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Publishable summary 
 
The objective of Task 5.3.6 (deliverable D5.3.17) of APROSYS was to demonstrate the potential 
of three newly developed human models within SP5.3, an aged a detailed and an active, in a 
non-struck lateral accident. 
 
First, “Ageing” RADIOSS HUMOS-2 model developed in D5.3.6 was used demonstrating the 
effects of ageing. Two simulations were performed involving two HUMOS-2 models of different 
ages, positioned in a GCM 3 (Generic Car Model) hit by a MDB barrier on the passenger side. 
HUMOS-2 legs and arms bones were aged to represent a 20 and an 85 years old male. The 
global kinematics as well as the local effects in the bones were studied. Due to lack of data, the 
difference in kinematic response cannot be verified. However, it is not expected to be very 
different for different ages in a severe impact. Also, the models showed a difference in the 
breaking of bones, as according to reality the bones of the old model broke earlier. Therefore, 
from this study it can be concluded that the aged HUMOS-2 model is capable to show differences 
in age in a non-struck side impact. 
 
In order to study the advantages of detailed tissue structure modelling, a non-struck side impact 
was simulated with the Head-Neck ULP FEM coupled to the HUMOS-2 model. The model 
demonstrated that stresses and strain energies of different parts of the brain FEM could be used 
to compute the brain injury risk. Also, the model demonstrated that ligament forces and relative 
displacement of the cervical vertebrae could be used to compute the neck injury risk. No injuries 
were predicted for this case. However, more information on real world neck injuries from road 
accidents is needed to develop neck injury risk curves. 
 
To demonstrate the effect of active behaviour in a non-struck lateral accident, first three different 
pre-crash scenarios were chosen from volunteer tests: No reaction, emergency braking, and 
trying to avoid the collision by steering. All three scenarios were simulated with an active human 
model and a standard passive one and the responses were compared. The active human 
occupant model used in this study was created by merging different active components, including 
the active arm from D5.3.9-13, into one active human model. In some of the cases significant 
differences in the kinematics as well as in the injury prediction were found between the active and 
the passive human model. The most apparent difference was found in the head kinematics. The 
head of the active human model shows less lateral rotation opposite to the impact direction, and 
a much larger twist facing downwards. In most cases, this resulted in different timing and severity 
of the occurred head impacts. In general the peak accelerations were higher for the active model. 
As could be expected, the difference in kinematics and injury outcome between the active and 
passive human models was smaller in a higher crash pulse. It should be noted that there are still 
many unknowns that had to be estimated by assumptions during this study. Also, the current 
active human model still needs some improvements. 
 
The non-struck side impact simulations with the active human model were repeated with a 
dummy model. Head impact with the intruding door (or side window) seems to be the most 
important potential cause of serious injuries (AIS 3+) in a non-struck side impact, and no such 
contact was predicted by the dummy as opposed to both the active and passive human models. 
This difference can most probably be attributed to the fact that the human model has a much 
more flexible spine. Thereby, the dummy model’s head lateral and twist rotation were in the 
opposite direction than that of the human models. As far side impact is not included in the 
standard crash testing there are no dummies, and no dummy models, that have been developed 
for this impact scenario. Therefore, it can be concluded that the active human model is a good 
tool for testing cars virtually for a non-struck side impact. 
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1 Introduction 
 
The objective of Task 5.3.6 (deliverable D5.3.17) of APROSYS was to demonstrate the potential 
of two newly developed human models within SP5.3, an aged and an active, in a non-struck 
lateral accident. 
 
First, the ‘Ageing’ RADIOSS HUMOS-2 model (from D5.3.6) was used in order to demonstrate 
the effects of ageing in a non-struck side impact simulation. The results of the simulations were 
analysed to identify the influence of the age parameter on the global kinematics as well as on 
local effects in the bones. This work is described in Chapter 2. 
 
Secondly, the Head-Neck ULP FEM coupled to the HUMOS-2 model was used in order to study 
the advantages of detailed tissue structure modelling in a non-struck side impact simulation. After 
the computation of some Head and Neck mechanical parameters it was possible to evaluate the 
injury risk for both segments. This work is described in Chapter 3 
 
Thirdly, a non-struck side impact demonstrator was constructed showing the differences in 
predicted injuries and occupant kinematics between an active and a passive human model due to 
different pre-crash behaviour. The active and the standard passive 50th percentile human 
occupant model were exposed to a non stuck side impact and the effects of the implemented 
activity of the model on the occupant kinematics and kinetics were investigated. This work is 
described in Chapter 4. 
 
Fourthly, in the active human model demonstrator the human model was substituted by a dummy 
model in order to investigate the difference in response between a dummy, active and passive 
human model. This work is described in Chapter 5. 
 
In Chapter 6 the results of the aged and the active human model are discussed and conclusions 
are drawn.  
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2 Younger and older HUMOS-2 model in a non-struck s ide impact 

2.1 Introduction 

In this chapter the “Ageing” RADIOSS HUMOS-2 model demonstrates the effects of ageing in a 
non-struck side impact. Obtaining a real scenario was not possible; therefore a generic scenario 
was used: a side impact barrier (MDB) is hitting a GCM 3 car model on occupant side with 
HUMOS-2 model seated on driver position. Ageing RADIOSS HUMOS-2 model was used in two 
different configurations: 20 years old and 85 years old. The ageing method described in D5.3.6 
(Implementation of ageing effects on materials properties) was extended to arm bones in order to 
better understand ageing effects. 
 
In this study the kinematic behaviour of two models only differenced by material laws definition 
will be compared. This study will focus on kinematic behaviour more than obtained values, which 
means curve shapes are more important than peak values. 
 

2.2 Scenario description 

2.2.1 Setting 
The side impact barrier is impacting the GCM3 car model at 35 km/h on its right side. The angle 
between the two vehicles is 90° (Figure 2.1 Error! Reference source not found. ). HUMOS-2 
model was placed on the driver seat (Figure 2.2Error! Reference source not found. ) and 
belted. 
 

 
Figure 2.1: General setting 
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Figure 2.2: HUMOS-2 model sitting in the GCM3 

 

2.2.2 MDB barrier 
The barrier used in this application is a RADIOSS model of the Progress MDB barrier. It consists 
of two rows of three aluminium honeycomb blocks of four different crush strengths. This model is 
shown below. The barrier speed applied in the simulations is shown in Figure 2.4Error! 
Reference source not found. . 
 

 
Figure 2.3: MDB barrier 
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Figure 2.4: MDB barrier speed along Y axis (impact direction) 

 
 

2.2.3 GCM3 car model 
The car used for this demonstrator is a RADIOSS model of the GCM3. The GCM3 is a Generic 
Car Model of an executive car, developed by Centro Ricerche Fiat S.C.p.A.  within workpackage 
1 of subproject 7 (SP7 – Virtual Testing). The details about this car is presented in deliverable 
D7.1.4a. 
 

 
Figure 2.5: Generic Car Model N°3 (GCM3) 

 

2.2.4 HUMOS-2 model 
The HUMOS-2 50th percentile human model was built in collaboration with Radioss user’s 
partners implicated in the HUMOS (HUman MOdel for Safety) project. This project was supported 
by the European Community. It aimed to develop an accurate 3D finite element model of the 
human body and to validate it by using test results in the vehicle crash environment. 
 
From this first project, a first version of HUMOS was developed. A follow-up project, HUMOS-2, 
aimed to improve HUMOS 50th model and create a family of human models: HUMOS-2 95th and 
5th percentile models. 
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The RADIOSS HUMOS-2 model (Human Model for Safety) was developed within the HUMOS 
and HUMOS-2 project and was extensively used within APROSYS SP5. 
 

 
Figure 2.6: HUMOS-2 model 

 
APROSYS WP5.3 Task 5.3.2 results (deliverable D5.3.6 “Implementation of ageing effects on 
materials properties”), describes a way to take into account age effect for two lower limbs bones, 
tibia and femur. Youngs modulus, Yield stress, failure plastic strain and maximum stress of bones 
material laws were modified by using age dependant functions. 
 
In order to also study upper limbs age effect during the two simulations, tibia ageing law was 
applied on upper limb bones, humerus, radius and ulna. These four bones are similar in shape 
(long bones) and structure. Fibula ageing was not considered, since its structure is different from 
that of tibia and femur. Two very different models were generated by using D5.3.6 results, a 20 
years old model and a 85 years old model. 
 

2.3 Results 

2.3.1 Global Kinematics 
For the simulations with different aged HUMOS-2 models the global kinematics were similar 
(Figure 2.7Error! Reference source not found. ). The lateral impact of MDB barrier induces a 
translation of the model to its right. It is stopped by the belt and the impact of its right lower limb 
on the tunnel. Then it starts to rotate sideways towards the passenger seat. There is no change 
of this kinematic behaviour during the last moments of simulation (until 200 ms); the model is 
finishing its rotation and falling sideways onto the passenger seat. 
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Figure 2.7: Global kinematic at different times (0,  80, 110 and 200 ms) 

First line : top view of the impacted GCM3 and the MDB barrier 
Second line : top view of HUMOS-2 behaviour during the impact 
Third line : frontal view of HUMOS-2 behaviour during the impact 

Fourth line : frontal view of HUMOS-2 skeleton behaviour during the impact 
 

2.3.2 Global numerical analysis 
In Figure 2.8 to Figure 2.12, the main responses obtained by the two HUMOS-2 models are 
plotted for comparison purposes. It must be noted that some acceleration signals reached very 
high peak values. As was explained in the introduction, we are lacking real experimental data to 
validate them. However, the main focus of this work being the comparison of two models 
behaviour, only differenced by material laws definition. We are focusing on changes in the curve 
shapes, since these are induced by changes in kinematic behaviour or in occupant loading. 
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Figure 2.8 : Head resultant acceleration for 20 and  85 years old models 

 

 
Figure 2.9 : First cervical vertebra resultant acce leration for 20 and 85 years old models 
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Figure 2.10 : T1 resultant acceleration for 20 and 85 years old models 

 
Figure 2.11 : Sternum resultant acceleration for 20  and 85 years old models 
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Figure 2.12: Sacrum resultant acceleration for 20 a nd 85 years old models 

 
The first acceleration peaks are corresponding to the first impact. The others are corresponding 
to a rotational movement induced by the legs which are stopped in their translational movement 
or the sacrum which is stopped by the seat. The very similar curve shapes for head resultant 
acceleration indicate an identical effect on this body part. 
 
For all those resultant accelerations signals both models exhibit the same responses shapes, 
indicating a similar behaviour. However some differences can be seen: 
 

- T1 highest acceleration peak at 47 ms and C1 highest acceleration peak at 112 ms are 
both induced by a quicker rotation of the younger model. 

- Sacrum highest acceleration peak at 130 ms is due to a different behaviour of the seat: it 
just stops the older model but it re-bounces the younger one. 

 
Each of these differences is linked to the HUMOS-2 slightly different rotation around the seat belt 
and tunnel. 
 

2.3.3 Left wrist potential injury 
For both HUMOS-2 model the left wrist angle obtained during the impact of the hand by the 
wheel may lead to an injury, see Figure 2.13. However, no age influence could be seen even if 
the lower arm bones (radius and ulna) are aged, so the bones age has no influence on this 
potential injury. 
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Figure 2.13: Top view of the left wrist injury 

 

2.3.4 Focus on lower legs bones behaviour influence 
If HUMOS-2 models injuries on aged parts are similar for the two ages, some differences can still 
be found. On both models a break on right fibula can be found, but it appears sooner on the 
younger model, see Figure 2.14 and Figure 2.15Error! Reference source not found. . 
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Figure 2.14: Fibula breaking chronology (Von Mises stress) 

20 (left) / 85 (right) years old models comparison at 55 and 65 ms  
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Figure 2.15: Fibula breaking chronology (Von Mises stress) 

20 (left) / 85 (right) years old models comparison at 70 and 75 ms 
 
At 65 ms, see Figure 2.14, the young leg is more heavily loaded than the older one and breaks 
more widely. At 70 ms, see Figure 2.15, the older leg is now heavily loaded and breaks. The load 
on the younger one, being broken, is then reducing. The tibia bone being stronger for younger 
persons, the fibula, which is submitted to a “three-point bending” with a less deformable support 
surface, breaks quicker. 
 

2.4 Conclusion 

The age-related differences in kinematic behaviour resulting from the simulation were as they are 
expected in reality. However, they still should be verified in real situation. Moreover, fibula 
material law ageing should also be studied to check if the non ageing assumption done on this 
study is valid. Also, age-related changes to soft tissues were not included in this study. 
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3 ULP Head-Neck FE model coupled to HUMOS-2 in a no n-struck side 
impact 

3.1 Introduction 

This chapter demonstrates the capabilities of the Head-Neck FE model coupled to the whole 
body (HUMOS-2 Model) in a non-struck lateral accident. In an earlier step (D3.1.1) the coupling 
of the Head FE model on the Neck FE model was performed and finally this Head-Neck model 
was adjusted to HUMOS-2 model with an interface provided by Altair. In the present step it was 
agreed to use this detailed human FE Model for the simulation of a lateral car crash for 
demonstration purposes. In accordance with TNO the option was retained to not reproduce a side 
impact with external impact forces, but to consider the acceleration of the first thoracic vertebra 
computed with the dummy model as the input of the head-neck response calculation and injury 
assessment. 

3.2 ULP Head-Neck Model coupling to HUMOS-2  

The ULP Head FE Model developed by Kang et al. (1998) was used for this study. The geometry 
of the inner and outer surfaces of the skull was digitised in the Strasbourg laboratory from a 
human adult male skull. The data given in an anatomical atlas by Ferner et al. (1997) was used to 
mesh the human head using the Hypermesh code. For this model, the option was chosen to 
retain a given realistic human adult anatomy rather then trying to find an overage geometry, 
which may not exist. Figure 3.1 shows the 3D-skull surface obtained by digitising external and 
internal surfaces of the skull (a) as well as the meshed model (b). 

 

  

(a) (b) 

Figure 3.1: 3D skull surfaces used for the model co nstruction and skull meshing 

 

The falx and tentorium were simulated with a layer of shell elements, the skull comprised a three 
layered composite shell and the remaining features were modelled with brick elements, see 
Figure 3.2. Of particular importance, and rarely modelled, is the subarachnoïd space between the 
brain and the skull, which in this model was represented by one layer of brick elements to 
simulate the cerebral-spinal fluid. The tentorium separated the cerebrum and the cerebellum, and 
the falx separated the two hemispheres. Brick elements were used to simulate the cerebral-spinal 
fluid that surrounds these membranes. A layer of brick elements also modelled the scalp, which 
surrounds the skull and facial bone. Overall, the current head model, illustrated in Figure 3.2, 
consists of 14643 elements and it has a total mass of 4.5 kg. 
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(a) (b) (c) 
Figure 3.2: Meshing of the intra-cranial medium Bra in and CSF(a), Falx, tentorium and Skull 
(b), Face (c). 

 
The ULP Neck FE model (Meyer et al. 2004) geometry is based on a living human subject close 
to 50th percentile male: [Height: 1.72 m, weight: 72 Kg, age: 33 years]. This approach allows us 
not to make any approximation regarding the geometry of the cervical vertebrae. The principal 
anatomical parts were taken into account i.e. the cervical vertebrae (shell elements), the 
intervertebral discs (bricks elements), the upper and lower ligament system (springs elements) 
and the muscles (bricks and spring elements) as illustrated in Figure 3.3. Figure 3.4 illustrates the 
continuous meshing between the Head FE model and the Neck FE model. 
 

  
Figure 3.3: The cervical column Figure 3.4: Cross s ection of the Head-Neck FEM 

 
HUMOS-2 is a complete human FE model representing a large range of the European population 
and allowing an accurate injury risk prediction for victims involved in road accidents. This model is 
in driving position and represents a 50th percentile male. 
 
The Head-Neck FE model was adjusted and coupled to HUMOS-2 thorax model with a tied 
contact for the soft tissue interaction and with a general springs element between T1 an T2 as 
illustrated respectively in Figures 3.5, 3.6. This coupling was performed with the help of ALTAIR. 
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Figure 3.5: Tied contact between HUMOS-2 
and the ULP Head-Neck model in order to 

connect the soft tissues. 

Figure 3.6: General spring between the T1 
and T2. 

 

3.3 Simulation of far-side impact 

In order to study the capability of this model to investigate road accidents we reproduced a side 
impact with head-window contact in accordance with the outputs obtained from the active TNO 
human body model, see Chapter 4. The reconstruction of a lateral impact with the active TNO 
human body model allowed us to calculate the kinematics of the first thoracic vertebra (T1). The 
initial distance between the head and the window provided by TNO was adjusted in the 
simulation and the window was connected to a rigid body. Figures 3.7 and 3.8 illustrate 
respectively the linear and the angular acceleration implemented into the coupled HUMOS-2–
ULP Head-Neck FE model and Figure 3.9 shows the lateral velocity of the side window. A global 
view HUMOS-2 FE model’s response is illustrated in Figure 3.10. 
 
 

 
 

Figure 3.7: Linear acceleration imposed at T1. Figu re 3.8: Angular acceleration imposed at 
T1. 
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Figure 3.9: Linear velocity of the side window in t he lateral direction. 

 
 

  
t=0 ms t=70 ms  

  
t=90 ms  t=110 ms  
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t=120 ms  t=130 ms  

Figure 3.10: Kinematic response of the ULP Head-Neck  FEM coupled to HUMOS-2 under far-side 
impact condition. 

 
Prediction of the head injury risk  
 
The tolerance limits used to asses the head injury risk for this impact case are those defined in 
deliverable D.5.1.1.B “Improved Model based Head injury criteria”. The tolerance limits are 
recalled in Table 3.1. 
 

Mild DAI SDH Skull Fracture 

CSF minimum 
pressure 

(Kpa) 
-135 

Brain 
maximum Von 
Mises stress 

(kPa) 

26 
CSF Strain 
energy (J) 

5.3 

Skull Strain 
Energy (mJ) 

865 

Tolerance limit for a 50% risk 
of mild DAI injuries 

Tolerance limits for a 50% risk 
of subdural heamatoma 

Tolerance limit for a 50% risk 
of skull fracture 

Table 3.1: ULP Head injury criteria. 
 
The mechanical parameters calculated during this lateral impact reconstructed with HUMOS-2 
FEM are as follows: 

�  sVM = 9.6 Kpa for the brain 
�  Pmin = -53 Kpa for the CSF 
�  Strain Energy = 0.15 J for the CSF 
�  Strain Energy = 8 mJ for the Skull 
�   

All mechanical parameters calculated are under the tolerance limits so no injury is predicted for 
this accident case. 
 
Prediction of the neck injury risk  
 
Currently, neck tolerance limits are defined in terms of neck forces and moments. In the present 
approach several intra-cervical parameter are calculated in order to demonstrate the capability of 
a detailed FEM to evaluate the injury risk. 
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Figure 3.11: Force within flavum at C2-C1 Level. Fi gure 3.12: Force within the capsular 
ligament at C2-C1 Level. 

 
Figure 3.13: Relative displacement of the cervical vertebrae. 

 
In order to asses the injury risk we compared the results of the previously presented accident 
case output to Myklebust et al. (1985) tolerance limits. This paper presents tolerance limits in 
terms of ligament extension and determined for example that the capsular ligament and the 
flavum ligament at C2-C1 level has a failure load respectively at 315N and 113N. The values 
computed in the present study are lower that those proposed by Myklebust et al. i.e. 52N for the 
flavum ligament and 119N for the capsular ligament. These values only give an estimation of the 
severity of this impact, and it seems that no injury is induced under the present accident 
conditions. 
 

3.4 Conclusion 

The detailed FE head and neck model from ULP was coupled to the HUMOS-2 model in order to 
be able to compute tissue mechanical parameters and to asses the injury risk. The capability of 
the model was demonstrated in a non-struck lateral accident simulation. The model demonstrated 
that stresses and strain energies of different parts of the brain FEM could be used to compute the 
brain injury risk. Also, the model demonstrated that ligament forces and relative displacement of 
the cervical vertebrae could be used to compute the neck injury risk. 
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However, validation issues have not been considered as the neck model has been validated 
against front, lateral and rear impact configuration in earlier studies. Further research based on 
real world accidents with known injuries is needed in order to be able to develop proper neck 
injury risk curves for this model. 
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4 Active and passive human models in a non-struck s ide impact 

4.1 Introduction 

In this chapter a non-struck side impact demonstrator was constructed showing the differences in 
predicted injuries and occupant kinematics between an active and passive human model due to 
different pre-crash behaviour. The information on the pre-crash behaviour was gained from 
volunteer tests performed by INRETS exposing volunteers to an unexpected non-struck side 
impact event in a driving simulator. The obtained results were used as input to this study with 
respect to the pre-crash behaviour of the occupant. An active human occupant model was 
created in MADYMO by merging different active components into one facet occupant. 
 

4.2 Occupant models 

For the simulations it was chosen to put one occupant on the driver seat only. The reason is that 
the passenger's body on the front seat can be considered as a buffer to the driver in a non-struck 
side accident. The driver would probably first hit the passenger and not the car structure, while 
hitting the car structure will supposedly lead to more severe injuries. This was investigated in 
APROSYS deliverable D1.1.5A (Address Non-struck Side Injuries), where it was found that in 
cases with an adjacent occupant fewer high severity injuries occur for the driver. 
 
Two different 50th percentile male human occupant models were used in this study: An active as 
well as a passive one. The passive occupant model used in this study was the 50th percentile 
male model (Lange et al., 2005; Happee et al., 1998, 2000; MADYMO, 2006) developed by TNO 
and is standard released by MADYMO. This model is validated for frontal, rear and side impacts 
(Lange et al., 2005; Happee et al., 1998, 2000; Meijer et al. 2001, 2002; MADYMO, 2006), but 
was not able to simulate whole body active behaviour. Simulations with this model are conducted 
to be able to investigate the presence of active components in the active human model and their 
influence on the relevant outcomes (occupant kinematics and injury risk). 
 

 
 

Figure 4.1: Passive 50 th percentile human occupant facet model as released with MADYMO 
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4.3 Active human occupant model 

For the active human occupant model (Figure 4.2) several already existing active components 
were merged into the passive model: 
 
 

·  Active left arm 
·  Stabilizing spine 
·  Active legs 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 4.2: Newly developed active 50 th percentile human occupant model 
 
The stabilizing spine allows controlling the movement of the spine via PID controllers. For more 
information about the stabilising spine is referred to Cappon et al. (2007). In the active legs not 
only rigid bone structures but also muscles are implemented that can be activated via a control 
system. For more information on these components is referred to the MADYMO Human Models 
Manual version 6.3.2. 
 
The active left arm as developed for APROSYS SP5.3 (deliverable D5.3.9) so far only consisted 
of a rigid bone structure with muscles attached to move the elbow -, wrist - and radius – ulna 
joints. First, this model was improved by adding a PID controller to the elbow which allows 
stabilization of the elbow as well as lifting of the lower arm. The changes made to the model are 
described in detail in TNO contribution “Implementation of controlled active behaviour in the 
human arm model” to Deliverable D5.3.13. 
 
As the detailed arm model so far only consists of a bone – muscles structure without skin it is 
implemented into the facet arm model of the standard 50th percentile human occupant. Therefore, 
all masses of the facet arm bodies were reduced to 0.001 kg to keep the mass distribution of the 
detailed arm model the same. All restraints and joints in the facet arm are disabled and the 
bodies that support the skin are included in the joint chain of the detailed arm by bracket joints.  
 
The anthropometry of the bones of the arm model is based on the FE human model HUMOS-2. 
This model also represents a 50th percentile human, but does not have the exact anthropometry 
as the facet 50th percentile human occupant. The detailed arm is for example slightly longer than 
the facet arm. Therefore, the facet skin of the upper arm was enlarged approximately 2.6 cm and 
the skin of the lower arm approximately 0.8 cm. Another difference between the models is the 
initial position of the scapula. In order to avoid the scapula stick out of the facet skin it had to be 
repositioned. This was done by rotating the scapula to a position that matches the simplified 
scapula of the standard facet human occupant model and corresponds to a standard anatomical 
position described in relevant literature. All muscles are attached with respect to bodies and not 
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to the mesh of the bones. Therefore, the re-orientation of the bones does not influence the 
muscles behaviour at all. 
 
In the initial active left arm model also all bones of the palm of the hand and the fingers were 
present. These bones can not be moved relative to each other as no joints are implemented in 
the hand other than the wrist. The hand of the standard facet model in contrast does allow 
different hand position. Therefore, for the combined model the structure of bodies and joints as 
present in the facet occupant is kept and only the bone structure of the hand was kept until the 
carpus (hand bones just above the wrist). 
 
As no active right arm existed so far, this model was created out of the active left arm by means 
of mirroring. In the model of the left arm orientations were modelled by defining the rotations 
successively, one after another (by using the MADYMO ORIENTATION.SUCCESSIVE_ROT – 
keyword). There is no problem with applying mirroring, if only rotations around one axis are 
performed, or if the rotations of the first two axes are 0, 90, 180, etc. degrees. Unfortunately, this 
was not the case for most orientations in the model of the left arm. As a result, the elbow and ulna 
– radius restraint in the right arm were not mirrored completely correct, and therefore they are not 
working perfectly well. In the beginning of each simulation it could be seen that the right arm is 
shaking a bit which is not seen for the left arm. Due to those mirroring problems, most muscles of 
the right arm also have slightly different lengths than the left arm. Instability problems in the left 
arm can occur in the elbow PID controller, when no pulse is applied. However, the PID controller 
in the left arm is working good enough for this application. 
 

4.4 Car model 

The MADYMO Medium family car model, see Figure 4.3, that was used for this demonstrator was 
developed in the European 5th framework project PRISM (Proposed Reduction of car crash 
Injuries through improved Smart restraint development techniques). This PRISM car model is a 
so-called generic car model, developed by averaging the geometries and characteristics of 
several current medium family cars. 
 

 
Figure 4.3: Medium family car model 

 
Several modifications had to be made to the PRISM car model as this model contains smart 
restraint systems and in this task we like to simulate a standard situation. Initially, the car 
structure was rigidly attached to the reference space. In order to be able to move the car 
according to a given pulse, a translational joint was implemented between reference space and 
the car model. All airbags were removed from the model as in a non-struck side impact neither 
the front airbags nor the driver side curtain airbag is likely to be fired. The only airbags that might 
be fired are the side and the curtain airbags on the passenger side. However, since these airbags 
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are not included in a bit older cars on a regular basis, they were not included in the model so that 
the worst case situation can be analyzed. The restraint system on the passenger side was 
removed completely in order to avoid a potential source of instabilities during the simulation. The 
safety belts at the driver side of the PRISM model, which included active safety components, 
were replaced by a standard belt. 
 
In SP1 (Deliverable D1.1.5) it was found, that the regions that are most likely to suffer severe 
injuries in non-struck side impacts are the head and the thorax. Further, those injuries most often 
occur due to contact of these body parts with the passenger side structure. Because in a severe 
side impact the door will most likely intrude the cabin, the door intrusion should be accounted for 
in the simulation. A translational revolute joint was implemented between the passenger door and 
window allowing prescribing displacement as well as rotation of the passenger door and window. 
 

4.5 Crash Pulse and Door Intrusion 

The only information available on crash pulses of a side impact was of EuroNCAP pulses from 
APROSYS SP1. In Figure 4.4 the EuroNCAP pulses of 12 different cars of different sizes 
measured on the B pillar of the non-struck side are plotted. The min, mean and max pulse that 
can be obtained out of this measures are highlighted. One of the conclusions of SP1.5 was, that 
the impact velocity must be larger than 50 km/h to obtain serious injuries in a non-struck side 
accident, therefore the max pulse is considered preferable for the current application. 
 

 
Figure 4.4: B-pillar pulses on the non-struck side,  Euro NCAP tests, various vehicle sizes 

 
As no side structure deformation was measured during the EuroNCAP tests the accelerations are 
based on, the side structure deformation of a Freelander to a Golf test (90deg, 48/24 km/h) that 
was conducted for APROSYS WP 1.5 was taken as a reference. The deformations of the Golf 
after this test are plotted in Figure 4.5. Since the rigid structure of the car does not allow applying 
structural deformation during the simulation and since only end deformations are available, the 
passenger door and window were moved over an averaged value into the car during the impact. 
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Figure 4.5: Deformation of a Golf target car on the  struck side (APROSYS SP1) 

 

4.6 Simulation set up 

The components described in the above sections were merged together to one complete 
simulation set up. Prior to the actual crash simulation the occupant is seated in a presimulation 
and belted with the belting routine implemented in MADYMO pre-processor XMagic. For all 
simulations gravity is applied in vertical direction to all system components. The crash pulse 
described in Section 4.5 is applied inverse to a translational joint implemented between the car 
and reference space. This way the whole car is moved and the occupant responds inside the car 
due to interaction with the accelerated car structure. 
 

 
Figure 4.6: Initial position of active (left) and p assive (right) human model  

 

4.7 Pre crash  behaviour 

INRETS carried out driving simulator tests for APROSYS WP 5.3 in which 11 different volunteers 
were exposed to an unexpected far side collision in a driving simulation. In the experiments 4 
different types of a pre-crash behaviour could be identified: 
 

·  No reaction (4 volunteers) 
·  Emergency braking (6 volunteers) 
·  Collision avoidance manoeuvre (3 volunteers) 
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·  Accelerating (1 volunteer) 
 
As emergency braking and accelerating can be considered similar with respect to the muscle 
activity of the human (the driver is treading on a pedal), these 2 cases were not investigated 
separately, but merged into one category, called ‘collision avoidance’. No additional acceleration 
or deceleration was applied to the car, assuming that the reaction of the driver was too late to 
avoid the accident or change the car dynamics significantly. Also, no information was available 
about the change of the car crash in these cases. 
 
Therefore, in total 3 different cases were simulated with the active human model. It should be 
noted though, that if the driver would accelerate earlier than the start of the crash, the occupant is 
going to be pushed to the seat back (depending on the car velocity and the power of the engine, 
the gear etc.). And if the driver would brake earlier than the start of the crash, he would push 
himself into the seat, or is going to move forward and interact with the seat belt. Both cases could 
lead to substantial differences in the kinematics of the pre-crash phase and thus to a different 
initial position at the time of impact. Consequently, different injury risks may be involved. 
However, investigating different acceleration or deceleration levels of the car prior to the impact 
were out of the scope of this project. As braking can not be simulated at all by a passive human 
model, only no reaction and collision avoidance were simulated with the passive occupant as 
well.  
  
No muscles were implemented so far in the active model that can control movement or grip of the 
hand. As a human during a real crash will most likely not simply let the steering wheel go but try 
to hold on to it (or to move it, depending on the response category), the grip is modelled by point 
restraints that are inserted in lateral direction between the hand and the steering wheel. Release 
of grip is modelled by removing these restraints as soon as a certain force level is detected in the 
restraint. Bao (2000) found, that the power grip strength is approximately 300N for women and 
470N for men. Therefore, in the simulations this level was set to 400N at each hand of the human 
model. 
 

4.8 Simulation results – No reaction 

With the active model the ‘no reaction’ as pre-crash behaviour was modelled by only stabilizing 
the elbow as well as the implemented restraint in lateral direction between hands and steering 
wheel that represents the grip of the occupant’s hands. The stabilizing spine in this model was 
active throughout the complete simulation as well. The passive model was only seated and belted 
as in a standard application. 
 
In Table 4.1 the kinematics of the active and passive human occupant are presented. It can be 
seen that the legs are moving similar for both models and that they slide approximately the same 
distance along their seat. The implemented point restraints kept the hands of the active model 
attached to the steering wheel in the beginning of the simulation, but the grip was released quite 
soon.  
 
The active model falls over to the impacted side of the vehicle as fast as the passive model 
throughout the simulation. This indicates that the pulse is too severe for the model to be able to 
stabilize the spine in the lateral direction. Stabilization around the vertical axis did take place, 
though. The active model mainly bent over in lateral direction, whereas the passive model 
additionally rotated significantly around its vertical axis. This causes the head of the passive 
model to miss the passenger seat and only hit the window approximately at t = 0.111s. On the 
contrary, the head of the active model first hits the passenger head rest at approximately t = 
0.094s and most likely afterwards the window. The impact on the headrest caused the model to 
bend and compress the neck which caused the simulation to abort shortly before the human 
model could hit the window as well. This issue might be related to the stabilizing spine or the 
contact characteristics of the headrest, but could not be solved for the time being. As a result, the 
kinematics of the active model could only be plotted till t = 0.13.   
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The position of the head of the passive model in the crash phase before the impact is mainly 
influenced by its acceleration. This results in a more or less upright position of the head for the 
first phase of the crash. The active model tries to stabilize itself which includes stabilization of the 
head. Therefore, the head of this model is found to move in line with the neck and the rest of the 
spine. At a first glance, the head movement of the passive model might seam more realistic for 
the first phase of the impact, at least it is comparable to volunteers in a low severe impact (Meijer, 
2003). However, we don’t know which behaviour is more realistic in this high severe case. 
Thereby, the stabilizing spine does not take into account the reflex of the human to protect its 
head. 
 
Table 4.1: Active (left, lilac) and passive (right,  green) human occupant in scenario 1 

(no reaction), maximum pulse 

  
t = 0.00 t = 0.01 

  
t = 0.02 t = 0.03 

  
t = 0.04 t = 0.05 

  
t = 0.06 t = 0.07 
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t = 0.08 t = 0.09 

  
t = 0.10 t = 0.11 

  
t = 0.12 t = 0.13 

 
t = 0.13 (active) t = 0.20 (passive) simulation end 
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4.9 Simulation results – Emergency braking 

The scenario ‘emergency braking’ is simulated only with the active human model as the passive 
model is not able to perform that kind of movement. For the passive model the response would 
be exactly the same as in the scenario ‘no reaction’. Therefore, the results of the active model in 
the scenario ‘emergency braking’ compared to the results of the passive model in the scenario 
‘no reaction’. 
 
When looking at an actual emergency braking the main motion that can be observed is a 
stretching of the leg that causes the occupant to move back and up in the seat. The facet detailed 
legs that are present in the active human occupant allow activation of single muscles as well as 
muscle groups. Standard, only one control system is defined per leg that would allow for 
activation of all muscles to the same level at the same time. As this is not very realistic as not all 
but only certain muscles are activated for a certain movement, a second control system is 
implemented in the model that allows activation of that group of muscles that is used for 
stretching a leg. From the MADYMO human model manual those muscles (Rectus femoris, 
Vastus medialis, Vastus intermedius and Vastus lateralis) can be extracted easily. It should be 
noted that during an emergency braking not all the employed muscles are activated to the same 
extent (and within the same time span) and some co-activation of the antagonist muscles can 
occur. However, a thorough analysis of the activity of individual muscles during this activity is 
beyond the scope of this study and a simple, straightforward solution was used instead. 
 
Several pilot simulations were performed with a resting car in order to investigate to which extent 
the muscles should be activated in order to reflect actual braking behaviour. The optimal 
activation level was found to be 0.6, which equals 60% of the maximum activation. Higher 
activation levels would cause the occupant to completely move out and up the seat and make the 
head hit the roof. Lower levels would lead to very slow braking that would not allow a back and 
upwards movement of the human at all. As the braking is considered as a pre-crash manoeuvre, 
the occupant was given 0.05 seconds time to start braking before the actual impact happened. In 
Table 4.2 the kinematics of the active and passive occupant are shown for the simulation of 
scenario 2 including the maximum pulse.  
 
It can be seen, that the active model is stretching the legs. This was also seen at the volunteers 
in the driver simulator tests prior and during the first phase of the crash. Stretching the legs 
makes it much easier for the active model to move to the other side of the car, which causes the 
active models head to impact earlier than that of the passive model. HIC values were found to be 
1981.0 for the active and at 1709.8 for the passive model. A complete list of obtained injury 
criteria can be found for all scenarios in Appendix B.  
 
All differences in the active model’s behaviour compared to that of the passive that are found for 
scenario ‘no reaction’ also come up in this scenario. 
 
Table 4.2: Active (left, lilac) and passive (right,  green) human model in Scenario 2 

(emergency braking), maximum pulse 

  
t = -0.05 t = -0.025 
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t = 0.00 t = 0.01 

  
t = 0.02 t = 0.03 

  
t = 0.04 t = 0.05 

  
t = 0.06 t = 0.07 

  
t = 0.08 t = 0.09 

  
t = 0.10 t = 0.11 
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t = 0.12 t = 0.13 

  
t = 0.14 t = 0.15 

  
t = 0.16 t = 0.17 

  
t = 0.18 t = 0.19 

 
t = 0.20 
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Another finding from the simulation is that the chosen pulse seams to be too severe to see a 
significant effect of the active behaviour on the human model response. Therefore, the same 
simulation was performed again using the medium pulse from the EuroNCAP testing presented in 
Section 4.5. The obtained kinematics for both active and passive model can be found in Appendix 
A Table A.8.1. 
 
It can be seen that in the case of the average impact, the passive occupant is still falling over as 
in the case with the most severe pulse. The only difference was, that in case of the average 
impact the passive human model did not fall as fast, did not bend over as much and did not hit 
the side structure. The general behaviours are quite similar. This does not hold for the active 
occupant. It can be seen, that it is able to hold on to the steer almost till the end though the hands 
do not stick to the steering wheel in the same position throughout the simulation. This behaviour 
is caused by the modelling approach that was chosen. The point restraints that are defined 
between hand body and steering wheel in lateral direction are a very simple approach to model 
the grip of the occupant to the steering wheel and are not able to prevent the hands from rotating. 
Another important finding is that the active model is able to stabilize itself during the simulation. It 
bends over much less compared to the maximum pulse simulation and the neck is not stretched 
as severe as found for the passive occupant due to the same reasons elaborated in Section 4.8. 
 
The head of the active model stays in line with the rest of the spine due to the controlled spine, 
but turns after it hits the passenger head rest. The head of the passive model in contrast mainly 
stays vertical and tips over after a certain lateral bending of the torso is reached because it is 
attached to the torso that rotates and forces the head to follow as soon as the neck is bent to its 
limit. Once again, it should be noted that the braking (i.e. the car acceleration) can influence the 
kinematics and thus the injury risk. 

4.10 Simulation results – Collision avoidance manoe uvre 

4.10.1 Turned Car – No turning of the steering wheel 
The collision avoidance manoeuvre is not as easy to model as the scenarios described before as 
there are much more unknowns: 
 
- How much will the occupant steer? 
- To what extend will the occupant employ the brake at the same time? 
- How much will the car turned around? 
- Will the car rotate further during the impact and if so, to what extent? 
- To what extent will the crash pulse change? 
- How much will the bullet car intrude into the target change? 
 
Most of these unknowns could not be ascertained easily; therefore certain assumptions had to be 
made. Unfortunately, no crash pulse representing the same impact was available for a turned 
target vehicle. Therefore, the same crash pulse as for the other two scenarios was used. In order 
to account for the rotation and different impact direction of the car, the initial position of the car is 
changed from 90 to 75 degrees with respect to the initial impact. That way the pulse can still be 
applied in lateral direction only that it now doesn’t hit the car perpendicularly, but under an angle 
of 15 degrees. Rotation of the car and changes of the door intrusion were not accounted for.  
 
Since the passive model is not able to actively move anyway, the wheel was only turned by the 
active occupant. In a first approach, both, active and passive model were positioned as in 
scenario ‘no reaction’ in the rotated car with the maximum pulse applied. The results of these 
simulations can be found in Appendix A Table A.8.2. 
 
Before the head of the occupants impacts the passenger seat head rest, the kinematics were 
found almost similar, though the general differences with respect to head and arm movement as 
well as bending over could be found in these scenarios as well. The passenger side window is hit 
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neither by the active, nor by the passive model. The head of active model impacted a little earlier 
than the head of the passive occupant as the head of the active occupant impacted in a stabilized 
position in line with the spine. The head of the passive occupant lagged behind the movement of 
the spine, so it rotated to the left with respect to T1. 
 

4.10.2 Turned Car – Turning the steering wheel 
In a second approach, it is tried to actually let the occupant turn the wheel prior to the impact. As 
no PID controller is so far implemented in the shoulder, it is not possible at this point to prescribe 
a start and end position to the arm and let it that way move the steering wheel. An option would 
have been to take the EMG signals measured on the volunteers that participated in the INRETS 
driving simulator tests and apply those to the muscles in the arm. Obtained EMG signals are 
always highly depending on the properties of the muscles they are measured on. As those 
properties are very unlike to be identical in the active arm model and the volunteer, applying the 
volunteers EMG signals would very unlikely lead to the wished movement of the arms. 
Additionally, so far no shoulder muscles are implemented in the arm to which EMG signals could 
be applied. It was tried to implement at least the most important muscles as deltoideus, 
coracobrachialis and subscapularis but unfortunately not all necessary muscle parameters could 
be implemented due to lack of time.  
 
As in the driving simulator tests not only EMG signals but also joint angles were measured, it was 
tried to model the turn movement by prescribing these angles to the elbow and the shoulder joint. 
Unfortunately, this did not work out, as prescribing a motion to the elbow did also affect the 
shoulder and vice versa. This is probably caused by the restraints that are implemented as well 
as the acceleration field representing gravity that acts on the model. In order to avoid muscle 
interference, the PID controllers were switched off for this approach, too. 
 
Nevertheless, to make the active model turn the steering wheel, the simplest approach is chosen. 
A revolute joint is implemented between the steering wheel and the steering column that is 
rotated in the pre-crash phase. The hands are attached to the rim with additional point restraints 
in all three directions that were chosen significantly stiffer than the ones used to model the grip of 
the hands. This way, these grip restraints will not get released accidently prior to the impact but 
the hands stay attached to the rim and are moved by the turning steering wheel (see Appendix A 
Table A.8.3). The restraints that keep the hands in position during the steering wheel movement 
are released as soon as the turning stops and the impact starts (t = 0.00 s). The steering wheel is 
turned up to 60 degrees. This was the maximum turn angle that could be applied without violating 
the elbow restraints. To visualize the movement of the steering wheel, the ellipsoid on top of the 
rim is coloured blue in the simulation with the turning steering wheel. 
 

 
Figure 4.7: Position of the active (left) and passi ve (right) model prior to the impact at 

time step 0.00 
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In Figure 4.7 the position of the active steering and the passive non steering model are presented 
just prior to the impact. Table 4.3 provides the kinematics of all three, active steering, active non 
steering and passive none steering models at significant time steps. The difference in initial 
position caused by the rotation of the steering wheel affects the model behaviour during the crash 
as can be seen in Table 4.3. The steering model impacts the headrest of the passenger seat 
earlier (t = 0.09 s) than the non steering (t = 0.095 s) and the passive model (t = 0.10 s). Also the 
impact location on the head differs. The steering model hits the headrest app. at ear height, the 
non steering active model at location of the right temple and the passive model hits first 
approximately with the right cheek. As the right arm of the steering model is on top of the rim prior 
to the impact, this arm stays up throughout the complete simulation as well. Due to the working 
PID controller in the elbow, the arm is bent when heading towards the door resulting in a 
considerably more realistic overall arm movement as compared to the passive model, where the 
arm stretches out after the impact.  
 
Table 4.3: Active steering (left, pink) and non ste ering (mid, purple) as well as passive 

non steering (right, green) human model in Scenario  3 (collision 
avoidance), maximum pulse 

 
t = -0.05 

 
t = 0.00 

 
t = 0.05 
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t = 0.09 hit point steering active model 

 
t = 0.11 

 
t = 0.14 

 
t = 0.17 simulation end (steering active model) 
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4.11 Injury risk prediction 

4.11.1 Scenario - No reaction 
For the scenario ‘no reaction’ it could be found, that the impact responses of the active and the 
passive model were very similar. Only subtle differences in the kinematics can be observed (the 
active model does not bend over as much as the passive model). The passive model did not hit 
the head against the head rest, but directly hit the window. Unfortunately, it was not possible to 
run the simulation including the active model to the end as already explained earlier. 
 
In Figure 4.8 the resultant accelerations of the Sternum, Head CG, Pelvis and T1 were presented 
for both, passive and active model. In Figure 4.9 the resultant and lateral linear head CG velocity 
as well as upper neck forces and bending moment can be found. It can be seen, that the general 
shape of the curves is quite similar for both models. From the acceleration chart of the Head CG 
it can be found, that the impact of the head with the passenger head rest is much less severe 
than the impact of the head with the window. T1 and Head CG accelerations are extremely high 
at the last time step. Pelvis accelerations were found to be much higher for the active model than 
for the passive model. When looking at the kinematics of the time step of the maximum 
acceleration, it can be found, that the active model has moved slightly further in lateral direction 
than the passive model. For the active model, pelvis and legs were connected to the torso by a 
so called tied surface which forces the appropriate adjacent nodes of the torso and the pelvis to 
stick together. It was found, that due to this tied surface the contact interactions between pelvis 
and lap belt would not work totally fine. The belt penetrates the abdomen much more than is 
realistic and at some point it might also loosen. Therefore, also contact interaction between lap 
belt and Pelvis bones were implemented to the model to be able to hold the occupant back as 
realistic as possible. This issue for the contact interaction is considered to influence the pelvis 
accelerations as well and probably responsible for the high measures obtained from the active 
model. Due to lack of time, this issue could not be solved completely. 
 

 
Figure 4.8: Resultant linear acceleration of Sternu m, Head CG, Pelvis and T1 for the 

passive (blue) and active (red) human model, scenar io ‘no reaction’, 
maximum pulse 

 
Please note, that the accelerations are influenced by the contact definitions that were used. For 
all car contacts only force – penetration contact characteristics were available. It is known, that 
these characteristics could lead to unrealistic contact forces, if the contact interaction does not 
work properly, and therefore also to unrealistic peaks at i.e. sudden impacts as present in the 
scenario ’no reaction’ with the active human model. Therefore, as the force-penetration contact 
characteristic is not validated the responses of the active and passive model can only be 
compared to each other and cannot be quantitatively compared to injury criteria limits. 
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The impact velocity of the head can be obtained by subtracting the head CG velocity at the time 
of impact from the corresponding head rest velocity. In Figure 4.9 it can be seen, that the impact 
velocity of the head CG of the active model is higher than the one of the passive model. Axial 
upper neck force as well as the axial Fy shear and lateral bending moment are in contrast much 
lower for active model than for the passive model. This is caused by models the different contact 
points the two models undergo, due to different kinematics. The active model only hits the soft 
passenger head rest. The passive model misses the headrest and impacts directly the passenger 
side window. As the window is much harder than the head rest, the occurring neck forces and 
moments are higher though the head impacts with a lower velocity.  
 

 
Figure 4.9:  Head CG resultant linear acceleration,  lateral velocity, upper neck forces 

and bending moment for the passive (blue) and activ e (red) human model, 
scenario ‘no reaction’, maximum pulse 

 

4.11.2 Scenario - Emergency braking 
The resultant linear accelerations of the Sternum, Head CG, Pelvis and T1 for scenario 
‘emergency braking’ are presented in Figure 4.10 for the maximum pulse and in Figure 4.12 for 
the medium pulse. Head CG velocity as well as upper neck forces and lateral bending moment 
were provided in Figure 4.11 and Figure 4.13. The shape of the acceleration curves before the 
head impact is once again similar for both models. 
 
As already stated in Section 4.9, the active model does impact the passenger side structure 
earlier than the passive model when applying the maximum pulse which can be seen in the 
charts. This results in significantly higher head and T1 peak acceleration for the active model. 
This indicates that due to the pre-crash behaviour of the active model, this occupant actually is at 
higher risk of obtaining serious injuries. Another indication for that can be found from the neck 
lateral bending moment which is significantly higher for the active model as this model impacts 
the window with app. 3 m/s more than the passive model. Due to the different movement of the 
models heads, the upper neck forces though stay lower for the active model.  
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Figure 4.10 Resultant linear acceleration of Sternu m, Head CG, Pelvis and T1AO for the 

passive (blue) and active (human model), scenario ‘ emergency braking’, 
maximum pulse 

 
 

 
Figure 4.11:  Head CG resultant linear acceleration , lateral velocity, upper neck forces 

and bending moment for the passive (blue) and activ e (red) human model, 
scenario ‘emergency braking’, maximum pulse 

 
When applying the medium pulse, it can be stated, that in general all accelerations are 
significantly lower than with the maximum pulse, see Figure 4.12. No head impact to the side 
structure was observed both for the active and for the passive model; this is reflected by low CG 
acceleration readings. The peak at approximately 180 ms for the head CG results from impact of 
the head on the passenger seat back, but the severity is low.  
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Figure 4.12:  linear acceleration of Sternum, Head CG, Pelvis and T1AO for the passive 

(blue) and active (human model), scenario ‘emergenc y braking’, medium 
pulse 

 
In Figure 4.13 a significant difference in the responses between the passive and active model can 
be seen for the medium pulse. The stabilizing spine is actually able to keep the torso upright 
resulting in larger differences compared to the passive model behaviour than with the high 
severity pulse. The active model does not fall over, therefore amongst others the lateral head 
velocity of the passive model is found much lower than for the active model.  
 

 
Figure 4.13: Head CG resultant linear acceleration,  lateral velocity and upper neck 

forces and bending moment for the passive (blue) an d active (red) human 
model, scenario ‘emergency braking’, medium pulse 

 

4.11.3  Scenario - Collision avoidance manoeuvre 
In Figure 4.14 the resultant linear accelerations are presented for the passive, the active steering 
and none steering human model. Head CG velocity as well as upper neck forces and lateral 
bending moment are provided in Figure 4.15. It can be found, that the curves for both active 
models are matching quite well with respect to maximum values and shape. Only the curves for 
the steering model run ahead the non steering model about the amount it impacts the head 
restraint earlier. The only significant difference with respect to peak accelerations can be found 
for T1. Here, the peak acceleration for the steering model is about 30 % higher than for the non 
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steering active model. With respect to the passive model the difference was about 300%. This 
indicates that the movement of the head and therefore the neck can have a significant influence 
on neck injuries. For the rest of the signals, the pre-crash behaviour did have a significant 
influence on the injury risks. It must be noted, that in another car with different seats etc. the 
effect of the pre-crash behaviour can be totally different than shown here. 
 
 

 
Figure 4.14: Resultant linear acceleration of Stern um, Head CG, Pelvis and T1AO for the 

passive (blue) and active steering (green) as well as non steering (red) 
human model, scenario ‘collision avoidance manoeuvr e’, maximum pulse 

 
 

 
Figure 4.15: Head CG resultant linear acceleration,  lateral velocity and upper neck 

forces and bending moment for the passive (blue) an d active steering 
(green) as well as non steering (red) human model, scenario ‘collision 
avoidance manoeuvre’, maximum pulse 
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5 Dummy model in a non-struck lateral car accident 

5.1 Introduction 

In this chapter the difference in kinematics and injury outcome between a dummy model and a 
human model is demonstrated. Because no dummy has been developed so far that would be 
valid for non-struck side accidents, there was no preference regarding the dummy type. The 
simulations were performed with the 50% HYBRID III MADYMO facet dummy model. 
 

5.2 Dummy kinematics 

As the dummy is by nature a passive measuring device, only the first scenario – no reaction could 
be simulated. The dummy model was positioned in the car in the same manner as the human 
model. In order to enhance the comparison between the kinematics of both models, they are 
shown in parallel in Figure 5.1 for the maximum pulse and in Figure 5.2 for the medium pulse.  
 

  
t = 0.0 s t = 0.01 s 

  
t = 0.02 s t = 0.03 s 

  
t = 0.04 s t = 0.05 s 

  
t = 0.06 s t = 0.07 s 

  
t = 0.08 s t = 0.09 s 
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t = 0.10 s t = 0.11 s 

  
t = 0.12 s t = 0.13 s 

  
t = 0.14 s t = 0.15 s 
 

Figure 5.1: Kinematics of the dummy (left) and huma n model (right), maximum pulse 
 
The most apparent and at the same time the most important difference is that the dummy model 
does not hit the intruding door (or side window) with the head in the maximum pulse simulation. 
This difference can most probably be attributed to the fact that the human model is much more 
flexible in the spine – it allows him more bending. Though both models are apparently kept tight 
by the lap belt, the higher flexibility of the human model in the lower trunk region makes him 
reach further to the side with the head. Based on our previous work with dummy models in similar 
situations, we assumed the higher stiffness of the torso might prevent the dummy from slipping 
from the shoulder belt. However, for both the maximum and medium pulses the dummy slipped 
from the shoulder belt as can be seen in the figures. 
 
The movement of both upper and lower extremities is very similar in both models. However, the 
head/neck kinematics is quite different, even in the first face of the impact before the head 
contacts the headrest. As can be seen in Figure 5.1 both models show at the beginning a 
bending toward the non-impacted side of the vehicle (to the left hand side of the models). The 
human model stays in this bending position of the neck through the whole simulation, whereas 
the dummy's neck is bent to the opposite side from approx. 0.1 s after the impact. The difference 
in the head response in the first phase is probably the result of the difference in head mass and 
difference in position of the head CG with respect to the joint representing the occipital condyles 
(similar to upper neck joint in dummy model). The human model’s head mass is larger than that 
of the dummy model, e.g. 4.69 kg versus 4.4 kg. And the human model’s head CG position is 
farther from the occipital condyles than that of the dummy model, e.g. 0.0181 m versus 0.0204 m 
in frontal direction, and 0.0173 m versus 0.0143 m in vertical direction. 
 
Also in the medium pulse simulation the neck bending of the dummy differs clearly from the 
human model and after the initiation of the car impact the neck is bent to the opposite side (at 
approx. 0.12 sec, see Figure 5.2), at the end of the simulation the neck bending has the same 
direction in both models again. 
 
Based on the observed kinematics of both models it can be stated that the prediction of the 
interaction of the occupant with the surrounding car structures during a non-struck side impact 
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based on a dummy model might lead to substantially different results that prediction based on 
human model simulation. Head impact seems to be a major risk and in our study no such contact 
was predicted by the dummy as opposed to the human model. It is likely that thanks to its more 
humanlike design and multi-directional validation (Lange et al., 2005; Happee et al., 1998, 2000; 
Meijer et al. 2001, 2002; MADYMO, 2006), also the kinematics of the human model is more 
biofidelic. Though, an experiment with volunteers (or at least a cadaver study) would be 
necessary to prove that the human model is more predictive of the occupant kinematics in non-
struck side impact.  
 

  
t = 0.0 s t = 0.01 s 

  
t = 0.02 s t = 0.03 s 

  
t = 0.04 s t = 0.05 s 

  
t = 0.06 s t = 0.07 s 

  
t = 0.08 s t = 0.09 s 

  
t = 0.10 s t = 0.11 s 
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t = 0.12 s t = 0.13 s 

  
t = 0.14 s t = 0.15 s 

  
t = 0.16 s t = 0.17 s 
 

Figure 5.2: Kinematics of the dummy (left) and huma n model (right), medium pulse 
 
 

5.3 Dummy injury response 

Because the aim of the dummy simulation was to get an idea about the differences between the 
dummy and human model response, the injury parameter evaluation was performed in the same 
manner as for the human model. The results presented in Figure 5.3, Figure 5.4, Figure 5.5 and 
Figure 5.6 show both the curves of a (passive) human model and the dummy. The kinematical 
parameters – the velocities and accelerations of the various body parts – are easily defined in the 
dummy as well as in the human model. The comparison of the kinematics is easy and 
straightforward. The neck forces and moments should be treated with care – the spine of the 
dummy corresponds to the one of the mechanical measuring device and has got less degrees of 
freedom than the more humanlike spine of the human model. Thus, though the parameters are 
measured at approximately the same locations, the measured loads are not directly comparable.  
 
The most obvious already described difference is the head impact of the human model as 
opposed to the dummy model in the maximum pulse simulation. The evaluated kinematical 
parameters of both models are similar for the sternum, pelvis and T1, the head kinematics as well 
as the upper neck forces and moments are influenced by the head impact of the human model 
and are not comparable with the dummy. 
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Figure 5.3: Resultant linear acceleration of Sternu m, Head CG, Pelvis and T1 for the 

passive human (blue) and dummy (red) model, maximum  pulse 
 
 

 
Figure 5.4: Head CG resultant linear acceleration, lateral velocity, upper neck forces 

and bending moment for the passive human model (blu e) and the dummy 
(red), maximum pulse 
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Figure 5.5: Linear acceleration of Sternum, Head CG , Pelvis and T1 for the passive 

human (blue) and dummy (red) model, medium pulse 
 

 
Figure 5.6: Head CG resultant linear acceleration, lateral velocity, upper neck forces 

and bending moment for the passive human model (blu e) and the dummy 
(red), medium pulse 

 
As apparent from the figures, the differences between the dummy and the human model are quite 
low with respect to the injury risk in the medium pulse simulation – all the evaluated parameters 
reach the same range of magnitude. The opposite direction of the upper neck forces and 
moments reflects the above described opposite direction of the neck bending of the dummy with 
respect to human model. The peak of the head acceleration of the human model observed at a 
fairly late stage (t > 0.175 s) occurs due to an observed head contact with the seatback of the 
passenger seat. Please note that the peak is approx. 10 times lower than the peak due to head 
impact to the side structure in the maximum pulse simulation (approx. 400 g versus approx. 40 g).  
It can be concluded that in severe non-struck side crashes the dummy response, and in 
consequence the prediction of the driver's injuries, might differ significantly from the human 
model. 
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6 Discussion and conclusions 
 
The objective of this study was to demonstrate the potential of some of the newly developed 
human models within SP5.3, the RADIOSS ageing HUMOS-2 model and the MADYMO active 
human model, in a non-struck side impact. 
 
With the ageing HUMOS-2 model two simulations involving a moving side impact barrier (MDB) 
hitting a GCM 3 car model were performed. For each run, the HUMOS-2 model placed in the 
GCM 3 car was different. The first one was 20 years old and the other was 85 years old. The 20 
year old model and the 85 year old model showed small differences in the kinematic responses. 
The global kinematics as well as the local effects in the bones were studied. Due to lack of data, 
the difference in kinematic response cannot be verified. However, it is not expected to be very 
different for different ages in a severe impact. Also, the models showed a difference in the 
breaking of bones, as according to reality the bones of the old model broke earlier. Therefore, 
from this study it can be concluded that the aged HUMOS-2 model is capable to show differences 
in age in a non-struck side impact. 
 
A simulation of a side impact accident case with ULP HEAD-NECK FEM coupled to HUMOS-2 
was carried out. It was show in the framework of this lateral impact demontrator that detailed 
prediction of head and neck injury was possible based on improved human body FE modelling. 
 
Four different reactions of volunteers in a driving simulator in a non-struck side impact were 
simulated using the active human model: ‘No reaction’, ‘Emergency braking’, ‘Accelerating’ and 
‘Collision avoidance manoeuvre’. Emergency braking and accelerating were assumed to result in 
the same reaction, so three different simulations were performed. In some of the cases significant 
differences in the kinematics as well as in the injury prediction were found between the active and 
the passive human model. The most apparent difference was found in the head kinematics. The 
head of the active human model shows less lateral rotation opposite to the impact direction, and 
a much larger twist facing downwards. In most cases, this resulted in different timing and severity 
of the occurred head impacts. In general the peak accelerations were higher for the active model. 
As could be expected, the difference in kinematics and injury outcome between the active and 
passive human models was smaller in a higher crash pulse. 
 
It should also be noted, that there are still many unknowns that had to be estimated by 
assumptions during this study. Performing an accident avoidance manoeuvre as simulated in 
collision avoidance manoeuvre will for example not only turn the car prior to the impact, but also 
lead to different door intrusions and a modified crash pulse which could not be accounted for 
during this study. 
 
The current active human model still needs some improvements. The right active arm could not 
be mirrored exactly from the left, due to the use of successive rotations in the initially developed 
active left arm model. Also, the contact interaction between the lap belt and the model needs 
further improvement. 
 
Head impact with the intruding door (or side window) seems to be the most important potential 
cause of serious injuries (AIS 3+) in a non-struck side impact, and no such contact was predicted 
by the dummy as opposed to both the active and passive human models. This difference can 
most probably be attributed to the fact that the human model has a much more flexible spine. 
Thereby, the dummy model’s head lateral and twist rotation were in the opposite direction than 
that of the human models. 
 
As far side impact is not included in the standard crash testing there are no dummies, and no 
dummy models, that have been developed for this impact scenario. Therefore, it can be 
concluded that the active human model is a good tool for testing cars virtually for a non-struck 
side impact. And, most probably the active model is a good tool as well for optimising the crash 
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safety for more situations which are not included in the standard testing, like for moderate 
impacts. 
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8 Appendix A – Additional plots 
 
Table A.8.1: Active (left, lilac) and passive (righ t, green) human model in Scenario 2 

(emergency braking), medium pulse 

  
t = -0.05 t = -0.025 

  
t = 0.00 t = 0.01 

  
t = 0.02 t = 0.03 

  
t = 0.04 t = 0.05 

  
t = 0.06 t = 0.07 
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t = 0.08 t = 0.09 

  
t = 0.10 t = 0.11 

  
t = 0.12 t = 0.13 

  
t = 0.14 t = 0.15 

  
t = 0.16 t = 0.17 

  
t = 0.18 t = 0.19 
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t = 0.20 
 
 
Table A.8.2: Kinematics of the active, non steering  (left, lilac) and passive (right, green) 

occupant in scenario ‘collision avoidance manoeuvre ’ using the maximum 
pulse 

  
t = 0.00 t = 0.01 

  
t = 0.02 t = 0.03 

  
t = 0.04 t = 0.05 
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t = 0.06 t = 0.07 

  
t = 0.08 t = 0.09 

  
t = 0.10 t = 0.11 

  
t = 0.12 t = 0.13 

  
t = 0.14 t = 0.15 

  
t = 0.16 t = 0.17 
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t = 0.18 t = 0.19 

 
t = 0.20 
 
 
Table A.8.3 : Active model turning the steering whe el prior to the impact  

   
t = -0.050 t = -0.045 t = -0.040 
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t = -0.035 t = -0.030 t = -0.025 

   
t = -0.020 t = -0.015 t = -0.010 

  

 

t = -0.005 t = 0.000  
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9 Appendix B – Obtained injury values 
 
 
Scenario 1 – No reaction 
 
 Passive model Active model 
Con3ms_HeadCG_inj 750.17 326.44 
Con3ms_Sternum_inj 337.22 237.70 
CTI_inj 0.51504 0.35489 
HIC_inj 1638.8 115.77 
VCRib2R_inj 0.16599 9.17487E-02 
VCRib3R_inj 3.59975E-02 2.48727E-02 
VCRib4R_inj 2.15059E-02 7.72211E-02 
 
 
Scenario 2 – Emergency braking 
 
Maximum pulse 
 Passive model Active model 
Con3ms_HeadCG_inj 750.17 864.22 
Con3ms_Sternum_inj 337.22 404.68 
CTI_inj 0.51504 0.58051 
HIC_inj 1638.8 1701.0 
VCRib2R_inj 0.16599 7.81530E-02 
VCRib3R_inj 3.59975E-02 2.52349E-02 
VCRib4R_inj 2.15059E-02 6.63281E-02 
 
Medium Pulse 
 Passive model Active model 
Con3ms_HeadCG_inj 134.55 143.30 
Con3ms_Sternum_inj 137.18 113.25 
CTI_inj 0.19507   0.19410   
HIC_inj 20.015 14.306 
VCRib2R_inj 0.11610 5.18009E-02 
VCRib3R_inj 2.74447E-02 1.06964E-02 
VCRib4R_inj 9.99776E-03 6.84664E-03 
 
 
Scenario 3 – Collision Avoidance maneuvre 
 
 Passive model Active model (not steering) Active model (steering) 
Con3ms_HeadCG_inj 988.67 1430.8   1458.6 
Con3ms_Sternum_inj 345.85 631.21 663.82 
CTI_inj 0.84799 0.82832 0.85562 
HIC_inj 680.08 6268.3 4.48005E+05 
VCRib2R_inj 0.28138 0.10151 3.97418E-02 
VCRib3R_inj 4.30617E-02 2.49944E-02 2.38134E-02 
VCRib4R_inj 1.70407E-02 1.45109E-02 5.95273E-02 
 


