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ABSTRACT: The brain is a mechanically sensitive organ, the properties of which enable endogenous forces to regulate many aspects of 

neuronal function. Unfortunately, substantially greater mechanical forces (e.g. combat operations) acting on the brain can result in tissue and 

brain cell degradation and thus cause irreversible cognitive dysfunction, progressive neurodegeneration and even death.  One way to identify 

disorders caused by mechanical forces is to build computer models. In the present study, the authors have undertaken a numerical study of 

brain fragments based on experimental research. The numerical study was an attempt to analyze changes in the parameters and mechanical 

characteristics of brain structures in conditions of rapid overload. As a result of the numerical analysis, critical values have been obtained for 

strain, stress, displacement and energy. The results of the investigation are meant to contribute to the explanation of the phenomena of 

degradation of the brain structures. 
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1. Objectives and scope 

Traumatic brain injury (TBI) is a worldwide public 

health problem [1]. Injuries occur as a result of: mechanical 

vehicle collisions, sport accidents, rapid head shifts, or 

detonations of explosive devices, e.g. as in the case of 

soldiers on battlefields. Destructive changes of  brain 

tissues are the cause of serious neurological and 

neurobehavioral disorders. In the brain, cellular processes 

and tissue structures are continuously affected by 

mechanical stress, e.g. through gravity. Brain tissue is 

highly vascularized, as it allows the communication of 

synapses by changing the energy density and deformation. 

Unfortunately, exceeding the range of the deformability of 

brain tissue causes cell degradation [2]. Currently, to assess 

the injury of the head resulting from an impact with 

a physical object, traumatic criteria, such as HIC, are 

normally employed. Unfortunately, the traumatic criteria 

can only estimate the risk of injuries caused by the external 

mechanical load. Unfortunately, these criteria do not 

explain the internal mechanical response [3,4]; therefore, 

they do not contribute to a better understanding of the 

mechanisms of injury and destruction of various 

intracranial structures. Therefore, at present one of the most 

effective ways of identifying the response of brain 

structures to loading is numerical modeling: in particular, 

the finite element method (FEM) designed for models of 

irregular geometry [5, 6]. 

In the present work, the authors have undertaken 

a numerical study of the head fragments, based on 

experimental research. The numerical study was an attempt 

to analyse changes of parameters and mechanical 

characteristics of the head structures in rapid overload 

conditions that result from combat operations. 

 

2. A description of the object of study and research 

methodology 

We analyzed, among other things: a system of 

protective structures: the skull, meninges, CSF, and the 

tissues responsible for other vital functions, namely, 

cerebral veins and neural structures.  Identification of the 

tissues of the head was based on the DICOM images 

derived from computed tomography (CT) with a very 

highly thickened mesh sampling. Then, using the Mimics 

software a simplified 3D geometry of the skull and the 

brain was formed. The model was imported into the 

program LS-DYNA, where  an additional geometry of the 

structure was constructed, the different sections in the 

model were separated, and material properties and 

boundary conditions were assigned.  

 

3. Numerical modeling and simulation 

The numerical model consisted of heterogeneous 

multiphase materials. The model includes the skull, 

meninges (dura mater, arachnoid mater, pia mater), falx, 

tentorium, cerebrospinal fluid (CSF), blood vessels, and 

nerve tissue. Mechanical properties of brain structures were 

obtained from experimental studies. The boundary 

conditions were obtained from the real combat conditions 

in Afghanistan. The values used in the simulation were read 

from sensors placed on the head and neck of the 

anthropometric Hybrid III dummy, which was located in an 

armoured transporter during each explosion. 

 

4. The simulation results and analysis 

As the result of the conducted numerical analysis, 

critical values of strain, stress and displacement have been 

obtained. The following analysis showed high diversity in 

the properties of the different regions of the head. Figures 

1-5 illustrate the results of analyses of the distribution of 

forces, strain and stress in the FE head model. 

 

 

Fig. 1. Von Mises stresses in the skull  
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Fig. 2. Distribution of von Mises Stress on the brain  

 

Fig. 3. Distribution of shear stress on the brain 

 

Fig. 4. The maximum axial force on the bridging veins and 

sinus sagittalis superior  

 

Fig. 5. Strain distribution to falx cerebri and  tentorium 

cerebelli 

 

5. Conclusions 

The present work encompasses an analysis of the 

changes in mechanical parameters of the brain structures 

that have been affected by heavy impact loading.  

1) A  finite element (FE) model of the human head has been 

developed. The reliability of this model depends on an 

appropriate level of structural detail and accurate 

representation of the material behavior simulations.  

2) In the numerical analysis, the boundary values of the 

protective structures, such as the skin, skull, and meninges, 

have been exceeded.   

3) As expected, with an increase of the shockwave,  the 

maximum averaged shear strain will increase and decrease, 

respectively. 

4) Mechanically induced brain deformation at a particular 

region, or site, as a consequence of applied loading, may 

determine a particular type of brain injury. 

5) Outcomes from such a model can be employed to 

establish a relationship between the severity and scope of 

the functional, or structural, failures and the extent of the 

input impact loads. 

6) The conducted numerical analysis, combined with 

widespread experimental studies can be of utmost  

significance in the assessment of stroke and impact loading 

effects among soldiers taking part in combat operations. 

 

This research work was carried out under the project 

DOBR-BIO/22/13149/2013: ,,Safety improvement and 

protection of soldiers on missions through operation in 

military – medical and technical areas’’, sponsored by the 

National Centre for Research and Development in Poland, 

Military University of Technology, Warsaw, Poland. 

 

References    

[1] World Health Organization, “Projections of Mortality and Burden of 
Disease to 2030: Deaths by Income Group,” Geneva, 2002. 

[2] Kleiven, S., Predictors for traumatic brain injuries evaluated                                   

through accident reconstructions. Stapp Car Crash J. 51, pp. 81–114, 
2007. 

[3] Miller K., Biomechanics of the Brain. Springer Science & Business 

Media, 2011. 
[4] Baumgartner D., Willinger R., Shewchenko N., Beusenberg M. C., 

Tolerance limits for mild traumatic brain injury derived from 
numerical head impact replication, Proceedings of the International 

Research Council on the Biomechanics of Injury conference, vol. 29, 

pp. 353–355, 2001. 
[5] Ruan, J.S., Khalil, T. and King, A.I., Dynamic response of the human 

head to impact by three dimensional finite element analysis, 

J. Biomech. Eng. 116, pp. 44–50, 1994. 
[6] Ratajczak M., Sąsiadek M., Będziński R., An analysis of the effect of 

impact loading on the destruction of vascular structures in the brain, 

Acta of bioengineering and biomechanics, vol. 18, no. 3, 2016. 
 

 

 


