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Abstract 
 

In this paper, a two-dimensional finite element model was constructed and 
used to study several factors affecting closed head injuries (CHI). The finite 
element model was constructed using magnetic resonance images to faithfully 
represent the geometry and material properties of the head. The investigated 
factors include: cranial elasticity modulus, duration of impact and contact area of 
impact. The maximum peak values of mechanical responses were used to measure 
the effects of the investigated factors. From the obtained results, we observed that 
these factors have considerable influence on strain fields in the brain and stress 
fields in the skull. By increasing either cranial elasticity modulus, or impact 
duration, or contact area of impact, the maximum peak strains in the brain can be 
significantly reduced. But this trend does not continue when these factors rise to a 
certain level. Further increase will not lead to any additional reduction. 
Conclusions obtained from the investigations may be helpful for improving 
protective devices such as helmets. 
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1 Introduction 
 

Head injury (HI) is one of the most critical public health problems. It is a 
significant contributor to mortality and disability worldwide. It causes  
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catastrophic and grievous alteration to the patients’ life, and leads to numerous 
economic loss as well. Based on estimation from the surveys, in US, about 75,000 
to 100,000 people died each year due to head injuries. Medical costs spent on 
hospitalization, acute care and various rehabilitation services are estimated at 
$48.3 billion per year [1]. Traffic accidents are the biggest contributor of head 
injuries. Summarized from the surveys done by Injury Surveillance, Health 
Canada and Road Safety in 2001, nearly every one minute one person is killed in 
a traffic accident, and approximately 70% of the death is due to head injury [2].   

Considerable research effort has been made to study mechanical mechanisms 
involved in head injuries and more effective way for preventing head injuries. 
Protective devices such as helmets, seat belts and air bags have been widely 
adopted for preventing head injury. However, the incidence of head injury is still 
high. Take helmet as an example, it is considered as one of the most effective 
ways to protect the head. In war fields, helmets are indispensable protective gears. 
Helmets are required in recreational activities and sports, e.g. horse racing, 
American football, ice hockey, and rock climbing. Protective helmet is also 
required in dangerous work activities such as construction and mining. The 
effectiveness of motorcycle helmet in reducing motorcycle-related accident death 
was 29% during 1972-1987, while during 1993-2000 the effectiveness increased 
to 37%, possibly due to improvement in helmet design and materials [3]. A lot of 
researches are still going on to further improve the effectiveness of head 
protective devices.  

Head injuries are usually grouped into closed head injury (CHI) and open head 
injury for study purpose. Open head injury refers to head injuries characterized by 
skull damage. While closed head injury (CHI) refers to traumatic brain injuries 
without any skull fracture or loss of continuity of mucous membranes. Open head 
injuries can be effectively prevented by helmets. The outer hard shell of a helmet 
can prevent a sharp object from penetrating the skull by mitigating the impact 
force. However, how to protect people from CHI is still a topic of lots of on-going 
research, since mechanism of CHI has not been fully revealed due to its greater 
complexity. 

The main objective of this paper is to investigate three factors that have effects 
on closed head injuries. The three investigated factors are: cranial elasticity 
modulus, contact area of impact, and impact duration. Finite element method was 
employed in the investigations. The maximum peak values of mechanical 
responses are used to measure the effects of the investigated factors. The objective 
of the study is to provide some insight into improvement of helmet design.  
 
 
2 Governing Equations and Finite Element Model  
 

The investigations are based on a two-dimensional finite element model. The 
model represents a horizontal cross section of a human head as shown in Fig.1 (a). 
The two-dimensional finite element model is constructed using the magnetic 
resonance image (MRI) as shown in Fig.1 (b).  
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(a)                                (b) 

Figure 1  (a) Anatomical structure of the head; (b) Magnetic resonance image  

 
 
Human brain has extraordinarily complex geometry and material properties [4]. 

To simplify the problem, the following simplifications and assumptions are 
introduced: 

 
 Rigid motions of the head are constrained in the simulations. Displacements 

and strains are assumed small. 
 No skull fracture occurs during impact. 
 The two-dimensional head model is roughly segmented into three parts as 

shown in Fig. 2(b): the skull, cerebrospinal fluid (CSF), and the brain. Skull 
and brain are assumed elastic or viscoelastic, isotropic and homogeneous. 
CSF is considered as an inviscid fluid.  

 Convective effect of CSF is omitted; deviatoric stresses induced by viscous 
effects are neglected.   

 
Under the above simplifications and assumptions, the following equations 
governing the three parts and their interactions are established.  

 
2.1 Governing Equations 
The skull is considered as an elastic solid. Body force is not considered. The 
equation of motion is given by [5]: 
                          us &&ρσ =⋅∇                      (1) 
where σ is the stress tensor; u is the displacement vector; ρs is the mass density of 
the skull. 
 
  The brain tissue is considered as a viscoelastic material. Its motion is governed 
by the following equation [5], 
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In the above expressions, Nu and Np represent element shape functions for the 
displacements and for the pressure field respectively; Bu and Bp are the B-matrices 
obtained by operating the corresponding shape functions with the appropriate 
differential operator. D is the material property matrix for the solid parts. Ωs and 
Ωf are the sub-domains occupied by the solids and the fluid, respectively. S is the 
interface surface between the solids and the fluid. 
  Material properties of the components are obtained from references [7, 8, 9] 
and listed in Table 1. In all numerical simulations, the same boundary conditions 
shown in Fig.2 (b) are applied to constrain rigid body modes. The triangular pulse 
in Fig.2 (a) is applied for simulating impact causing brain injury.  
 
 
3 Simulations and Results 
 

The main purpose of the following simulations is to find how the maximum 
peak stresses in the skull and the maximum peak strains in the brain are affected 
by cranium elastic modulus, contact area of impact and impact duration.  

3.1 Effects of Cranium Elastic Modulus  
Cranium elastic modulus changes significantly with respect to the age.  For a 

one week old infant, the elastic modulus of cranial bone is about 820.9MPa [10]. 
For an adult it can be as large as 15.54GPa [11]. Therefore, we selected a number 
of cranium elastic moduli from the range of 820.9MPa to 5.54GPa. Impacts with 
different durations were applied. The obtained simulation results are plotted in 
Fig.3. In Fig.3 (a) the maximum peak first-principal strains in the brain are 
displayed. In Fig.3 (b) the maximum peak first-principal stresses in skull are 
shown. The following observations can be made from the obtained results:  
• The maximum peak first-principal strains in the brain decrease significantly 

with increases in cranium elastic modulus. For all of the impact durations, the 
maximum peak strain is decreased by approximately 50% with cranium elastic 
modules increased from 820.9Mpa to 15.54Gpa. At the same time, the 
maximum peak first-principal stresses is increased. 

• When the stiffness of skull reaches a certain level, increases in cranium elastic 
modulus do not show any further effect on the maximum peak strains in the 
brain. The increases of the maximum peak first-principal stresses in the skull 
also become less obvious. 

Table 1: Material properties of each part in human head 
 Young’s Modulus 

(MPa) 
Bulk Modulus 

(MPa) 
Poisson’s 

Ratio 
Mass Density 

(kg/m3) 
Skull 6650 - 0.220 2080 
Brain 0.5581 2190 0.485 1040 
CSF 0.1485 2190 0.499 1040 
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3.2 Effects of Contact Area of Impact 
The second set of simulations was performed to study the effects of contact 

area of impact. The resultant of the distributed force was kept constant. The 
contact length (contact area) of the distributed force on the skull was changed 
from 0.9cm to 10cm. Similar as in the previous set of simulations, three impacts 
with different durations of 1ms, 0.8ms, and 0.2ms were applied, respectively. 
Simulation results are plotted in Fig.4. The three curves have similar trends. The 
maximum peak strain decreases by about 25% when the contact length of impact 
is increased from a small value (0.9cm) to almost half of the head height (10cm). 
But after that, the maximum peak strain does not have any obvious decrease even 
the contact length is increased. Increasing contact length of impact also helps 
reduce stresses in the skull. The reduction in the maximum peak stress is more 
considerable for shorter impact durations. The maximum peak stress in skull is 
reduced by 35%-50% with contact length increased from 0.9cm to 7cm. When the 
contact length is larger than 7cm (less than half of the head height), the maximum 
peak stress stops dropping even the contact length is increased. 

       

(a) Strains in the brain                (b)  Stresses in the skull 

Figure 3  Effects of cranium elastic modulus 

      

(a) Strains in the brain                    (b) Stresses in the skull 

Figure 4  Effects of contact area of impact 
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3.3 Effects of Impact Duration 
Two simulations were performed to investigate the effects of impact duration 

on closed head injuries. In each simulation, the total input impulse was kept 
unchanged, i.e., the area of the triangle pulse shown in Fig.3 (b) was kept as a 
constant. The obtained investigation results are plotted in Fig.5. The results show 
that: 
• The maximum peak first-principal strain in the brain is reduced by 

approximately 20% with impact duration increased from 0.2ms to 1ms. After 
that, the change becomes flat.  

• Impact duration also has a significant effect on the maximum peak 
first-principal stress in the skull. The stress is reduced by around 50% with 
impact duration increased from 0.2ms to 1.0ms. The trend indicates that 
further decrease in the stress is still possible.  
 
 

4 Conclusions and Discussions 
 
The maximum peak first-principal stress in the skull is an important indicator 

for skull fracture. The maximum peak first-principal strain in the brain is directly 
related to closed head injuries.  

Increase of cranium modulus, contact area of impact and impact duration will 
lead to reduction of the strains in the brain. Hence, protective devices that can 
increase cranium elastic modulus, distribute the impact loads to a larger area, or 
increase impact durations can buffer the impact, and help to protect the brain 
during impact.  

Simulation results also indicate that, increasing cranium elastic modulus is the 
most effective way to reduce the maximum peak strains in the brain among the 
three measures. The reduction of maximum peak strain in the brain is more 
considerable for the range of 1.0GPa to 6.0GPa, meaning that wearing a  

               

(a)  Strains in the brain                (b) Stresses in the skull 

Figure 5 Effects of impact duration 
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protective helmet is more crucial for a child. The average elastic modulus of a 
child’s cranium is below 6GPa. Wearing a protective helmet has the equivalent 
effect of increasing the elastic modulus of the protective layers of the brain.  

Increasing impact duration and contact area of impact is also helpful to reduce 
the strain values in the brain. At the same time, they are effective to reduce the 
stresses in the skull. The above observations may help design more effective 
protective helmets by selecting a more effective padding material. The contact 
area and the impact duration can be changed by a helmet using different shell 
stiffness and different padding material. 
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