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Abstract : The present report illustrates the work carried out within the Work-package 3, 
Personal protective equipment, of the MYMOSA network with regards to the generation and 
homogenisation of numerical models for the investigation of motorcycle helmets. The 
simulations will regard both the tests prescribed by the EU standard ECE 22-05 and more 
practical scenarios involving realistic human head models and models considering the inertia 
of the whole human body. The report presents several models, which are now available in 
the format of the Ls-Dyna software and can be combined to generate more complex and 
complete models: 
 

·  The models of commercially available motorbike helmets with the rigid headform 
prescribed by ECE 22-05; 

·  The conversion of the ULP head model from the RADIOSS format to the Ls-Dyna 
format and its validation for the new software environment plus the development of an 
algorithm for the transformation of acceleration components from a body attached to 
a fixed system of reference. 

·  The combination of the helmet and head models with the Hybrid III models which can 
be obtained from relevant web sites. 

 
The work described in the report will allow the investigation of new and important aspects of 
impacts concerning the human body with an helmeted head: the comparison between 
kinematic and biomechanical injury indicators in the presence of the whole body vis-à-vis the 
use of a detached head model only. 
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1 Introduction 
Motorcyclists are probably the most vulnerable road users. Although motorcycles represent 
only 6.1% and 2.4% of all motorised vehicles, respectively, in Europe and US (ACEM, 2006), 
motorcyclists account for 9% of road fatalities in both areas (COST 327, 2001; NCSA, 2004). 
The most important piece of personal protective equipment that protects motorcyclists from 
severe/fatal injuries is the helmet. Results of a statistical investigation on motorcycle 
accidents in US from 2000 to 2002 revealed that about 51% of unhelmeted riders suffered 
head injury as compared to 35% of helmeted riders (NCSA, 2007). 

 

Given the complexity of motorcycle accidents it is extremely difficult and expensive to 
investigate them only at the experimental level. It is necessary to develop reliable numerical 
models to use the most modern computational techniques in their investigation. The present 
report describes the models used and/or developed by the MYMOSA team working at 
Imperial College London (ICL). A considerable contribution to the contents of the report has 
been provided by the University Louis Pasteur of Strasbourg, where MGh spent a stage of 
three months between March and June 2008. Other contributions were given by Alessandro 
Cernicchi who developed a procedure for FE modelling of commercial helmets during his 
PhD at ICL and the FE model of the open-face helmet is one of his products. 

 

WP3 is the work-package of MYMOSA concerned with personal protective equipment, in 
particular with safety helmets, therefore the models presented in the report regard 
commercially available helmets, the human head and dummies usually used in experimental 
tests on road accidents. 

 

Figure �1.1 presents in a synthetic way all models later described in the report:  

·  full-face and open-face helmets; 

·  ULP head model and ULP injury prediction tool; 

·  Hybrid III model and Hybrid III model associated with the ULP head model. 

Different combinations of the various components are possible, for example we can have the 
Hybrid III model associated with the ULP head model on which the full-face or open-face 
helmet can be installed. All these combinations were not available before the activities of the 
ICL team were carried out. All models shown in Figure �1.1 are now available in the format 
required by the software Ls-Dyna, one of the most popular softwares in the field of crash 
simulations. 
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Figure �1.1 The FE models employed in investigating motorcy clist’s accident 
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2 Finite element models of helmets 
FE models of helmets and headforms were initially developed at ICL by Cernicchi et al. 
(2008) in order to simulate the impact tests required by the standards of the EU (ECE22-05). 
They developed a procedure to model the impact behaviour of safety helmets and validated 
it against experimental data of a commercial helmet. The helmet FE model (Figure �2.1) was 
built and analysed using the non-linear explicit solver Ls-Dyna 971 (Hallquist, 2006). The 
model represented the headform and the three most important helmet components in terms 
of energy absorption: the energy absorbing liner, the outer shell and the retention system. 

The foam liner, which is generally made of dense EPS (Expanded Poly-Styrene), was 
modeled using four-node single integrated tetrahedral elements. Four layers of elements 
through the thickness of the liner with “crushable foam” material model were found to 
represent accurately the impact response of EPS. 

Given the small thickness of the outer shell, the use of quadrilateral single integrated shell 
elements was assumed adequate. Impacts against pointed objects might generate high 
stress gradients in the proximity of the impact point, which may require the use of very fine 
FE meshes. A convergence study indicated that meshes with quadrilateral elements of 2–3 
mm average side can be used with sufficient accuracy. 

 

 

Figure �2.1 The FE model of the helmet and the headform ( Cernicchi et al., 2008 ) 

 

Outer shells may be either made of thermoplastic materials or fiber reinforced plastics. In 
their work, the focus was on composite shells due to their higher potential in helmet safety 
improvement. One integration point per each layer of reinforcement was employed in the FE 
model. On each integration point thickness, material properties and reinforcement orientation 
were set according to the characteristics of the real helmet being modeled. Experimental 
observations have revealed that the stiffness properties of composite shells undergo 
extensive degradation due to damage propagation during helmets impacts. This was 
modeled with the material “laminated composite fabric” of Ls-Dyna, which possesses 
orthotropic constitutive equations and moduli degradation based on continuum damage 
mechanics. 

The retention system was modeled by two non-linear springs, the stiffness of which was 
found not to affect the helmet dynamic during impacts. However, the retention system has 
the fundamental function of preventing helmet rolling off.  

One of the crucial aspects to perform accurate FE simulations is the selection of realistic 
material properties for the material models selected. Samples of the same composite 
materials and EPS foams commonly used to manufacture safety helmets were tested 

Liner  

Headform  Retention System  

Shell  
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experimentally in order to infer the parameter to be input in the FE model. The helmet FE 
model thus generated was found to reproduce with sufficient accuracy the impact behaviour 
of real helmets and can be used for quantitative evaluation of the helmet effectiveness in 
diminishing head injury. 

For comparing the standard drop test with a helmeted dummy drop test, a commercial full 
face helmet, size “J”, was chosen. The geometry file containing shell and liner was prepared 
for mesh generation and discretized using Hypermesh software considering the 
aforementioned guidelines (Figure �2.2). Material properties as well as contact definition were 
taken from an input file generated by Cernicchi et al. (2008) for virtual drop testing of a hot 
conditioned helmet (at 50°C). 
Table �2.1 provides the main numerical data on the meshes of the open-face and full-face 
helmets. 

 

 

Figure �2.2 The FE model of a commercial full-face helmet 

 

Table �2.1 Type and Quantity of elements applied for descr etization of the components 
of the helmets 

 Shell 

(4-node quadrilateral 
single integration 

shell element) 

Liner 

(4-node tetrahedral 
solid element) 

Headform 

(4-node tetrahedral 
solid element) 

Open-face Helmet 19872 54696 15969 

Full-face Helmet 13398 56000 57934 

Liner  

Retention System  
Headform  

Shell  
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3 Finite Element Model of the Human Head 
Virtual modelling with the finite element method is one of the most powerful and ubiquitous 
approaches to the biomechanics of the human head. During the last decade, several 3D FE 
models of the human head have been developed. Some of them are shown in Table �3.1. 
Raul et al. (2008) have reviewed main features of these models and addressed other 1D, 2D 
and 3D FE models of the head. 

Table �3.1 Some of the human head FE models 

Reference Appearance No. of Elements 

(approx.) 

Constitutive Law for 

the Brain 

Type of Element 

for the Brain 

Willinger et 

al. (1997) 

ULPHM 

15,000 Linear Viscoelastic 8-node single 

integration 

Hexahedral 

Zhang et al. 

(2001) 

 

WSUBIM 

314,000 Linear Viscoelastic Hexahedral 

Horgan 

(2005) 

UCDBTM 

50,000 Hyperelastic Hexahedral 

Kleiven 

(2007) 

KTHHM 

21,000 Hyperelastic +Linear 

Viscoelastic 

Hexahedral 

 

The starting point for developing a FE model of the head is generating its geometry from CT 
(Computed Tomography)-scan data. With the aid of a suitable software, geometry is refined 
and prepared for mesh generation. Mesh generation of some parts of the head, in particular 
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the brain and the cerebro-spinal fluid (CSF), is one of the most difficult tasks in the whole 
process due to their complex geometry. Although tetrahedral elements can match complex 
geometries easily, they might lead to stiff response due to the nearly incompressible 
properties of the brain and the CSF. For descritisation of the brain and the CSF, one 
integration point hexahedral elements are probably the best candidate. However, suitable 
hourglass controls should be activated in the software, and hourglass energy should be 
monitored during simulations. 

Selecting a suitable constitutive law is another crucial step in the simulation procedure. 
Usually, a constitutive law developed for engineering materials, e.g. Maxwell-Kelvin visco-
elastic law, is used for the brain tissue. The relevant constants of the material models are 
obtained from curve fitting of the results of mechanical testing of the samples taken from 
human or primate brains. For instance, Kleiven (2007) used Ogden model for the definition of 
the brain material. This model was developed for prediction of hyper-elastic behaviour of 
rubbers (Ogden, 1972, Ogden and Roxburgh, 1999 and Dorfman and Ogden, 2004). The 
constants of the model were extracted from curve fitting to the experimental data obtained by 
Franceschini (2006) who carried out some cyclic quasi-static tests on samples of human 
brain. 

Raul et al. (2008) have found that the human head model proposed by Willinger and 
Baumgartner (2003) provided computational results in good agreement with experimental 
data. Since the generators of the model, prof. Willinger and co-workers at the Louis Pasteur 
University (Strasbourg-France), are member of the MYMOSA network their head model was 
chosen to be integrated in the numerical procedure which is being developed at ICL. 
 

3.1 ULP Head Model 

To have a more realistic description of impacts involving the human head the ULP FE model 
of the human head (ULPHM) is employed. This model, which includes almost all 
mechanically relevant parts of the head, e.g. scalp, skull, brain, CSF, tentorium and falx 
(Figure �3.1), was developed for the Radioss code by Willinger et al. (1999) at the Louis 
Pasteur University (Strasbourg-France). Through replication of 61 real world accidents, 
Willinger and Baumgartner (2003) found that Von Mises stress in the brain (VMB), strain 
energy of the CSF (IECSF) and strain energy of the skull (IESK) are the best predictors of 
diffuse axonal injury (DAI), subdural haematoma (SDH) and skull fracture, respectively. 

 

Figure �3.1 The ULP human head FE model ( Marjoux et al., 2008 ) 

 

Moreover a modified version of the ULP human head FE model, called ULP head injury 
prediction tool, was generated at ULP by removing the scalp and defining the skull as rigid. 
This tool is fed by six components of acceleration histories, obtained from experiments or 
simulations, at the centre of gravity of the head (Deck et al., 2007) (Figure �3.2). 

CSF Brain Tentorium 

Scalp 

Skull Falx 



Project: MRTN-CT-2006-035965 MYMOSA   

Deliverable 3.2: Development of Helmet, Head and Dummy FE Models for … 

Issued: 16/12/08 Version: final 11/29 

 

 

Figure �3.2 The concept of the ULP head injury prediction t ool ( Deck et al., 2007 ). 

 

The activity within the MYMOSA project consisted in converting the ULPHM from Radioss 
format to Ls-Dyna format, so that it was consistent with the helmet models. Subsequently, it 
was validated against two cadaveric experiments (refer to the next section).  
The conversion of the head injury prediction tool in Ls-Dyna format presented one major 
difficulty: when using Ls-Dyna it is not possible to prescribe acceleration components in a 
system of reference which is rotating with the body to which the accelerations are applied. 
Ls-Dyna requires the accelerations in a fixed reference system. This is crucial because the 
acceleration components measured experimentally by the accelerometers, which are 
attached to the headform, are in a coordinate system rotating with it. Hence, a MATLAB 
routine was developed to derive the acceleration components in a fixed reference system 
from those in the head reference system. 
The maximum Von Mises stress in the brain at each sampling time is the mean value of Von 
Mises stresses of 10 elements that have the largest values among all. This method is 
developed to avoid getting spurious results from common finite element numerical errors 
owing to poor aspect ratios, coarse meshes, etc. The bold curve in Figure �3.2 is the time 
history of the maximum Von Mises stress and the other curves are the Von Mises stress 
histories of 5320 elements constructing the cerebrum and the cerebellum. 
 

3.2 Validation of ULP Human Head FE Model for the L s-Dyna Software with 
respect to Skull Force-Deflection and Intracranial Pressures. 

The ULP FE model of the human head was developed by Willinger et al. (1999), using the 
Radioss software, and validated against Nahum’s and Trosseille’s cadaveric experiments 

6 acceleration 

 components 

versus time 

MATLAB routine 

Von Mises stress of brain elements 

versus time (predictor of DAI) 

Simulation or test 

Transfer 6 acceleration components history 

from dummy head local coordinate system  

to global coordinate system; 

Internal Energy in 

 CSF versus time  

(predictor of SDH) 

ULP head injury prediction tool 
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(Nahum et al., 1977 and Trosseille et al., 1992). To make the head model consistent with the 
existing FE models of the Hybrid III dummy and the helmets, the head model had to be 
converted from the Radioss format to the Ls-Dyna format. The geometry and the mesh of the 
model, along with the material properties of the parts with the exception of the skull, were not 
changed. Table �3.2 presents the material properties of the different parts of this model.  

Table �3.2 Material properties of the parts of ULP head FE  model 

Parts Density ( 3mkg ) Young’s modulus (MPa) Poisson’s ratio 

Facial bone 2500 5000 0.23 

Falx 1140 31.5 0.45 

Tentorium 1140 31.5 0.45 

Cerebrospinal fluid 1040 0.012 0.49 

Scalp 1000 16.7 0.42 

Brain 

and 

Brain-Stem 

1040 

MPaK 1125=  

1

0

145.0

2.16,49
-

¥

=

==

ms

kPaGkPaG

b
 

- 

K : bulk modulus, 0G : short term shear modulus, ¥G : long term shear modulus, 

b : decay constant 

All the parts are defined as linear elastic except the brain and the brain stem, whose 
constitutive law is linear Visco-elastic. This law is a superposition of elastic behaviour of 
solids and viscous behaviour of fluids. 
The model in Ls-Dyna format had to be validated again to guarantee that the conversion had 
not reduced the capability of the model to reproduce experimental data. 
 

3.2.1 Experiments on cadavers 

There are several well-documented experiments on head of cadavers that can be used by 
researchers to validate their finite element models of the head. Among them is Nahum’s 
experiment that is comprised of a series of impacts on the frontal side of the head of 
stationary unembalmed1 human cadavers (Nahum et al., 1977). The head of the cadavers 
were inclined 45° forward with respect to the Frank furt2 plane and impacted by a cylinder 
covered with a padding to reduce force and spread it over time. Intracranial pressures were 
measured at five locations during impacts (Figure �3.9): 

                                                

1 Anatomical embalming is a process of using special fluids for long term preservation of cadavers. 

2 The Frankfurt plane is a plane passing through the inferior margin of the left orbit and the upper 
margin of each ear canal. 
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1) behind the frontal bone and adjacent to the impact area; 

2) immediately posterior and superior, to the coronal and squamosal suture in the parietal 
area; 

3) and 4) inferior to the lambdoidal suture in the occipital bone (one in each side); 

5) at the posterior fossa in the occipital area. 

These locations were called frontal, parietal, occipital 1 and 2 and posterior fossa, 
respectively. 

Yoganandan et al. (1995) conducted static and dynamic force-deflection tests on intact 
heads. The heads were embedded at inferior site and loaded statically and dynamically at 
different locations. In dynamic tests, a metal sphere with radius of 48 mm was dropped on 
the head at 7.1- 8 m/s impact velocities. The applied external force and the actuator 
displacement, along with the six-axis load cell information placed at the distal end of the 
preparation were recorded (Figure �3.3). 

 

Figure �3.3 Experimental set up applied for testing human h ead under direct impact 
(Yoganandan et al., 1995 ) 

3.2.2 Material and Section Definition for the Skull  

The skull bone is mainly made of three layers: inner and outer tables made of compact bone 
(cortical bone) and middle spongy layer (diploe). The behaviour of each layer has been 
studied by tension, compression or bending tests on specimens provided from autopsy. 
Wood (1971) showed that unlike the other bones of the body, skull compact bone is isotropic 
in tangential direction to the skull surface. Furthermore, the Young’s modulus, ultimate 
tensile stress and strain are rate sensitive. Table �3.3 shows material properties of the cortical 
bone and diploe applied in ULP head model. Young’s modulus and ultimate tensile strength 
of the cortical bone are extracted from the experimental results of Wood (1971) at 10% strain 
rate. 

In the thickness direction, skull can be modelled as a sandwich panel constructed of three 
layers. Owing to the relatively small thickness of the skull, Raul et al. (2006) used 
quadrilateral shell elements with composite material definition. Three integration points were 
employed through thickness for three layers of the skull, i.e. inner table, diploe and outer 
table. Tsai-Wu failure criterion was applied to each integration point to add the damage 
prediction capability to the model. 
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Table �3.3 Material properties of skull layers applied in the ULP head model by Raul et 
al. (2006) 

 Cortical bone Diploe 

Young’s Modulus (MPa) 15000 4600 

Poison’s Ratio 0.21 0.05 

Density ( 3mkg ) 1900 1500 

Ultimate Tensile Stress (MPa) 90 35 

Ultimate Compressive Stress (MPa) 145 28 

Thickness (mm) 2 3 

The material definition applied for the skull layers in LS-Dyna should be able to simulate 
isotropic behaviour and predict brittle failure. Among all materials in this software, Laminated 
Composite Fabric (material number 58) fitted the requirements. Table �3.4 gives the required 
inputs of this material, their value for the present model and the pertinent formula (if 
applicable). Elastic modulus and ultimate strength of diploe layer were adjusted according to 
the experimental results of Melvin et al. (1970). 

Table �3.4 Material properties of skull layers applied in Ls-Dyna input file 

 Formula Cortical bone Diploe 

Young’s Modulus (MPa), E  - 12000 1000 

Poisson’s Ratio, n  - 0.21 0.05 

Density ( 3mkg ), r  - 1900 1500 

Ultimate Tensile Stress (MPa), 

utS  
- 100 32.4 

Ultimate Compressive Stress 
(MPa), ucS  

- 100 32.4 

Ultimate Shear Stress (MPa), ut  ),min( ucut SS  100 32.4 

Thickness (mm) - 2 3 

Shear Modulus (MPa), G  )1(2 n+E  4959 476 

Ultimate Tensile Strain, ute  ESut  0.0083 0.0324 

Ultimate Compressive Strain, 

uce  
ESuc  0.0083 0.0324 

Ultimate Shear Strain, ug  Gut  0.0202 0.068 

Maximum Effective Strain, effe  )22)(32( 22
uut ge +  

0.0154 0.0542 
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For this material model, the parameter that controls failure of a layer is maximum effective 
strain. When this maximum value is reached, the layer of the element is completely removed. 
Nonetheless, this parameter was not used in simulations due to different possible definitions 
for effective strain. Instead, another capability of the material model for failure simulation was 
employed, which is keeping the strengths of a layer of an element to a scaled value of the 
given strength when the failure criterion is satisfied. If the scale factor is one, the material 
behaviour is elastic-fully plastic. If the scale factor is zero, it simulates brittle failure which is 
appropriate for skull layers. 

There are two possibilities for the definition of the failure surface: quadratic which is a 
combination of all stresses and faceted which treats each stress individually. Skull material is 
transversely isotropic, so its failure is independent of the material direction tangential to its 
surface. Therefore, it is suitable to utilise the quadratic failure surface. When the failure 
criterion is satisfied, the strengths fall down to 0. Zero values are not recommended due to 
probable subsequent numerical problems; however, in the simulations it did not lead to 
instability or other ill-conditionings. 

In order to study the accuracy of modelling the skull with shell elements and the material 
model, a simple virtual test is carried out: a spherical metal ball strikes a mat of scalp 
attached to the skull (Figure �3.4,a). The radius and mass of the ball and the impact velocity 
are the same as in Yoganandan’s experiment. The plate is fixed at its boundaries. In one 
simulation, the skull is modelled with hexahedral solid elements with one integration point 
and elastic material model of Ls-Dyna (material model 1) using the elastic modulus and 
Poisson’s ratio given in Table �3.4. In other simulations, quadrilateral shell elements are 
employed along with elastic (material model 1), layered composite fabric (material model 58) 
and layered linear plasticity (material model 114) material models of Ls-Dyna. The latter 
model benefits from lamination theory. By this theory, shear strains through shell thickness 
are not constant, in contrast to simple shell theory; hence, it is suitable for simulation of 
sandwich panels, such as skull, which have stiff layers at inner and outer surfaces and a 
compliant layer(s) at core. 
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Figure �3.4 (a) A mat of scalp attached to the skull expose d to impact by a metal ball, (b) 
Force-Deflection curves 

 

Figure �3.4(b) compares force-deflection curves of the simulations. The force is the resultant 
contact force normal to the plate and deformation is the displacement of the impactor in the 
same direction. Since simulations are to be compared before failure of materials, the failure 
criteria are deactivated. The curves show that applying shell elements with material model 
114 has the best agreement with the reference case which is modelling the skull with solid 
elements. However, material model 114 predicts failure through effective strain and as 

Fixed 
Scalp 

Cortical bone 

Diploe 

Symmetry B.C. 

smV /3.7
0

=  



Project: MRTN-CT-2006-035965 MYMOSA   

Deliverable 3.2: Development of Helmet, Head and Dummy FE Models for … 

Issued: 16/12/08 Version: final 16/29 

mentioned before due to the difficulties in a proper definition of this parameter for shell 
elements, it is not a suitable failure criterion for skull. 
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Figure �3.5 (a) Virtual test set-up for replicating the Yog anandan’s experiment, (b) 
Force-Displacement curves for impacts at parietal a nd temporal sites 

 

Although Figure �3.4(b) shows that material model 58 is more compliant than material model 
114, the former model could be used if their difference is negligible in the real case that is 
head impacted by the sphere. In Figure �3.5(a) the set up of Yoganandan’s experiment for 
parietal impact is shown. Impacts at parietal and temporal sites applying both material 
models 58 and 114 for the skull were simulated and the results are shown in Figure �3.5(b). 
The maximum difference of forces at the same displacement is 5%. It is concluded that 
employing the layered composite fabric model (material model 58) for skull material definition 
provides as accurate results as using layered linear plasticity model (material model 114). 

3.2.3 Replication of Yoganandan’s experiment (skull  deformation and fracture) 

The accuracy of the element and material model used for the skull are studied by replicating 
Yoganandan’s experiment. Figure �3.5(a) shows the set-up of the simulation. The output 
parameters were vertical reaction force on the impactor and its displacement which stands 
for skull deformation. Data sampling in FE simulations was about 33 kHz which was four 
times more than that in the experiment (8000 Hz).  

smV /3.70 =  
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Figure �3.6 force-displacement curves from FE analysis and test 

 

Force-displacement curves from simulations along with the experimental results of 
Yoganandan et al. (1995) are compared through Figure �3.6. The influence of changing the 
elastic modulus and ultimate strength of the cortical bone layer and elastic modulus of the 
scalp on force-deflection behaviour of the skull are illustrated by different curves. The skull 
response using the data given in Table �3.3 (original ULP head model) and Table �3.4 (Ls-
Dyna version of the model) are depicted by, respectively, the light dashed curve and the dark 
solid curve. An increase in the elastic modulus of the inner and outer tables by 42% makes 
the head stiffer but this influence is not considerable (the light solid curve versus the light 
dashed curve). Furthermore, ultimate strength of the cortical bone does not affect the 
stiffness of the skull (light and dark solid curves). However, this parameter affects the failure 
force; 11% increase in the ultimate strength of the cortical bone increased the fracture force 
of the skull by around 10%. 

The parameter that has the biggest effect on the stiffness or compliance of the force-
deflection response of the head is the elastic modulus of the scalp. A decrease of 40% in the 
elastic modulus of the scalp caused an increase of 19% in the deflection of the skull at failure 
initiation, but the failure force was almost constant (the dark solid curve versus the dark 
dashed curve). It shows that the elastic modulus of the scalp can considerably affect the 
force-deflection results. This dependency is probably the consequence of measuring the 
skull deflection by the displacement of the striker. 

When a layer of an element fails, a parameter, called damage parameter, is changed from 
zero (the default) to one. Figure �3.7 illustrates damaged layer(s) in the simulation of parietal 
impact. The red colour shows that at least one layer of the element has failed. The pattern of 
the failed layers indicates that enough hinges have been grown around the impact area so 
that this area can move down with slight resistance. The excessive deformation of the CSF 
at this area proofs this downward movement. The phenomenon is accompanied by reduction 
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in the reaction force while deflection continues. The force-deflection curves are truncated at 
this moment. 

  

(a) (b) 

 

(c) 

Figure �3.7 Illustration of damaged layer(s) due to the str ess (a) in X direction, (b) in Y 
direction and (c) in XY plane (in-plane shear) 

3.2.4 Replication of Nahum’s experiment (Intracrani al Pressures) 

Nahum’s experiment was replicated to validate the head model to short duration direct blows. 
Figure �3.8(a) shows the FE set-up of the test. Given a short duration for the impact (about 6 
ms), the head boundary condition is assumed free. The initial velocity of the impactor and the 
elastic modulus of the padding were adjusted to give the same force-time as that reported by 
Nahum et al. (1977) (Figure �3.8,b). These parameters control the amplitude of the force and 
its pulse duration, respectively. The finite element results, consisting of input force and 
intracranial pressures, are shifted to 2 ms on time axis in order to follow the starting time of 
the experimental force curve. 
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(a) (b) 

Figure �3.8 Nahum’s experiment: (a) FE analysis set-up, (b)  impact force versus time 

 

The output parameters are intracranial pressures at four locations that are illustrated 
approximately in Figure �3.9. Figure �3.10 to Figure �3.13 show the finite element results for 
intracranial pressures at these locations. For each location, the pressure at the integration 
point of one element is chosen for comparison with the experimental pressure (e.g. Figure 
�3.10, c); however, in order to investigate the accuracy of finite element solution and avoid 
those results which might be the effect of numerical problems, pressures at eight elements in 
the proximity of that element are plotted together (e.g. Figure �3.10, b).  

At locations where elements are highly distorted, for instance location 5 (Figure �3.13), 
maximum pressure and the corresponding time varies more than at other locations. 
Nonetheless, the elected elements are suitable for comparison. The finite element model of 
the head can predict intracranial pressures with an acceptable accuracy. At all probing 
locations, the FE pressures are delayed of those of tests. This might be the consequence 
of shifting the FE curves to 2ms. If these graphs were shifted to 1.6ms then most of 
them could match the experimental ones. 

 

Figure �3.9 Approximate locations of pressure measurement ( 3D human anatomy 
software, 2006 ) 

smV /2.40 =  

Lamdoidal suture 
(location 3 & 4) 

Posterior fossa 
(location 5) 

Frontal bone 
(location 1) 

Squamosal suture 
(location 2) 
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(c) 

Figure �3.10 Pressure response of the brain at test locatio n 1 (a) pressure contour, (b) 
pressure-time curves of nine contiguous elements ne ar the probing location and (c) 
pressure-time curves from FEA and test 
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(c) 

Figure �3.11 Pressure response of the brain at test locatio n 2 (a) pressure contour, (b) 
pressure-time curves of nine contiguous elements ne ar the probing location and (c) 
pressure-time curves from FEA and test 
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(c) 

Figure �3.12 Pressure response of the brain at test locatio n 3 and 4 (a) pressure 
contour, (b) pressure-time curves of nine contiguou s elements near the probing 
location and (c) pressure-time curves from FEA and test 
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(c) 

Figure �3.13 Pressure response of the brain at test locatio n 5 (a) pressure contour, (b) 
pressure-time curves of nine contiguous elements ne ar the probing. 

 

 

A remark on coupling the helmet models with the ULP HM.  

Table �2.1 and Table �3.1 show that there is a considerable discrepancy between the level of 
refinement of the helmet models and the ULPHM: a much finer mesh is used to model the 
helmets that are clearly not as complex as the human head. It is an evident indication that a 
field of future research will be the development of more faithful models of the human head.  
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4 Finite Element Model of Dummy 
The FE model of a complete 50th percentile adult male Hybrid III dummy (Beta version, June 
2007) was downloaded from LSTC website. It is composed of 254 parts descretized by about 
4000 elements among them 1442 are shell and 2456 are solid elements. The parts are 
connected together by 48 revolute, translational or spherical joints, or constrained as a rigid 
body. The main difference between the virtual and real dummy is that the scalp of the virtual 
dummy is defined as rigid. The dummy has been calibrated by replicating the neck flexion 
and extension and thorax impact tests as per FMVSS 572. 

 

 

Figure �4.1 The FE model of the 50 th percentile adult male Hybrid III dummy (Beta 
version, June 2007) 

 

The FE model of the full-face helmet was coupled with the dummy to simulate drop tests. 
Another model was built by coupling the helmet with the detached head of the dummy 
(Figure �4.2). Cernicchi et al. (2008) applied 0.5 for the friction coefficient at head/liner 
interface, which is employed in this study. At the shell/anvil interface, the friction coefficient is 
0.5 that is close to the experimental values reported in COST 327 (2001). Decreasing the 
shell/anvil friction coefficient from 0.5 to 0.3 had a little effect on the linear and rotational 
accelerations of the head. This is consistent with the findings of Mills and Gilchrist who 
investigated the influence of the friction coefficient on peak linear and rotational accelerations 
of the head in bicycle helmet oblique impact tests. They showed that a reduction in the 
friction coefficient by a factor of 8 had little effect on the peak rotational and linear 
accelerations of the head (Mills and Gilchrist, 2006). 
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Figure �4.2 Virtual drop tests with Hybrid III dummy and th e head of Hybrid III dummy 
(the bold arrows indicate direction of the impact s peeds) 

4.1 Coupling the ULP Head Model with the Body of Hy brid III Dummy 

Owing to the direct impact in motorcycle accidents, the skull is exposed to a compressive 
force that can exacerbate the stress state inside the brain by deflecting the skull. However, 
running an FE model of the head with six components of acceleration, which are obtained 
from test or simulation, disregards the deflection of the skull (Figure �3.2). It is also shown that 
existence of the body increases the normal force on the skull in drop tests compared to the 
same test with a detached headform.  

In order to investigate the effect of the skull deflection in full-scale drop tests, a more bio-
faithful dummy was realised by replacing the original head of the dummy with the ULP head 
model (Figure �4.3,a). Some elements of the skull were defined as rigid (Figure �4.3,b) and 
constrained as a slave rigid part to eight rigid solid elements resembling the centre of gravity 
of the head. The new dummy benefits from a deformable skull. 

The new biomechanical dummy is calibrated with the aid of the original FE model of the 
dummy. Without loosing the generality of the calibration, the scalp and skull of the ULP head 
are defined as rigid. It should be noted that inertia properties of the ULP head and the head 
of the Hybrid III dummy as well as the curvature of their outer surface are slightly different. 
Their mass and moment inertia are compared in Table �4.1. Both dummies are helmeted 
(Figure �4.4), with the full-face helmet, and dropped at impact velocity of 6 m/s onto a flat 
anvil. The acceleration components at the centre of gravity of the head of the HIII dummy 
and the ULP head are compared in Figure �4.5. Although there are some discrepancies in the 
accelerations, the agreement between the results is good. The differences can be attributed 
to the small difference in the inertia properties or outer surface curvature of the heads. 
Further, the non-rigid components of the ULP head, e.g. the brain, can slightly alter the 
acceleration of the head. 
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(a) (b) 

Figure �4.3 (a) The ULP head model coupled with the body of  the Hybrid dummy, (b) 
modification of the skull 

 

 

Table �4.1 Mass and moment of inertia of the ULP head and the HIII head 

 ULP head HIII head diff % 

M 4.7 4.4 6.8 

Ixx 2.007E+04 1.984E+04 1.1 

Iyy 2.317E+04 2.403E+04 -3.7 

Izz 1.814E+04 1.813E+04 0.1 

Ixz 2.530E+03 2.973E+03 -17.5 

M: mass ( kg ), I: moment of inertia ( 4.mmkg ) 

 

Rigid 
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(a) (b) 

Figure �4.4 The full-face helmet coupled with (a) the Hybri d III dummy and (b) the ULP 
head coupled with the body of the Hybrid III dummy 

 

 

Figure �4.5 Comparison of the linear and rotational acceler ations of the ULP head 
attached to the body of the HIII dummy with that of  the HIII dummy head when they are 
helmeted and dropped at 6 m/s onto a flat anvil. 
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5 CONCLUSIONS 

The present report illustrates the work carried out within the Work-package 3, Personal 
protective equipment, of the MYMOSA network with regards to the generation and 
homogenisation of numerical models for the investigation of motorcycle helmets. 

The models of commercially available motorcycle helmets have been generated, or retrieved 
from previous work. 

The ULP head model and the relevant injury prediction tool have been inserted in a new 
software environment. 

The Hybrid III dummy models, available online, have been equipped with the models of the 
helmets and/or those of the ULP head. 

All above models are now available within the Ls-Dyna software format and provide a flexible 
and general computational environment for the simulation of impacts regarding the helmeted 
head which can be attached to the whole body of the Hybrid III dummy. 
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