanoid projected onto the bonnet in a lateral orientation, whilst simulation 15 projected the 
humanoid onto its back. The head also struck higher up the bonnet in simulation 2. 
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Figure 162 – Comparison of Simulation 15 and Simulation 2 at 10m/s, 0 ms 

 

Figure 163 – Comparison of Simulation 15 and Simulation 2 at 10m/s, 100 ms 

 

 

Figure 164 – Comparison of Simulation 15 and Simulation 2 at 10m/s, 200 ms 

 

When the cyclist was prescribed an initial speed (simulations 13 and 18), the kinematics showed the 
cyclist developed a lateral component to it’s trajectory across the vehicle’s bonnet, as opposed to a 
mainly longitudinal and vertical components for the other simulations. Hence, when the cyclist was 
struck in the middle of the vehicle, the head did not strike the middle of the windscreen for the 10m/s 
simulation. In simulation 13, the head did not strike the vehicle at all, just missing the A-pillar, and 
most of the body impact points occurred at the edge of the vehicle, see Figure 165.  
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Figure 165 – Kinematics of Struck Leg, Bicycle 5m/s (Simulation 13) 

 
Another method of analysing the differences between the simulations was to look at the head strike 
velocities. The following table shows the head strike speed onto the bonnet or windscreen at the 
moment just before impact, Table 48. 

 

 Description 
Vehicle 
Speed 
(m/s) 

Head Strike 
Speed 
(m/s) 

Time of 
Contact 
(ms) 

1 Struck leg Up, Side on impact, vehicle 5 m/s 5 No Contact - 

2 Struck leg Up, Side on impact, vehicle 10 m/s 10 7.84 169 

3 Struck leg Up, Side on impact, vehicle 15 m/s 15 10.00 120 

4 Struck leg Up, +500 mm offset, 10 m/s 10 12.98 169 

5 Struck leg Up, -500 mm offset, 10 m/s 10 7.17 184 

6 Struck leg Up, -1000 mm offset, 10 m/s 10 No Contact - 

7 Struck leg Up, +1000 mm offset, 10 m/s 10 No Contact - 

8 Struck leg Up, side on, no bike 5 m/s 5 4.75 293 

9 Struck leg Up, side on, no bike 10 m/s  10 7.42 183 

10 Struck leg Up, side on, no bike 15 m/s  15 8.15 146 
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11 Struck leg Up, 10 deg, bicycle impact 10 m/s 10 7.40 181 

12 Struck leg Up, 20 deg, bicycle impact 10 m/s 10 7.50 181 

13 Struck leg Up, bicycle 5m/s, vehicle 10 m/s 10 No Contact - 

14 Struck leg Down, Side on impact, vehicle 5 m/s 5 No Contact - 

15 Struck leg Down, Side on impact, vehicle 10 m/s 10 10.81 158 

16 Struck leg Down, Side on impact, vehicle 15 m/s 15 13.00 116 

17 Struck leg Down, No bike, vehicle 10m/s 10 No Contact - 

18 Struck leg Down, bicycle 5m/s, vehicle 10m/s 10 No Contact - 

Table 48 – Head Velocities and Timings Prior to Impact 

 

No head contact occurred in a number of the simulations when the head missed the bonnet or the 
windscreen completely. The head velocities were measured just prior to impact and where derived as 
a resultant velocity of the head centre of gravity. As the vehicle speed increased for the struck leg up 
and struck leg down simulations, the head velocity increased, but within the range of 10m/s 
simulations a wide range of results were obtained. The velocity of the head was influenced by the 
shoulder mechanism, but simulation 4 produced the highest velocity when the speed of the vehicle 
was only at 10m/s. This simulation showed that the initial orientation had an influence on the head 
velocity and the head orientation just prior to impact also had an influence. If the torso twisted onto its 
back, as was seen in the struck leg down simulations, the head was able to flex with less resistance 
from the neck and gain a higher velocity prior to impact. If the neck was only allowed to flex in a lateral 
direction the head velocities were lower, as was seen in the struck leg up simulations. 

 

4.6.2 Results of Second Phase Cyclist Simulations 

 

Figure 166 shows the trajectories of the head, chest and pelvis centre of gravities for the cyclist 
simulations. The trajectories for the body parts started at the same location irrespective of the 
humanoid stance, as the lower limbs were the only changes to the overall stance. The green traces 
show that the trajectories for the struck leg down at 10 m/s produced the furthest longitudinal 
trajectories of the body parts. For the 5m/s simulations, the struck leg up and down results at 5m/s 
showed similar trajectory distances for the body parts and were less than the 10m/s simulations.  
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Figure 166 – Cyclist Head, Chest and Pelvis Trajectories 

 
The struck leg up at 10m/s simulation (dark blue), showed the influence of the windscreen position on 
the trajectory of the head which did not fall in height as much as the 5m/s simulations, due to the 
geometry of the vehicle. Also, the chest cg did not fall in height, before striking the vehicle at the 
intersection of bonnet and windscreen. The pelvises for all of the simulations fell a short distance (less 
than 100 mm) during their trajectories.   

 

4.6.3 Results of Pedestrian Simulations 

 

The pedestrian head trajectories, shown in Figure 167, have a similar drop in height as they all strike 
the bonnet. The simulations with a vehicle speed of 10m/s (blue traces in Figure 167) showed that in 
both cases the pedestrian have travelled further in a longitudinal direction after the head struck the 
bonnet. Although all simulations were run until 500 ms to capture the initial head strike, the 
trajectories are displayed for much further, especially for the 10 m/s simulations. In comparison, the 
pedestrian CoG‘s for the 5m/s simulations did not travel very far after contact with the vehicle. In fact 
the pedestrian actually began to travel at the same speed as the vehicle after all of the pedestrian’s 
body had come into contact with the vehicle. This can be seen in Figure 168 for both the 5m/s 
simulations; at 0.5 s the head longitudinal CoG velocity had increased to 5m/s, the same as the 
vehicle. If the simulation had been left to run for a longer time period, the humanoid may well have 
been pushed of the front of the vehicle. This behaviour would also be influenced if braking of the 
vehicle had been included in the simulations. 
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Figure 167 – Pedestrian Head, Chest and Pelvis Trajectories 

 

 

Figure 168 – Head CoG and Vehicle CoG Longitudinal Velocities 

 

4.6.4 Impact Locations of Cyclists and Pedestrians 

 

A different way of analysing the trajectories of the pedestrian and cyclist was to look at the impact 
locations of the various body parts onto the vehicle. For the four cyclist simulations, the head impact 
locations were marked together with the four pedestrian comparison simulations as listed in Table 15. 
The head impact locations were grouped for the two groups of cyclist and pedestrian. The cyclist 
head impacts occurred on the windscreen or the upper part of the bonnet compared with the 
pedestrian impacts which all occurred on the bonnet, see Figure 169 and Figure 170. In the 
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simulations when a head contact location point was not achieved, it was estimated from the nearest 
location of the head to the bonnet during the simulation. 

 

Figure 169 – Head Impact Locations for Pedestrians and Cyclists 

 

When comparing the simulations for pedestrians and cyclists, the 5m/s head impacts all occurred on 
the bonnet, whilst the 10m/s head impacts occurred at the base of the bonnet and on the windscreen.  

 

 

Figure 170 – Head Impact locations for 5 and 10m/s, Pedestrian and Cyclist Head Impacts 

5 m/s Impacts 

Cyclist Impacts 

Pedestrian Impacts 

10 m/s Impacts 
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5 Chapter 5 – Discussion 

5.1. General 

An objective of work package (WP) 3.2 is to utilise the data from WP3.1 to define the details of real 
world pedestrian/cyclist impact scenarios and conditions that the sub-project must consider in 
examining the testing methods in WP3.3 and the vehicle system technologies in WP3.4.  The basis of 
this activity was to use computer simulations (accident reconstructions) of cases from the In Depth 
Accident database to quantify the most significant details of impacts between vehicles and 
pedestrians and cyclists.  This included the nature of the loading conditions on the body of the 
pedestrians and pedal cyclists. 

Since there was insufficient information in terms of cyclist cases in the In Depth Accident database 
(only seven cases) it was not possible to achieve Milestone M3.1, Initial decision whether cyclists can 
be treated as a sub-group of pedestrians or should be treated as a separate group.  To make the final 
decision on this matter (milestone M3.3) it was necessary to conduct computer simulations to 
examine typical cyclist accident scenarios.  The influence of cycle mass and the different geometric 
configuration of cyclists in collisions with cars were important parameters to be assessed. 

A number of analysis techniques were utilised for the activities reported here.  Multibody simulations 
were used for basic reconstructions, and to provide input parameters for more detailed finite element 
examinations of head injury causation during impacts with vehicles.  Finite element methods were 
also used to examine probable injury mechanisms to the leg region. 
This report contains the largest number (eleven) of the most sophisticated pedestrian and cyclist 
simulations conducted to date.  The simulations are of detailed in-depth pedestrian and cyclist 
accidents contained in the APROSYS in-depth database.  The simulations use accurate geometric 
models of vehicles, with stiffness’s calculated from EuroNCAP consumer tests, and appropriately 
scaled human body models.  In some case the stiffness data of similar cars had to be used, because 
the stiffness’s of the cars investigated were not available at the time the simulations were conducted 
e.g. Audi A3 instead of VW Polo. The models used are the most sophisticated Finite Element models 
of the head and lower leg yet used, and a number of new correlations are reported. Although many 
good quality results will be reported, nevertheless there are still a number of problems, many of which 
are common with earlier studies.  The comparisons of kinematics from both the FE and Multi-body 
simulations were invariably of high quality, leading to high confidence in the results.  The injury 
prediction from the multi-body and FE models are compared and it is shown that both need further 
development in certain areas.  Better constitutive models are required for all tissues before injury 
criteria can be confirmed with high confidence. Since the injuries predicted are sensitive to the contact 
stiffness’s between the pedestrian/cyclist and the vehicle/road, the contact regions need to be 
modelled and validated as accurately as possible. 

 

5.2. Review of State of the Art 

 
Multi-body modelling: A number of authors have noted large amounts of variability in pedestrian 
kinematics with just small variations in the pedestrian’s initial position (at a constant impact speed). 
Braking plays a very important role - particularly in secondary kinematics, but this is the subject of a 
separate deliverable (D3.2.4). It was found that the main parameter affecting the HIC value was the 
pedestrian orientation due to the directional variation in leg joint resistance and resulting kinematics. 
Varying the stiffness of the front-end components impacted by the legs had little effect on HIC. It was 
noted that even very small variations in head impact point resulted in large variations in HIC – 
especially when close to the windscreen frame for example.  Consequently, it has not been possible 
in the past to relate the HIC values with the real-world head injury.  

 

5.2.1 Pedestrian model 

The human model used for both the pedestrian and cyclist reconstructions in the current study is the 
latest TNO scalable pedestrian model for MADYMO v.6.2., with specific modifications to 
accommodate cyclist leg movements.  TNO have published a detailed comparison of the model 
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predictions, the kinematics were well validated.  The head impact location has a correlation score of 
over 90%. The acceleration and force correlation scores for various body parts were much lower (47 – 
64%) due to the dependency of these results on accurate vehicle contact characteristics and initial 
conditions. It is generally accepted that multibody simulations are therefore useful for studying 
kinematic responses of pedestrian impacts, and also some qualitative analysis of load value and 
injury criteria outputs (i.e. studying trends etc.).  Its limitations lie in making actual injury or force 
predictions from the models – a task better suited to more detailed biofidelic Finite Element human 
body models or human body part models (e.g. head or leg).  In this work package therefore multi-body 
models were used to obtain the kinematics and the head contact parameters, which were then input 
to the FE models.  The Multi-body simulations were in some case also used to assess trends in the 
injury parameters. 
 

5.2.2 Vehicle geometry 

A recent IHRA research project had looked at the influence of different vehicle shapes (grouped into 3 
main vehicle profile types17) on head impact speed, head impact angle and head impact location 
relative to vehicle impact speed, concluding that this should be taken into account when setting the 
sub-system head impact test conditions for different vehicle profile types. Several studies have looked 
at the effects of vehicle geometry on pedestrian injury and some also on the optimization of the 
geometry for mitigation of such injuries. All have found geometry to have a significant effect on 
pedestrian kinematics and consequently on injury type and severity. Most have also concluded that it 
is difficult to establish a predictable relationship between one geometry parameter and pedestrian 
injury severity (head injury in particular) due to the complex nature of the pedestrian kinematics.  

It has been found that since some modern cars have become smaller with shorter, steeper bonnets, 
the head impact locations for adults in real world accidents have moved from the bonnet to the 
scuttle, windscreen or A-pillars. Some studies have found that generally, pedestrians struck by newer 
cars (post-1990) received less severe injuries than those struck by older cars, and newer cars 
impacting pedestrians at speeds of up to 20 km/h caused almost no head injuries.  

An Australian study of 77 in-depth pedestrian accidents cases between 1998 and 2000 found the 
most common source of head injuries to be the A-pillar, trailing edge of bonnet (scuttle), base of 
windscreen and the sides of the windscreen near the A-pillars.  

 

5.2.3 Pedal cyclist simulation and accident research 

Cyclists have received much less attention in the process of reducing road casualties than 
pedestrians.  There have been some analyses of the accident data but very few programmes of work 
using computer simulations to examine impact conditions.  Authors have noted a number of 
similarities between pedestrians and cyclist and a number of differences.  Generally, if the vehicle 
impact speed increased the head impact velocity was observed to increase but the head impact 
location was hardly affected. Comparing cyclists with pedestrians, for the same vehicle impact speed 
there was a large rearward shift in head impact location for cyclists with only a slight change in head 
impact velocity.  As a consequence the cyclist’s head was more likely to strike the windscreen.  It has 
been concluded that if impactor tests were selected in future international regulations for the 
evaluation of vehicle fronts, that similar impactor masses and velocities could be selected for cyclists 
and pedestrians.  However, they noted that different impact locations should be selected for cyclists. 

Cyclist accident analysis has been conducted using macro data from Japan and a MADYMO cyclist 
simulation model with PMHS characteristics was used to conduct a study of cyclist behaviour when 
struck by a car. From the accident data the authors noted that fewer cyclists died in accidents than 
pedestrians and that 70% of the fatal injuries sustained by cyclists were to the head.  From the 
simulations the authors noted that in most cases the cyclist head trajectory showed a longer interval 
of horizontal behaviour following the impact than for a pedestrian. The authors concluded that the 
results obtained by pedestrian head protection test procedures were not relevant to any discussion of 
cyclists’ protection. 

                                                      
17 Sedan, SUV and 1-box 
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A number of authors have noted that the upper body of the cyclist rotated and the head struck the 
windscreen or even the front part of the roof.  This sliding behaviour accounts for the greater wrap 
around distance for cyclists compared to pedestrians, and also for the head impact angle of the cyclist 
to be smaller.  One study has also reported the result of simulations where the bicycle was not 
centred on the front end of the car but offset and had initial velocities of 10 and 20 km/h. Head impact 
on the windscreen did not occur in all cases, highlighting the complexity of cyclist impacts with 
vehicles. Based on the accident data and their simulations, the authors’ conclusions included the 
comment that tests procedures for pedestrian protection should be modified to evaluate the injury risk 
to cyclists effectively.  In head form impactor tests, the selection of the impact area and angle should 
take into account the differences in impact behaviour between cyclists and pedestrians.  

5.2.4 Human Head FE Models  

The literature review on human head numerical models was carried out to establish the variety and 
complexity of the published models and the potential head models on which model based head injury 
criteria might be based in later stages of work. The intention of the review covering the mechanical 
properties of the anatomical features of the human head was to establish the best means of 
simulating the human head’s mechanical response. An evaluation of seven numerical head models 
was also completed: 

• THUMS (LS-DYNA) – Toyota, Japan 
• ULP (RADIOSS) – University Louis Pasteur, Strasbourg, France 
• WSU (PAM-CRASH) – Wayne State University, Detroit, USA 
• SIMon (LS-DYNA) –NHTSA 
• Stockholm (LS-DYNA) – RIT Stockholm, Sweden 
• Turin (LS-DYNA) – Turin University, Italy 
• TUe (MADYMO) – Technical University of Eindhoven, The Netherlands 

That work is summarised in the final report of APROSYS SP5.1.1 which deals with the state of the art 
FE head models and injury mechanisms. 

The head FE models have been compared in terms of mesh characteristics inertial properties and at 
the constitutive law level. The main observations are: 

• The number of elements are closely linked to the computation time. 
• Generally head masses are between 4.2 and 4.7 kg (only the TUE model has a mass of 3.1 

kg) 
• Brain material constitutive laws are supposed to be linear viscoelastic for WSU, Turin, SIMon, 

THUMS and TUE models. A hyper-elastic law is used for the Stockholm and ULP models. 
• Two main solutions are proposed for the modelling of the brain-skull interface: a soft 

incompressible elastic material for ULP, Turin and SIMon models and an interface algorithm 
solution for Stockholm model. 

• Concerning the skull modelling, SIMon assumes that this part of the head is totally rigid. In the 
TUE model the skull is modelled as homogenous with a linear elastic behaviour. For Turin 
and Stockholm models the skull is modelled by a composite structure. Finally the THUMS and 
ULP models represent a sandwich structure with a linear elastic law. Only the ULP model 
represents the anatomical features of the skull that reinforce the skull structure and influence 
the breaking response of the skull. 

• The following injury types and injury mechanisms are covered. 
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Head injury type 
Possible injury 
mechanisms 

Skull fracture (SF) Bone loading 

Extradural Haematoma (EDH) Bone loading 

Subdural Haematoma (SDH) Brain-skull relative motion 

Focal brain Contusion (CONT) Local brain loading 

Diffuse brain axonal  

or haemorrhagic injury (DAI) 
Local brain loading 

 

 

5.2.5 Lower Limb Finite Element Model 

It is known that the lower limbs are the second most frequent site of injuries in pedestrian impact. in 
the field of pedestrian injury biomechanics, lower limbs are highly loaded during crash situations (AIS 
from 1 to 3) with joint damage and bones failure. In the past decade, several finite element lower limb 
models have been developed in order to reproduce lower limb injuries in the car-to-pedestrian 
collisions. Initially, the surrounding muscles and the skin were neglected, and the knee ligaments 
were modelled usually by spring elements. Recently, due to the continuously increasing of the speed 
of computers, more sophisticated FE lower limb models have been developed. These models have 
accurate geometry obtained from CT and MRI scans from human volunteers or from the Visible 
Human Database; and the flesh and knee ligaments were meshed with shell and solid elements. 
However, the accuracy of FE models depends not only on the quality of the model geometry (e.g. 
anatomical surfaces, the number of components modelled or mesh quality), but also on the biofidelity 
of the material properties assigned to the FE components, and on the level of validation of finite 
element models.  Accurate finite element models of the whole lower limb have also been designed in 
order to investigate joints trauma during crash situations, especially for pedestrian applications.  

The THUMS model has been developed by the Toyota group and has a knee model which has been 
validated against results in flexion and shearing obtained and against kinematic results. This model 
has been used to study the influence of the impact point on the femur, on the knee, below the knee, 
and in the middle of the tibia. If bone stresses are higher than the yield stress, then a fracture is 
assumed which is a considerable simplification of the real events. Whatever the impact location, the 
authors found a high fracture risk for the tibia and fibula diaphysis. The THUMS model has also been 
used for pedestrian lateral impact at 40 km/h. In these configurations, a double fracture (tibia/fibula) 
has been found for both lower limbs of the impacted pedestrian, ligament lesions have not been taken 
into account. 
The LLMS (lower limb model for safety) model, jointly developed by MECALOG and the Laboratory of 
Biomechanics and Applications, and in association with the Wayne State University is used for this 
work.  It is based on an accurate description of all anatomical parts of the lower limb. Its validation (on 
isolated materials levels, sub-segment levels up to the whole model level) was performed in many 
different impact situations.  Once the finite element model had been validated one major interest in 
human modelling lies in the possibility of numerically recording specific parameters (strain, stress, 
pressures and kinematics) that could not be available during experiments.  

For the bending test, a conservative value of 15° of lateral rotation can be considered as a failure 
criterion for the ligaments in the knee joint. For pure shearing impacts a conservative criteria would be 
to consider a lateral shearing of 13 mm as a failure criteria for the knee joint in shearing. For all the 
impact situations studied, the criteria postulated above are strongly dependent on the material 
properties (especially the postulated failure criteria). Further studies including a damage model for 
tissues as well as a parametric study around the failure criteria should be performed in order not to 
have to summarize the injury criteria by two simple values (lateral rotation and shearing) but also to 
define injury risk curves. 

The strain versus time curves show the influence of impact velocity and the time dependent response 
of the whole structure, which could be mainly attributed to structure effects and also soft tissue 
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viscoelastic properties. Such results appear to show that the shearing effects seem to be more 
aggressive for the knee because of the high strain levels induced. The von Mises stress distribution 
was systematically located on the same metaphysis areas of the lower femur and upper tibia. This 
distribution could indicate a bending effect on the two bones. It was also observed that for impact 
velocities over 10 m/s, and according to the damping properties of the impacting surface, the failure 
risk for bones seems to be very high.  

A number of different studies have shown the importance of many parameters in pedestrian impacts 
(location of the impact, stiffness and the geometry of impacted parts etc.). The initial car velocity and 
bumper height are important parameters. A study performed has considered the influence of the 
impactor stiffness and the impact direction (lateral, frontal and rear).  The impactor stiffness has a 
great influence on fracture: the higher it is, the higher the fracture risk is. The impact angle also has 
an influence on the joint injuries via injuries mechanisms. Parametric studies have also been 
performed to understand the influence of the initial car velocity or the influence of the initial car 
stiffness on injury mechanisms for the lower limb.    

 

5.3. Overview of the Results of the Simulations 

 

5.3.1 Kinematics from Multi-body Models 

In general the results for the kinematics were good, the desired accuracy being obtained in all 
simulations, albeit in some cases with a large number of iterations, and these aspects will not be 
discussed further. 
 

5.3.2 Head Contacts on Windscreen rather than the Bonnet 

For the kinematic simulations to obtain the contact points, no conclusions can be reached regarding 
the significance of the contact points for this part of the output from the project, as the selection 
criteria for the simulations was purely on the depth of evidence available to support the simulations.  
For an epidemiological view of head contact points reference needs to be made to APROSYS 
deliverable D3.1.3 [APROSYS 2006B], where it is shown that for the sample of pedestrian cases 
available to this project 90% of head strikes for adults was on the windscreen. 
 

5.3.3 Injury Modelling – Head  

Overall within the ULP validation process sixty-one real world accident cases from various sources, 
including those from APROSYS, have been reconstructed in order to provide head acceleration fields 
and head initial impact conditions so that the HIC, the HIP18, the SIMon and the ULP criteria could be 
computed at ULP. New tolerance limits to specific injury mechanisms were deduced for the ULP head 
FE model and the relevance of their capability to predict injuries could therefore be investigated 
comparatively with HIC, HIP and SIMON criteria, using histograms and injury risk curves. The 
determination of the head injury risk curves for specific injury mechanisms is based on a correlation 
study between the values of the proposed candidate criteria and the injury occurrences. The estimator 
of the goodness of fit has been called EB and is defined as equal to the log likelihood: 
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Where P is the probability of injury for the given value x of the injury predictor candidate, n is the total 
number of accident cases, xi are the predictors of the injured cases and xj the predictors of the 
uninjured cases. The quality of the regression is thereby given by the negative estimator EB which 
should be as close to zero as possible. A synthesis of the prediction capability of each injury criterion 

                                                      
18 HIP is the Head Impact Power 
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in terms of EB value is reported for the different injury mechanisms in Figure 171, the ULP FEHM 
based criteria seem to have the best prediction capability for each type of injury. 
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Figure 171 – EB regression quality estimator for each injury type with the associated injury 
criteria. The closest to zero this negative parameter is, the best is the quality of the regression 

 

This is particularly true concerning the neurological injuries since the injury criterion based on the 
peaks of von Mises stress keeps its accuracy even when predicting the moderate neurological 
injuries. An injury mechanism based on the computed intracranial mechanical behaviour of the brain 
was obviously the main motivation for building a finite element model of the human head. 

Although HIP was designed only for brain injuries, its prediction capability has also been tested for 
SDH and skull factures. The HIP results for skull fractures are moreover as good as the ones with 
HIC. When considering moderate brain injuries, the results for HIP are slightly better than HIC. This 
was expected since the HIP calculation takes rotational acceleration fields into account and 
neurological injuries are supposed to be more correlated with angular accelerations than linear 
accelerations. For more violent cases, the rotational accelerations may be negligible compared to the 
linear ones. This could explain why the results of the HIC, which provides a more elaborate way to 
take linear accelerations into account, becomes better than the HIP for severe neurological injuries. 

 

Focusing on SP3 head trauma, in addition to the above injury criteria evaluation through an existing 
head trauma database analysis, the 9 accident cases provided in SP3.1 and simulated with ULP 
model in SP3.2 have been simulated with Hybrid III head in the present task in order to compare the 
injury prediction capability of ULP criteria and HIC and to point the limitation of HIC criteria under 
pedestrian head impacts. Three statements can be made by observing this table 

- For very high or very low energetic impacts (BP023 & GP001) both criteria are able to predict 
the outcome 

- For the three severe injuries (BP001, BP002 and BP022) none of them where predicted by HIC 
when ULP criteria predicts two severe and one moderate 

- For the four moderate injuries (GP001, GP002, IP002, IP003, IP006) non of them were 
predicted by HIC when ULP predicts three moderate and one severe 

On the whole it clearly appears that HIC failed in predicting head injury outcome in 7 cases over 9 
when ULP criteria never failed in predicting at least one injury. This analysis concentrating on SP3 
cases confirms the limitation of HIC criteria, and the need of improved head injury criteria 

As an overview of the simulations conducted Table 49 has been constructed against an approximate 
colour scale to illustrate the overall level of confidence obtained. In the Table the colours indicate the 
broad Level of confidence of the simulations as: Green = 75-100%; Amber 50-75%; Red < 50%. 

To compare the multi-body simulations with the real world head injuries the extensive study of head 
injury risk functions as denoted for HIC by Prasad-Mertz [Mertz et al 1997] are used. 
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Case MB Prediction ULP FE Prediction 

IP002 Reasonable Good except for brain 
pressure. 

IP003 
No head injury recorded 

simulation: 40% prob. 
MAIS2 

Good except for brain 
pressure 

IP006 
No head injury recorded 
simulation: 40% prob. 
MAIS2 

Good except for brain 
pressure. 

GP001 Not calculated Good agreement all 
variables 

GP002 Not calculated 

Brain pressure and skull 
interface good  

Moderate DAI observed 
but not predicted  

Skull fracture observed 
but not predicted 

CP026 

MAIS5 recorded 
simulation: very low 
result, only 0.5% prob. of 
a MAIS5 

Not calculated 

CP027 

MAIS3 recorded 
simulation: slightly low 
but of the correct order, 
12% MAIS3 

 

Not calculated 

BP002 

MAIS5 injury resulted 
from a secondary 
ground impact 

simulation extremely 
high/fatal HIC 

FE only primary impact 

BP022 

MAIS5 recorded due to 
a secondary ground 
impact simulation: good 
estimate of the fatal 
head injury, 58% 
probability of MAIS5 

FE only primary impact 

BP023 
MAIS4 recorded, 
simulation: very high 
values 

Good agreement all 
variables. 

 

BC001 MAIS3-4 indicated which 
is reasonable 

Brain pressure and skull 
model in agreement,  

SDH observed but no 
prediction,  
No DAI observed but 
severe predicted,  

Skull deleted elements 
good 

Table 49 – Multibody and Finite Element Head Injury predictions 
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With any modelling scenario the results are obviously dependent on the accuracy of the model, both 
in terms of geometric accuracy and bio-fidelity of tissue constitutive equations, and joint stiffnesses 
etc.  Furthermore when modelling data contained in an in-depth database, the accuracy of the 
database results must also be taken into account. In particular the database entries contain estimates 
made by the crash investigators of contact locations and injury causation, and vehicles speeds etc.  
Therefore, it is never possible to accurately specify all the fields in the database, and so when 
considering the confidence levels of the predictions, this must be taken into account.   

From the table it can be seen that for the multi-body head injury simulations the results are mixed, 
ranging from 3/9 red, through 2/9 amber cases, and with 4/9 green.  Therefore, as found previously, 
although these results cannot be relied upon for accurate injury predictions, in the majority of cases 
they may be used for trend analysis, with appropriate caveats. 

For the finite element simulations the agreement is better with no red, 5/7 amber and 2/7 green.  
When assessing the confidence in these simulations it must be remembered that these are complex 
simulations, involving very detailed finite element geometric, and brain tissue properties.  However, 
they take as initial conditions the output of an extensive kinematic simulation, which has been as 
accurately matched to real world contact points as was possible within the time constraints of the 
project, and contact stiffness’s derived from EuroNCAP test where the actual test result maybe of a 
similar but not identical location to the contact point indicated from the simulation.  Also the ULP FE 
head model is based on a logistic function19, calculated from real world results to determine the injury 
thresholds.  This aspect of the model is under continual development, and indeed the simulations 
conducted in this project are a large proportion of the input to that threshold determination process.  
Therefore, considering the results overall, they are very encouraging.  There are two occurrences 
where the model predicted all the variables, five cases where there is partial agreement, and no 
occurrence where the model has failed to correlate with all the mechanical variables (Red).  Clearly 
more detailed real-world results are needed to obtain better confidence in some of the variable 
thresholds. 
 

5.3.4 Parametric Studies on Lower Leg Injury Mechanisms 

 

Influence of Impact velocity  

For each size model, three impact velocities were tested, 20, 30 and 40 km/h. The velocities used in 
this study seem to have no influence on the global mechanisms in term of kinematics, and has a low 
influence in the failure criteria for knee ligaments. However, for bone structures, the impact velocity is 
a significant factor in increasing the bone stress level up to failure situations. For 20 km/h the fracture 
risk seems to be low (no fracture occurred in bones and von Mises stress level are acceptable), with 
30 km/h the risk of fracture is higher regarding distal metaphysis for femur and proximal metaphysis 
for tibia and fibula component. 
 

GCM1 (Supermini) Analysis : 

The impact conditions exhibited in GCM1 car pedestrian simulations a strong influence of body size 
on the results especially regarding knee joint kinematics. If the impact occurs on the tibial component, 
the knee joint kinematics shows strong shearing effects during the first phase of the impact with 
negligible lateral bending. When the impact is on the femoral component, lateral bending is dominant 
but in some cases coupled with stretching effects of the leg in its main axis (z). In all situations, torsion 
effects are observed on the knee joint, with low levels at the beginning of the impact and then they 
increase significantly in the second phase of the impact.  

 

GCM3 (Large family car) Analysis : 

Due to the car shape, the question of impact location seems to be not as important as the impact 
location for the previous car (GCM1). Two large impact areas were identified on the GCM3 car model: 
one on the front car which is related to knee joint or distal femur, one on the leg which induced a 
                                                      
19 A logistic function models a set of data. 
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second impact on the tibia. With these impact conditions the first failure was observed on the bone, 
which is opposite to the situations in the previous tests. The ligament injury criterion was not reached 
until later, with a large discrepancy between the global and local strain level.  

The human body size seems to have an influence on knee joint kinematics, through the proportion of 
flexion, shearing and stretching effects, on the potential injuries observed for this car type.  For the 
bone structures with the 50 & 95th percentiles, new failure processes were observed for the fibula 
failure. It was notable that the bone fracture occurs earlier with the 50th percentile model, rather than 
with the 95th percentile body model. 

Regarding the knee ligaments, the strain curves showed differences between 5th, 50th and 95th tests 
but it was difficult to evaluate causes of such differences as induced by bone failure, size effects and 
car shape. 
 

GCM4 (MPV) Analysis : 

The impact conditions exhibited in the GCM4 car pedestrian tests were high on the leg for the three 
percentiles tested. With these kinds of impacts, the kinematics seems to give lateral bending effects, 
with some coupling with shearing or stretching effects according to percentile and impact velocity. 
Due to the impact position, the femur seems to be highly loaded whatever the impact velocity. 
Potential failure observed seems to have the same location in all cases, but for the 5th percentile the 
failure process seems to begin in the opposite direction to the 50 & 95th tests.  In all situations, 
torsional effects are observed with low variation (ranging from 0 to 10°) until ligament failure. 

The human body size seems to have an influence on the knee joint kinematics and potential injuries 
for this car type.  For the 95th percentile, the lateral flexion coupled with shearing are the injury 
mechanisms leading to knee joint injury. It was notable that with the low body size model, the bone 
fracture occurred earlier than with high percentile body model. Regarding knee ligaments, it was 
difficult to make a distinction between the 50th and 95th tests, but for 5th percentile, with this class of 
vehicle, the ligaments injury risk seems to be lower as it occurs later in the test. 

For the FE lower limb injury model considerable progress has been made, but more work is 
necessary to obtain simulations with high confidence levels considering both ligament injuries and 
bone fractures.  In particular the femur model needs development, and the temporal aspects 
(sequence) of successive tissue failures and their effect on subsequent failures needs more 
development. 

 

5.3.5 Cyclists 

 

Cyclist and pedestrian side impact stances were chosen to represent a range of scenarios because 
they represented a large group of cyclist accidents as shown by Otte, 34 % of accidents were from 
the front of the vehicle onto the side of the cyclist. DEKRA have also shown this to be the case. 

 
This study was not attempting to address all accident types, however it was shown that the side 
impact, vehicle into cyclist scenario was most common. The trajectory results highlighted the nature of 
the fall and the subsequent kinematics after head impact. The simulations were left to run after head 
impact to see their general orientation, although they were not left to run until ground contact as this 
would have led to excessive run times, especially if the cyclist or pedestrian was projected over the 
vehicle at the higher speeds. As expected, the higher speed cyclist impacts projected the cyclist to 
strike the bonnet and windscreen regions, before starting to climb the windscreen further, and to 
possibly going over the top of the vehicle roof. For the 5 m/s simulation, the cyclist actually starts to 
slide off the front of the vehicle after impact.  

 

In general, the 18 simulations used in the first phase showed a number of interesting issues, including 
the influence of the moving cyclist when struck by the front of the vehicle and the different starting 
orientations. Different starting positions were chosen for the cyclist in relation to the vehicle and the 
impact locations between vehicle and body parts, was influenced by the initial velocity given to the 
cyclist. With the cyclist having a larger surface area than a pedestrian it was more likely to be struck 
by the vehicle. Even if the wheel was clipped by the vehicle, the cyclist was capable of being spun 
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around and projected towards the vehicle. For simulations when the cyclist was nearly clear of the 
vehicle at X+1000, the rear wheel of the cyclist would be impacted causing the cyclist to lose balance 
and to be projected onto the ground, even though no further contact between vehicle and cyclist was 
obtained.  

 
The speed of the cyclist was chosen to be 5 m/s (18 miles/h) which was deemed to be an average 
speed for an adult cyclist. If the 5 m/s cyclist speed specified was considered a realistic speed, at 
higher cyclist speeds the head contact with the vehicle could be deemed unlikely, no matter where the 
first point of contact between cyclist and vehicle. The relationship between cyclist’s speed to vehicle 
speed would determine if there was going to be contact between the head and bonnet. If the cyclist 
speed was relatively high the cyclist’s head was less likely to impact the vehicle, whereas if the cyclist 
speed was low compared to the vehicle speed it was more likely to strike the front face of the vehicle. 

 

When the orientation of the pedals was changed between struck leg up and struck leg down, the 
cyclist displayed different kinematics in each circumstance. When the struck leg was up, the cyclist 
projected further up the bonnet because the struck leg was able to be up lifted onto the bonnet in a 
shorter time. When the struck leg was down, the bicycle played more of a role in the simulations 
because the leg was momentarily trapped between the vehicle and the bicycle, preventing the cyclist 
from wrapping around the bonnet. The two orientations were designed to replicate extremes of leg 
position. There are obviously a myriad of pedal positions which could have been chosen which would 
have produced their own unique set of conditions and results. The first phase simulations showed that 
certain changes to the baseline cyclist simulation produced significantly different results.  

 
The head struck further up the windscreen for the no bike simulation (simulation 9), in comparison to 
when the bike contacts were defined in simulation 2. The other body parts also showed different 
trajectories due to the inclusion of the bicycle, which in general, prevented the cyclist from projecting 
up the vehicle front. Therefore, the early contacts between the bicycle and the cyclist had an influence 
on the trajectories of the individual body parts even after the cyclist and the bicycle had lost contact. 
The stance of the cyclist for simulations 8-10 was not realistic, but the comparison provided an 
opportunity to assess the influence of the bicycle. 

 

The second phase of simulations highlighted the differences between cyclist and pedestrian impacts. 
The results indicated that the head contact for the pedestrian impacts were on the bonnet, whereas 
the cyclist’s were on the windscreen. This indicates that the pedestrian’s head did not travel as far up 
the vehicle front due to its different orientation and the non-inclusion of the bicycle. In the initial set-up, 
the cyclist’s head vertical CoG location was less than 60 mm different to the pedestrian’s CoG, 
therefore the difference in head contact location with the vehicle could be due to the influence of the 
bicycle and the differing leg positions. The cyclist and pedestrian are of very similar stature, but are 
obviously in different stances for their respective simulations. When the simulations with no bicycle 
contacts defined are taken into consideration as well, it would seem that the stance has a greater 
influence on the cyclist’s trajectory rather than the bicycle. This can be summarised by looking at the 
head trajectories for the five simulations, Figure 172 The pedestrian trajectories (red and blue 
together) travelled the least in the longitudinal direction, compared to the two cyclist stances (green 
and pink lines). The dark blue line represented simulation 9, which was not influenced by the bicycle. 

 

• Cyclist SLU (simulation 2) 10m/s 
• Cyclist SLD (simulation 15) 10m/s 
• No Bike Contacts Defined SLU (simulation 9) 10m/s 
• Pedestrian D - Stance 10m/s 
• Pedestrian C - Stance 10m/s  
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Figure 172 – Head Trajectories for 10m/s Simulations 

 

The relationship between the cyclist’s speed to vehicle speed would determine if there was going to 
be contact between the head and bonnet. If the cyclist speed was equal or even higher than the 
vehicle speed the cyclist was less likely to impact the vehicle, whereas if the cyclist’s speed was low 
compared to the vehicle speed, it was more likely to strike the vehicle front. 

 
At this time there is not a legislative test procedure specific for cyclist head impacts onto the vehicle 
front, as they are deemed to be covered by the pedestrian impactor test procedures. Although only 
conducted with one vehicle model, the simulations conducted here have shown that the cyclist’s head 
may strike in a different position to the pedestrian, indicating that the test procedures may need 
reviewing to incorporate test procedures specific to cyclists. The orientation of the head prior to impact 
greatly influenced the speed of impact due to the variations of neck properties; therefore more 
research on this topic needs to be conducted to explore whether the test procedure should take this 
into account. To incorporate the motion of the head moving up the bonnet, in addition to moving 
across the bonnet may prove challenging.  
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6 Conclusions 

The objective of this work package was to utilise the data from WP3.1 to define the details of real 
world pedestrian/cyclist impact scenarios and conditions that the sub-project must consider in 
examining the testing methods in WP3.3 and the vehicle system technologies in WP3.4. This was 
achieved by conducting computer simulations (accident reconstructions) of cases from WP3.1 to 
quantify the most significant details of impacts between vehicles and pedestrians and cyclists. 
 

6.1. Kinematics from Multi-body Models 

 

• In general the results for the kinematics were good, the desired accuracy being obtained in 
most simulations, albeit in some cases with a large number of iterations.   

• There is a hyper-sensitivity to initial conditions in pedestrian, and more so in cyclist, 
simulations because of the large number of degrees of freedom involved in the models, and 
considerable resources are necessary to obtain robust simulations. 

 

6.2. Head Injury 

 

• With any modelling scenario the results are obviously dependent on the accuracy of the 
model, both in terms of geometric accuracy and bio-fidelity of tissue constitutive equations, 
and joint stiffness’s etc.   

• It can be seen that for the multi-body head injury simulations the results are mixed: 

o 3/9 cases where the simulation produced incorrect results 
o 2/9 cases where the simulations produced reasonable results 

o 4/9 cases where the simulations were accurate.   

• Therefore, as found previously [TNO2 2004], although these results cannot be relied upon for 
accurate injury predictions, they may be used for trend analysis, with appropriate caveats. 

• For the finite element simulations the agreement is better with no failure to predict any injury, 
5/7 where some, but not all of the injuries have been predicted, and 2/7 where all the injuries 
have been predicted. However, finite element models also need accurately modelled contacts.  

• When assessing the confidence in these simulations it must be remembered that these are 
complex simulations, involving very detailed finite element geometric, and brain tissue 
properties for pedestrians and cyclists.  Also, they take as initial conditions the output of an 
extensive kinematic simulation, which has been as accurately matched to real world contact 
points as was possible within the time constraints of the project, and contact stiffnesses 
derived from EuroNCAP test where the actual test result maybe of a similar but not identical 
location to the contact point indicated from the simulation.  In some cases the stiffness data of 
similar cars had to be used as the data was not available at the time the simulations were 
conducted (e.g. Audi A3 instead of VW Polo). 

• The ULP FE head model is based on a logistic function, calculated from real world results to 
determine the injury thresholds.  This aspect of the model is under continual development, 
and indeed the simulations conducted in this project are a large proportion of the input to that 
threshold determination process.   

• Therefore, considering the results overall, they are encouraging. Clearly more detailed real-
world results are needed to obtain better confidence in some of the injury thresholds, together 
with accurate contact stiffness’s and tissue models. 
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6.3. Lower Limb injury Mechanisms 

 

• There is a high femur fracture risk for 5th percentile whatever the velocity and the car model. 

• There is a high ligament risk for 50th percentile whatever the velocity and the car model. 

• There is a high ligament risk for 95th percentile for low velocities and a high tibia and fibula 
risk for higher velocities. 

• The higher the velocity is, the higher the risk of bone fracture is. 

• Shearing is the dominant mode if the impact is located on the tibial component with ultimate 
level between 11.6 and 15 mm. 

• Bending is the dominant mode if the impact is located on the knee femoral component with 
ultimate level between 9 and 16 degrees. 

• Bending and shearing are the dominant modes if the impact is located on the knee with 
ultimate levels respectively between 5 and 14 degrees and between 4 and 12 mm. 

• There is a large dependency on injury mechanisms on the impact locations. Hence the injury 
mechanisms are not the same for each percentile human body model. 

• More research is necessary to obtain better quality material properties, and to clarify the 
failure modes. 

 

6.4. Cyclists 

 

• A wide range of cyclist and pedestrian scenarios were simulated to assess the importance 
and relevance of certain scenarios with a family car. 

• The cyclist head impact locations were on the bonnet and windscreen only for the 5m/s 
simulations. 

• The impact location plots showed that the pedestrian head impact locations were on the 
bonnet only. 

• The angled impact simulation results did not produce significantly different results from the 
standard side impact impacts. 

• As the vehicle impact speed was increased the head impact location was higher up the 
bonnet and onto the windscreen. 

• The stance of the cyclist in terms of the orientation of the pedals affected the trajectory of the 
cyclist in the simulations, when struck with the front of a vehicle. When the struck leg was 
down the cyclist’s leg was trapped between the vehicle and the bicycle, which did not occur 
for the pedestrian simulations. 

• The bicycle had an influence on the kinematics of the cyclist during the simulations. 
• When the simulations with no bicycle contacts defined are taken into consideration, it would 

seem that the stance has a greater influence on the cyclist’s trajectory, rather than the bicycle. 
• The cyclist simulations showed the trajectory body contact locations were further up the 

vehicle compared to a pedestrian. 
• The pedestrian impact simulations showed that the first impact was likely to be with the 

vehicle, after being struck with the front of the vehicle. In comparison, the cyclist’s head and 
upper torso may miss the bonnet and windscreen contact due to the initial motion of the 
cyclist. 

• When an initial stationary pedestrian or cyclist strikes the vehicle front, the velocity vector lies 
within a plane formed by the longitudinal and vertical axis of the vehicle. When a moving 
cyclist strikes a vehicle front, the vertical head velocity does not lie within the same plane, 
since it also has a lateral component. 

• When a pedestrian strikes the vehicle front, the velocity of the head was likely to be made up 
of two components parallel to the vertical and longitudinal axis of the vehicle at the start of the 
simulation. There was no lateral walking component included in the pedestrian simulations. 
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• When a cyclist strikes the vehicle front, the velocity of the head was likely to be made up of 
three components parallel to the vertical, lateral and longitudinal axis of the vehicle. This is 
due to the motion of the cyclist prior to impact. 

• The simulations conducted here, although only conducted with one vehicle model, have 
shown that the cyclist’s head may strike in a different position and orientation to that of 
pedestrians, indicating that the current pedestrian test procedures may need reviewing to 
incorporate test procedures relevant to cyclists. However, it should also be noted that the 
possible effectiveness of protection measures in the A-pillar region is limited because the 
driver’s view must not be narrowed or sacrificed. Further issues of active systems are 
reliability, and the correct and clear detection of pedestrians and cyclists with sensors. For 
these reasons, impacts in the A-pillar region have knowingly been kept out of the legislative 
tests so far.  

• The single test speed currently used for legislative and EuroNCAP tests, may need to be 
examined to take into account the needs of cyclists. 

• This research work has highlighted the fundamental differences between cyclist and 
pedestrian impacts by comparing the two types of accidents under similar loading conditions. 
The results have shown different impact locations and orientations of head impacts.  

• More research is necessary to further quantify the differences between pedestrians and 
cyclists before the decision can be made to define them as separate groups with different 
impactors (e.g. a thoracic impactor?), or whether reconsideration of the existing pedestrian 
sub-system impactor locations and trajectories can be made to accommodate both groups. 
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7 Recommendations 

 

7.1. Kinematics from Multi-body Models 

 

• There is a hyper-sensitivity to initial conditions in pedestrian, and more so in cyclist, 
simulations because of the large number of degrees of freedom involved in the models, and 
considerable resources are necessary to obtain robust simulations. 

• Reverse engineering techniques need to be developed to eliminate the excessive number of 
iterations necessary to obtain accurate kinematics simulations. 

 

7.2. Head Injury 

 

• Multibody models need development to obtain more reliable injury predictions.  MBM’s 
calculate contact forces by virtual penetration of the ellipsoids, this procedure needs 
refinement. 

• The ULP FE head model is based on a logistic function, calculated from real world results to 
determine the injury thresholds, therefore:  

o More accurate tissue property models are needed to improve the models  

o More in-depth pedestrian data is needed to enhance the predictive capabilities of 
these models.   

o Newer vehicle models are needed where modern pedestrian safety measures have 
been realised e.g. Brake assist.  

 

7.3. Lower Limb injury Mechanisms 

 

• There is a large dependency on injury mechanisms on the impact locations. Hence the injury 
mechanisms are not the same for each percentile human body model. 

• More research is necessary to obtain better quality material properties, and to clarify the 
failure modes, before definitive recommendations can be made for a change in testing 
methods. 

 

7.4. Cyclists 

 

• To further quantify the differences between cyclists and pedestrian accidents, the injury 
mechanisms of the humanoid should be analysed including the knee and leg injuries. 

• Different and newer vehicle types should be simulated to cover a wider range of accident 
scenarios for pedestrians and cyclists, together with modern developments such as brake 
assist etc. 

• Different bicycle types and orientations of cyclists should be analysed to understand the 
nature of racing or leisure cyclists. 

• The influence of the secondary (ground) impact on cyclist’s injury severity should be 
investigated, as cyclists may have a higher risk of injurious impact on the ground than 
pedestrians after having been hit by the vehicle (see [APROSYS 2007]). 

• More research is necessary to further quantify the differences between pedestrians and 
cyclists before the decision can be made to define them as separate groups with different 
impactors (e.g. a thoracic impactor?), or whether reconsideration of the existing pedestrian 
sub-system impactor locations and trajectories can be made to accommodate both groups. 
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