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SummaryThe aim of the work is to demonstrate the ability of detailed �nite element model of humanhead to quantify a head injury during tra�
 a

ident, sport injury or other traumati
 event.Development of the �nite element model of human skull in
luding brain and the subara
hnoidalspa
e is shortly des
ribed. The geometry of human skull as well as that of brain is based on asequen
e of Computed Tomography sli
es of high resolution.The FE model re�e
ts the real geometry of the human head with three di�erent regions identi�ed:(i) skull (ii) brain (iii) subara
hnoidal spa
e. In these regions four material models are de�ned.The human skull is modeled as a sandwi
h 
onstru
tion, 
omposed by a thin shell of 
orti
albone �lled with tetrahedral elements representing the spongional bone. The di�eren
e betweenmaterial properties of gray and white matter is negle
ted and the entire brain is modeled asvis
oelasti
 material. Subara
hnoidal spa
e is identi�ed by means of a Boolean operation and�lled with tetrahedral elements with elasti
 isotropi
 material properties pres
ribed.Use of rigid body me
hani
s to assess either the initial 
onditions of the impa
t or a

elerationtime history of the 
enter of gravity of the head is presented. As an example of a typi
al usageof the model a re
onstru
tion of real world a

ident is presented. The injury was an a

identinvolving a 12-year old boy on whom a handball 
age fell during s
hool sport a
tivity. The initial
onditions of the impa
t were obtained using a rigid body model in 
omputer simulation of thefall. Velo
ities and a

elerations at the instant of head hitting the ground were used as initial
onditions in FE simulation of the impa
t using the patient spe
i�
 head model.The pressure, shear stress response, Von Mises stress response and logarithmi
 strain values wereevaluated in frontal, parietal, o

ipital and midbrain regions and 
ompared to injuries sustained.Von Mises stress was evaluated in left and right parietal regions and used for bone fra
turepredi
tions. The bone fra
ture was predi
ted at the impa
t side only showing good agreementwith the real a

ident. Overall, the results from the numeri
al analysis were en
ouraging andshowed good ability of the FE model to model the impa
t situation studied and to investigatethe brain injury me
hanisms.
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SouhrnP°edkládaný text pojednává o moºnoste
h vyuºití detailní
h kone£noprvkový
h model· lidskéhlavy pro kvanti�ka
i poran¥ní hlavy nap°. p°i dopravní
h nehodá
h nebo p°i sportovní
húraze
h. Tvorba MKP modelu lidské hlavy v£etn¥ mozku a subara
hnoidálního prostoru jestru£n¥ popsána. Geometrie hlavy, stejn¥ jako geometrie mozku, jsou vytvo°eny automati
kýmipostupy na základ¥ snímk· z po£íta£ové tomogra�e s vysokým rozli²ením.V MKP modelu hlavy jsou uvaºovány tyto t°i oblasti: (i) lebka (ii) mozek (iii) subara
hnoidálníprostor. Lebka je modelována jako sendvi£ová konstruk
e, tvo°ená vnit°ní a vn¥j²í vrstvou ko-rtikální kosti mezi kterými je prostor vypln¥n £ty°st¥ny reprezentují
ími spongiózní kost. Promozek je zanedbán rozdíl mezi ²edou a bílou mozkovou hmotou a 
elý mozek je uvaºován jakoviskoelasti
ký materiál. Subara
hnoidální prostor je vytvo°en pomo
í Booleovské opera
e a vy-pln¥n £ty°st¥ny s lineárním izotropním materiálem.Po£áte£ní podmínky impaktní situa
e jsou stanoveny pomo
í model· uvaºují
ími jednotlivé £ástilidského t¥la i impaktoru jako tuhá t¥lesa de�novaná setrva£nými vlastnostmi a navzájem spo-jená klouby. Jako p°íklad uºití modelu je prezentována rekonstruk
e reálného p°ípadu poran¥ní
hlap
e p°i ²kolní sportovní aktivit¥, kdy na 
hlap
e spadla házenká°ská branka. Po£áte£ní pod-mínky pohybu byly stanoveny pomo
í po£íta£ové simula
e pádu. Vypo£tené hodnoty ry
hlosti azry
hlení v okamºiku dopadu byly pouºity v následné MKP simula
i impaktní situa
e za pouºitímodelu sestrojeného z poopera£ní
h snímk· 
hlap
ovy hlavy.Tlak, smykové nap¥tí, Von Misesovo nap¥tí a logaritmi
ké p°etvo°ení byly vypo£ítány ve fron-tální, parietální, ok
ipitální a st°ední £ásti mozku a porovnány s klini
ky zji²t¥ným poran¥ním.V levé i pravé temporální £ásti lebky byla na základ¥ von Misesova nap¥tí predikována frakturalebky. Ve shod¥ s klini
kým zji²t¥ním byla na stran¥ dopadají
í branky modelem predikovánafraktura kosti, na rozdíl od opa£né strany kontaktu s povr
hem h°i²t¥, kde kost z·stala intak-tní. Celkov¥ výsledky numeri
ké simula
e prokázaly zna£nou s
hopnost detailního MKP modeluhlavy predikovat poran¥ní lebky i mozku v reálný
h impaktní
h situa
í
h.
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1 Introdu
tionTraumati
 brain injury o

urs most 
ommonly as a result of a tra�
 a

ident, due to a fall orphysi
al assault and it is one of the leading 
auses of death worldwide. Tra�
 a

idents a

ountfor between 40 and 50 per
ent of all head injuries and they are also often the most serious ones.The annual number of tra�
 a

idents is growing despite of the investment put into passive anda
tive safety of the vehi
les and in the improvement of the safety instruments and regulations.The number of tra�
 a

idents in the Cze
h Republi
 has doubled in the last few years. Thenumbers are alarming: every year 1200 people die owing to tra�
 a

idents; there are almostfour-times more major injuries and perhaps twenty-times more minor injuries.The head is one of the most frequently injured regions of human body. Despite of in
reasingpassive safety, in
reasing use of seat belts and helmets it 
ontinues to be one of the major 
ausesof death in tra�
 a

idents. To redu
e the severity of the tra�
 a

idents, improvement ofthe passive safety is needed together with better understanding of the dynami
 response of thehuman body to impa
t loading.There exist two methods for investigation of the dynami
 response and the injury me
hanismduring an impa
t; experimental simulation (real 
ar 
rash simulations and sled tests) and numeri-
al modeling. For the experimental simulations, the hybrid and Anthropomorphi
 Test Dummies(ATD) has be
ome the industry standard for 
ar 
ollision testing in the last de
ades. Rapid ad-van
es in the 
omputer te
hnology and the numeri
al methods have enabled s
ientists to studyproblems des
ribed by a set of di�erential equations on very 
omplex domains using the FiniteElement Method.1.1 Injury 
riteriaFor the traumati
 brain injuries, several di�erent 
riteria have been used to des
ribe their poten-tial severity. These 
riteria are used not only to des
ribe the me
hanism of injury, but also to setthe toleran
e limits. The �rst widely used 
riterion for head injury was developed at the WayneState University in the 1960s. The 
riterion was assessed using full-body 
adaver tests subje
tedto forehead impa
ts on �at surfa
e [1, 2℄. Simple drop tests were performed to determine result-ing linear a

elerations. These linear a

elerations were re
orded using a

elerometers mountedto the 
adaver's head at the o

ipital region. From these experiments, �rst 
riterion for humanhead injuries was assessed in the form of toleran
e 
urves, today known as WSTC - Wayne StateUniversity Toleran
e Curves.The main disadvantage of the WSTC, whi
h uses e�e
tive a

elerations as the ordinate, is thatit does not re�e
t the e�e
tive pulse and therefore the impa
t duration is not taken into a

ount.In 1971 Versa
e proposed Head Injury Criterion (HIC) as to enable 
omparisons using the meanpulse of interest. His proposed HIC was later modi�ed by NHTSA (National Highway Tra�
Safety Administration) for impa
ts of longer duration. This 
riterion is nowadays the most used
riterion for head injury assessment. In 1972 it was also adopted by FMVSS (Federal Motor6



Vehi
le Safety Standards).Today, the widely a

epted head injury 
riterion is based only on the history of linear a

el-eration of the head. However, serious di�use axonal injuries are most 
ommonly 
aused byrotational a

eleration. These injuries are 
aused by dire
t or indire
t head impa
ts. Shear de-formations originating during the rotation damage the bridging veins, leading to hemorrhagingand hematomas.Most of the existing FE models of human head are based on a simpli�ed geometry of the skull,brain and other stru
tures. Another approa
h, presented in this work is to develop a detailedFE model of human head using CT and MRI s
ans of a real human head. The geometry ofthe human head and brain model is 
onstru
ted fully automati
ally on the basis of the medi
alimaging data. This make possible to use the model for �patient�spe
i�
� re
onstru
tion of headinjuries whi
h is an important appli
ation of these FE models. Pro
edures used to develop themodel need minimal user intervention. On one hand this approa
h 
reates the possibility todi�erentiate easily between individuals, on the other hand 
ertain stru
tures, e.g. the bridgingveins 
annot be in
luded in the model.Presented model represents well the geometry of the skull, brain and subara
hnoidal spa
e usingfour material models. The sandwi
h 
onstru
tion of the human skull, 
omposed by a thinshell of 
orti
al bone �lled with tetrahedral elements (trabe
ular bone) is able to re�e
t thebehavior of the real material. With the emphasis to minimize user intervention it is impossibleto make di�eren
e between material properties of gray and white matter and therefore the samevis
oelasti
 material properties are used for the entire brain.Tetrahedral elements are used to �ll all three regions within the human head (skull, brain andsubara
hnoidal spa
e). The main advantage of using the tetrahedral elements is that thesemodels 
an be generated in short time almost automati
ally on basis of a sequen
e of medi
alimages of high resolution. This would enable for post-traumati
 assessment of brain injuries e.g.in 
ase of tra�
, sport or daily�a
tivity a

idents.2 FE model of human head2.1 Introdu
tionHuman head is too 
ompli
ated to be well represented by a simpli�ed geometry de�ned as a setof geometri
al primitives. Therefore, presented FE model was built using CT and MRI s
ans ofhuman head taken in resolution 512x512 pixels at 1 mm distan
e. Spe
ial attention was paid todevelop the geometry of the human head automati
ally avoiding manual adjustment of the model.This is important when there is a need for patient�spe
i�
 models, e.g. in re
onstru
tion of realworld injury as it is illustrated in 
hapter 3 dealing with re
onstru
tion of a sport a

ident. Greatemphasis was paid to minimize the number of poorly shaped elements in the mesh, be
ause themodel is used in expli
it �nite element 
ode using redu
ed integration s
heme and linear shapefun
tions. 7



2.2 Finite element model developmentSophisti
ated image pro
essing te
hniques are used to di�erentiate between the various tissuespresented in the head. The model is re
onstru
ted from the volumetri
 medi
al data usingMar
hing Cubes Algorithm (MCA, [3℄), de
imation algorithm [4℄ and Delaunay tetrahedraliza-tion [5℄ approa
h. During the re
onstru
tion pro
ess additional algorithms, e.g. mesh smoothingusing Lapla
e operator are used to smooth and optimize the resulting FE mesh.2.2.1 Tissue segmentationThe �rst task in the re
onstru
tion pro
ess is the tissue segmentation, i.e. sele
tion of the tissueof interest in the sequen
e of medi
al images. For the segmentation of the bone tissue CT imagestaken at 1 mm intervals of 512x512 pixel resolution were used. There are several di�erent te
h-niques used: intensity based segmentation, edge dete
tion te
hniques, region growing te
hniques.Traditional intensity based segmentation is suitable for images of high quality where every tissueof interest is well separated from ea
h other. These algorithms relies on the fa
t, that pixelsrepresenting the same tissue are 
lustered around a mean 
hara
teristi
 value. This holds welle.g. for 
omputer tomography used in re
onstru
tion of the 
orti
al bone, but is not suitable forMRI images that have inhomogeneities whi
h give us smoothly varying, nonlinear �eld. The ef-fe
t of noise is usually redu
ed using low-pass �lters (Fourier low pass �lter, real spa
e averagingor median �lter) or high-pass �lters (Gaussian high-pass �lter, high-pass Butterworth �lter).Using traditional thresholding te
hniques we often gain mis
lassi�ed regions in the image. Thesimplest way to �nd the spe
i�
 tissue of interest is to 
onvert input image using thresholding, i.e.one-bit quantization. Thresholding determines a unique range of physi
al values for ea
h pixelthat 
orresponds to the tissue of interest. Be
ause of the high quality of the input CT images,simple intensity based segmentation was found suitable for the bone tissue. Series of segmentedimages is presented in Fig. 1.Threshold-based segmentation method is normally not e�e
tive for MRI image. For the braintissue segmentation, segmentation using a
tive 
ontours (region growing) had to be used be
auseinhomogeneities in the MRI s
ans give us smoothly varying, nonlinear �elds in the images. Regiongrowing identi�es regions of interest within an image based on an attempt to mat
h the imageto a parametri
 edge model.The advantage of region growing te
hniques is that it provides 
ontinuous boundaries for regionsof interest. A snake model has the advantage over edge-dete
ting approa
hes for segmentationin that no edge linking is required. The key idea is to de�ne a set of 
ontrol points (snaxels)and propose an evoluationary model to attra
t the snake toward the desired boundaries of theregion of interest.The snake is de�ned as 
ontour w(s) = (x(s), y(s))T with a fun
tional (usually a sum of internaland external energy):
∏

(w) = Eint(w) + Eext(w)8



Figure 1: Segmentation of the skull tissue in the series of CT s
ansInternal deformation energy of the �exible 
ontour 
an be de�ned as:
Eint(w) =

∫

1

0

ξ(s)

∣

∣

∣

∣

∂w

∂s

∣

∣

∣

∣

2

+ ζ(s)

∣

∣

∣

∣

∣

∂2
w

∂s2

∣

∣

∣

∣

∣

2

dsExternal energy (s
alar potential fun
tion de�ned on the image):
Eext =

∫

1

0

−c |▽ [Gσ ⊙ I (x, y)]| dsTo establish the �nal deformed position of the snake is equal to �nding the minimum of Π (solvingEuler-Lagrange equation for w):
−

∂

∂s

(

ξ
∂w

∂s

)

+
∂2

∂s2

(

ζ
∂2

w

∂s2

)

+ ▽P (w(s, t)) = 0These methods are very useful when there exists a-priori idea of the shape of the obje
t to befound. They are very robust in 
ase of images of poor quality (ultrasound pi
tures) or �ndingan obje
t that does not 
reate big di�eren
es in the pixel intensity but its shape is known (e.g.tumor dete
tion). The starting template and the �nal position of the snake used in segmentationof the brain is presented in Fig. 2.2.2.2 Surfa
e re
onstru
tionAfter the segmentation of both the skull and brain tissue, the inner and outer surfa
es of bothparts were re
onstru
ted using the Mar
hing Cubes Algorithm (MCA, [3℄). As the result of theMCA, we obtain very large number of triangles des
ribing the surfa
e of the domain of interest.To be able to use this geometri
al representation of the domain later in the FE simulations,9



Figure 2: Snake model used for brain segmentation
Figure 3: De
imation of the skull mesh (i) 200,000 (ii) 50,000 (iii) 5,000 elementsit is ne
essary to redu
e the number to triangles to a reasonable number using a de
imationalgorithm (see e.g. [4℄. Out-of-plane distan
e de
imation and border-distan
e de
imation wereused for repetitive removal of verti
es from a triangular mesh in order to redu
e the densityof the mesh in pla
es where they are not ne
essary for the surfa
e des
ription. Surfa
e meshoptimization using energy minimization approa
h was used to optimize the �nal mesh. Thisapproa
h helps to balan
e two 
ontradi
tory goals - resulting mesh with fewer verti
es than theoriginal one while keeping the geometry 
lose to the original model.The original surfa
e mesh obtained by the MCA 
onsisted almost of 1,500,000 triangles (bothouter and inner surfa
es were re
onstru
ted). Due to the high density of the mesh, �gure showingthis too dense model is not shown. Fig. 3 shows FE models with di�erent density obtained afterseveral steps of de
imation. The �rst model obtained had more than 200,000 elements. Looseningthe de
imation 
riteria it was possible to redu
e the number of elements des
ribing the skull toless than 5,000.2.2.3 Volumetri
 dis
retizationAfter su

essful de
imation one has the surfa
e of the model represented by a set of 
losedtriangular elements. The last step is to 
reate volumetri
 representation of the obje
t from thissurfa
e representation. Naturally, it is 
onvenient to use tetrahedral elements. However, if, forsome reason we would need to use hexahedral elements, there is still a possibility to 
onvert ea
htetrahedra in the mesh into four hexahedral elements. It is unfortunately impossible to obtainhexahedral mesh of su
h a 
ompli
ated domain as in this 
ase of human skull.For the dis
retization of the volume Delaunay triangulation [5℄ in 3-D is used. The Delaunay10



Figure 4: Delaunay "empty 
ir
le" 
riteriontriangulation is one of the methods for subdivision of an area into triangles or in 3-D volume intotetrahedrons. The Delaunay 
riterion (Fig. 4), sometimes 
alled the "empty 
ir
le" or �emptysphere� property, says that any node must not be 
ontained within the 
ir
le (or 
ir
umsphere)of any triangle (tetrahedra) within the mesh. A 
ir
um
ir
le (
ir
umsphere) 
an be de�ned asthe 
ir
le (sphere) passing through all three (four) verti
es of a triangle (tetrahedron). TheDelaunay triangulation of a given point set is the dual stru
ture of its Voronoi diagram [6℄ and
an be obtained using this Voronoi diagram. The Voronoi diagram has following property. Forea
h site every point in the region around that site is 
loser to that site than to any of the othersites. For more information about the Voronoi diagrams and Delaunay triangulations see e.g.[7℄. In our 
ase result of the Delaunay triangulation (tetrahedralization) is a set of tetrahedra�lling the entire 3-D domain.Delaunay triangulation used for the dis
retization of the volume does not guarantee elementswith good aspe
t ratios. The resulting mesh 
an 
ontain elements of bad shape that 
an slowdown the solution or produ
e undesirable errors. The Delaunay triangulation must be thereforefollowed by mesh optimization to avoid sliver elements (elements with very small spatial anglebetween two sides) as well as other elements of bad shape. Three methods used to improve thequality of existing tetrahedral mesh are used: (i) mesh smoothing, (ii) nodal points insertion anddeletion and (iii) lo
al re-meshing.To smooth the mesh, Lapla
ian smoothing is used. It is a straight-forward method derived froma �nite di�eren
e approximation of the Lapla
e operator. A vertex in the mesh is moved to the
entroid of the surrounding (topologi
ally 
onne
ted) verti
es:
Pnew =

1

n

n
∑

i=1

αiPiIf a set of surrounding mesh verti
es forms an extremely non-
onvex polygon its 
enter of massmay lie outside the polygon. In su
h a 
ase overlapping elements would be generated andtherefore the mesh vertex is skipped. Lapla
ian smoothing results in more homogeneous meshes� therefore it is suitable when elements of approximately the same size are required.
11



Figure 5: FE model of the human skull3 A

ident re
onstru
tion3.1 Introdu
tionAppli
ation of the FE model of skull and brain in re
onstru
tion of a sport a

ident demonstratesthe ability of su
h FE model to predi
t injuries sustained during e.g. tra�
 a

ident. A 
ompleteunderstanding of injury pattern and the underlying biome
hani
s of the injury 
an des
ribe the
ause of the injury or to assess limits of for
es a
ting upon human body during the in
ident.Models 
an be used to des
ribe 
riti
al fa
tors su
h as the position and posture of a person duringthe in
ident or e.g. dire
tion from whi
h the a
ting for
e was applied at the time of injury. Thesefa
tors are often important also in the �eld of forensi
 biome
hani
s.The methods used to re
onstru
t an injury or a

ident use prin
iples of theoreti
al me
hani
sto understand basi
 pro
esses and me
hanisms related to the stru
ture and fun
tion of bone aswell as other skeletal tissues. In sport biome
hani
s as well as in forensi
 biome
hani
s, humanbody kinemati
s and kineti
s are evaluated and des
ribed, as well as the injury me
hanisms.The re
onstru
tion usually involves review of medi
al do
umentation des
ribing the injuries,inspe
tion of the a

ident site and modeling of the injury or a

ident itself. Appli
ation of rigidbody modeling using a pedestrian model in a re
onstru
tion of a tra�
 a

ident is shown inFig. 6. The kinemati
s of the body hit by a 
ar at 50 km/h was obtained using the 50% malepedestrian model.In the study a rigid body model of the human body involved in the a

ident was used to assessinitial 
onditions whi
h were later used in �nite element modeling of the head impa
t. From therigid body modeling a 
omparison of di�erent approa
hes to head injury predi
tion is drawn.Results are 
ompared to �nite element simulation using presented FE model subje
ted to initial
onditions obtained from rigid body simulation just before the head impa
t with the ground.Head injury 
riterion as proposed by Miller et al. in [8℄ is applied. The pressure, shear stressresponse, von-Mises stress response and logarithmi
 strain values were evaluated in four regions:(i) frontal, (ii) parietal, (iii) o

ipital and (iv) midbrain region. Results from the numeri
al12



Figure 6: Re
onstru
tion of a tra�
 a

identanalysis of the a

ident showed good agreement with 
lini
ally observed head injuries.3.2 Injury des
riptionThe aim of the re
onstru
tion was to develop a FE model that would be able to 
hara
terize theme
hani
s of the real injury. The injury to be re
onstru
ted was a sport a

ident involving a 12-year old boy on whom a handball 
age fell during s
hool sport a
tivity. The boy fell immediatelyun
ons
ious and was hospitalized shortly after the a

ident, with impressive fra
ture in temporal�parietal region of the left hand side of the skull. Dilateration of dura and the brain tissue at theside of impa
t, hemorrhagi
 
ontusion of basal ganglia, traumati
 subara
hnoidal bleeding andtwo la
erated wounds � one frontal and the se
ond parientoo

ipital brain region. The fra
tureof the skull was almost one third of the hemisphere in length and sharp fragment of the skull
aused the underlying dura dilateration.Surgi
al treatment of a
ute, traumati
, 
ompressive haematoma 
onsisted in 
raniotomy, san-itation of 
ontusions, eva
uation of the epidural haematomas and plasti
 surgery of dura and
alva. Intra
ranial pressure was monitored using a pressure gauge. On the seventh day afterthe surgery, the boy was transferred to spontaneous ventilation, extubated. Today the boy isundertaking rehabilitation and logopedi
 
are, be
ause hard per
eptive hypa
usia was diagnosedposta

identaly. Two months after the a

ident, the boy is attending a grammar s
hool in pla
eof residen
e with personal assistant.3.3 Rigid body modeling of the in
identThe initial 
on�guration of the head impa
ting the ground as well as the initial velo
ity of thesteel 
age were obtained from rigid-body modeling of the fall. For the rigid-body simulation13



Figure 7: Re
onstru
tion of the fall a

ident (
ase 1: falling sidewards)MADYMO software pa
kage was used in whi
h a distin
tion between o

upant models, pedes-trian models and detailed segment models is made. The a

ident was re
onstru
ted using theMADYMO 5% female pedestrian model. The outer geometry of the pedestrian models is rep-resented by ellipsoids, whi
h provide a less a

urate representation of the geometry but resultin shorter 
omputation times than fa
ets. Inertial properties of all segments are in
orporatedin the rigid bodies of the pedestrian models. In the ellipsoid pedestrian models, stru
tural de-formation of �exible 
omponents is lumped in kinemati
 joints in 
ombination with dynami
restraint models. This approa
h was applied in order to simulate elasti
 long bone bending aswell as fra
ture in femur and tibia. Deformation of soft tissues (�esh and skin) is represented byfor
e-penetration based 
onta
t 
hara
teristi
s for the ellipsoids. These 
hara
teristi
s are usedto des
ribe 
onta
t intera
tions of the pedestrian model with itself and with its environment.The small female model (1.52 m and 49.8 kg) was 
losest in weight and size to the boy injured(1.58 m and 40 kg). From the female model, the ellipsoids representing breasts were removed.The model was subje
ted only to gravitational a

eleration, the initial 
on�guration is depi
tedon the �rst image of the series presented in Fig. 7.The model is equipped with sensors lo
ated in 16 important pla
es registering position, velo
ity,a

eleration and for
e in every time instant. For the a

elerations, a

eleration �eld model
al
ulating for
es at the 
enters of gravity of bodies due to a homogeneous a

eleration �eld isused.From the rigid body simulation of the fall several important values 
an be easily determined, e.g.a

eleration of the 
enter of gravity of the head. From the resultant a

eleration history we 
an
al
ulate the head injury 
riterion for the studied free fall as des
ribed previously in 
hapter ??.Several injury parameters, namely HIC36 and HIC15 were 
al
ulated from the a

eleration his-tory. Resulting head injury 
riterion values were same for 15 ms and 36 ms time window:14
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Figure 8: A

eleration and velo
ity history for the �rst 
ase

omponent time [s] min velo
ity[m

s

] time [s] max velo
ity[m
s

](sum) 0.00 0 900.20 4.1040x-
omp. 913.50 -1.0522 932.60 0.5033y-
omp. 5.10 -0.0007 861.40 1.7217z-
omp. 910.10 -3.7538 913.70 2.2213Table 1: Peak velo
ities of the head CoG (�rst 
ase)

omponent time [s] min a

el[m

s2

] time [s] max a

el[m
s2

](sum) � � 912.10 4553.5x-
omp. 912.00 -1499.3 911.30 557.12y-
omp. 912.10 -4079.9 914.20 447.22z-
omp. 912.20 -1410.6 920.40 167.59Table 2: Peak a

elerations of the head CoG (�rst 
ase)
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Figure 9: pre�operation situation: (a) CT-image (b) re
onstru
ted surfa
e
1HIC36=3562,5 (t1 = 911.30 ms, t2 = 912.70 ms) and 1HIC15=3562,5 (using the same timewindow). Beside HIC, linear and angular a

eleration peak values were used for injury 
riteriadetermination. The values of linear a

eleration were above the lower bound for 
ontre
oup
ontusion, subara
hnoidal haemorrhage and subdural haematoma. The values were also abovethe 100% 
on
ussion probability.To 
on
lude, the 5% female pedestrian model was used to assess initial 
onditions of the headat the time of impa
t with the ground to be later used in the �nite element simulation using thedetailed FE model of the boy's head. The 
omponents of velo
ity and a

eleration at the timeof impa
t obtained at the 
enter of gravity of the pedestrian head were imposed on the detailedFE model. To determine the velo
ity and angular a

eleration of the impa
ting handball 
age asimple rigid model was used. To 
al
ulate 
enter of gravity and inertial properties of the 
ageneeded for solution of partial di�erential equation of motion a model using beam elements ofappropriate se
tional and inertial properties was built using ANSYS prepro
essor.The 
age was supposed to fall from its indi�erent equilibrium position. Di�erential equation ofmotion Iϕ̈ − mgyT sin ϕ (t) = 0 was used to determine velo
ity and angular a

eleration of theupper bar of the 
age at the moment it hit the boy's head. Solution of the di�erential equationis not trivial, it leads to an ellipti
 integral. Therefore, the equation was linearized and solvedin
rementally for ϕ to be su�
iently small (in
rement of 5o was assumed). The 
omponents ofvelo
ity and a

eleration determined from the equation of motion for the angle ϕ = 84.5o (upperbar tou
hing the skull) were used as initial 
onditions for the movement of the 
age modeled asdeformable bar in the FE analysis of the a

ident.3.4 FE Model of the skullCT data of the patient's head were used to develop a detailed FE model for the simulation. CTimages of the head were taken both pre- and postoperatively. From the pre-operative imagesit was possible to re
onstru
t the damaged skull. The open fra
ture of the skull and the hugehaematoma presented on the impa
ted site are 
learly visible in Fig. 9.The geometry of the model was prepared based on the post-operative images. The surfa
e of16



Figure 10: FE model of the handball 
age a

identthe brain was re
onstru
ted based on the same series of CT images be
ause MRI data were notavailable. The outlines of the brain in the whole set of CT-images were therefore de�ned byshrinking the inner outline of the skull and hen
e representing redu
ed intra
ranial region.Within the FE model of the head four di�erent regions were de�ned:
• skull, represented by volumetri
 tetrahedral elements for the spongional bone 
overed byinner and outer layer of shell elements for 
orti
al bone of uniform thi
kness of 1 mm.Spongional bone was modeled as elasto-plasti
, with following material properties: Young'smodulus of elasti
ity Espon=2.200 MPa, Poisson ratio ν=0.01, material density ρ=1500 kg

m3 ,ultimate strength in 
ompression σ−

ult=32 MPa, ultimate strength in tension σ+

ult=30 MPa.Corti
al bone was 
onsidered elasto-plasti
 as well with following material properties:E=12.000 MPa, ρ=1850 kg
m3 , ν=0.21, σ−

ult=80 MPa, σ+

ult=140 MPa
• brain, modeled as vis
oelasti
 material, no di�erentiation between material properties ofwhite and gray matter was 
onsidered. Bulk modulus was set to K=2200 MPa, den-sity of the brain tissue is 
lose to that of water ρ=1000 kg

m3 , instantaneous shear modulusG0=1.036 kPa, and the shear modulus at in�nity G∞=0.0185 kPa, re
ipro
al de
ay 
oef-�
ient 1

β
=0.0165m

s
.

• subara
hnoidal spa
e whi
h is �lled with the 
erebrospinal �uid (CSF) is the main sho
kabsorber and is 
omposed mainly from water (99%). In this study, the subara
hnoidalspa
e is modeled with bulk modulus K=0.105 MPa, shear modulus G=1.086 MPa, density
ρ=1130 kg

m3 and Poisson ratio ν=0.495.The situation modeled was set a

ording the a

ident: the boy's head tou
hing the ground andthe 
age 
ross-bar falling on the left part of the head, see Fig. 10.17



The playground is 
overed with the CONIPUR material, whi
h is an impa
t absorbing, permeablelayer of polyurethane, often used for playground surfa
es and for these purposes it is approved bySwiss Sport Institute and International Knowledge of Sport Surfa
es Asso
iation. The surfa
ewas modeled using three layers of solid elements with elasto-plasti
 material properties withfollowing 
onstants: Young's modulus 4209 MPa, yield strength 132 MPa, density ρ=1050 kg
m3 ,Poisson's ratio ν=0.41.The 
age was modeled as a bar of the same 
ross-se
tional properties as the real one, but onlythe upper bar was modeled. The density of the bar was s
aled as to represent the overallfor
e exerted to the head in the moment of 
onta
t. The 
age is made of zin
-
oated steel withfollowing material properties (elasto�plasti
 material): Young's modulus 195 GPa, yield strength230 MPa, density ρ=8030 kg

m3 , Poisson's ratio ν=0.3.3.4.1 Conta
t phenomena between tissuesThe importan
e of modeling 
onta
t 
onditions between all the tissues presented in human headhas been studied by many authors, e.g. [9℄, [10℄. The e�e
ts of 
onta
t are fo
al and lo
alizedand it is widely understood that 
onta
t e�e
ts 
ontribute little to brain di�use injuries. Forinstan
e, Ommaya and Hirs
h in their paper from 1971 [10℄ 
on
luded that if head rotationwere the 
ru
ial brain injury me
hanism, 
erebral 
on
ussion would be produ
ed at an identi
althreshold for rotational velo
ity of the head irrespe
tive of how the head rotation was indu
ed,i.e. dire
tly or indire
tly. Their experimental data did not support this and showed a signi�
ant
ontribution to the brain injury by the lo
al e�e
ts of impa
t.In this study a dire
t 
onta
t impa
t is modeled. For this reason the 
ranium 
annot be assumedrigid as it is in many studies studying response of human brain to e.g. rotational or linear a

el-eration as in [11℄. Moreover, the 
ranium plays a key role in studying this so�
alled open�headinjury. The impa
t delivered to the head is transferred through the 
orti
al layer to the spon-gional bone and through the inner layer of 
orti
al bone to intra
ranial spa
e. The intra
ranialspa
e is �lled with CSF. It was found, that for modeling of intra
ranial pressure response, be-side the e�e
ts of skull topology, CSF depth is an important fa
tor. Careful 
onsideration wastherefore taken to pre
ise tissue segmentation of the region to ensure appropriate thi
kness ofthe subdural spa
e is ensured.Conta
t de�ned between the brain and skull was therefore de�ned as sliding with fri
tion. Be-tween the inner surfa
e of the skull and the CSF layer, sliding is allowed while separation ofthe 
onta
ting brain and CSF layer is allowed. This makes gap formation at the CSF�
erebruminterfa
e possible. For all interfa
es, 
onta
t with sliding and fri
tion (fri
tion 
oe�
ient 0.2)was modeled as proposed by Miller et al. in 1998 (see [8℄).
18



Figure 11: von Mises stress in the brain tissue in 0, 2, 4, 6, 10 ms time intervals3.4.2 ResultsThe aim of the study was to model the a

ident using expli
it �nite element model and to assessthe possibilities of the existing injury 
riteria to des
ribe the lesions 
aused by the falling 
age.Remarkable observation in the study was the fa
t, that the skull was fra
tured at the side of theimpa
t with the 
age only, whereas on the opposite side, at the 
onta
t with ground it remainedinta
t. Also brain injuries on the side opposite to 
age impa
t were not so severe as on theopposite side. Obvious explanation of this phenomena is that the playground was 
overed with16 mm layer of 
ushion material (CONIPUR 2S) absorbing mu
h of the deformation energy ofthe reverse side.For the FE modeling of the impa
t 
onditions, expli
it dynami
s solver LS�DYNA is used.The solution of an expli
it problem is stable only if the time in
rement ∆t is smaller then the
riti
al one. The 
riti
al time in
rement 
an be 
al
ulated based on the Courant�Friedri
hs�Levy 
riterion and for stability reasons is lowered by a s
ale fa
tor of 0.9 to ∆t = 0.9 l
c
, where

l is the 
hara
teristi
 length of an element and c is the propagation velo
ity. The time stepwas held 
onstant during the simulation. Redu
ed (one�point) integration together with vis
oushourglass 
ontrol was used for faster element formulation. The use of one�point integration isadvantageous due to savings on 
omputer time and in 
ase of large deformations of the brain.Conta
t 
onditions were pres
ribed between the brain and inner surfa
e of the skull as well asbetween the outer surfa
e of the skull and the rigid plate. As an illustrative example of theresults the �elds von Mises stress in the brain tissue (Fig. 11) are presented.Predi
tion of skull fra
ture was based on Yoganandan et al. [12℄ experimental results where thefor
e ne
essary to fra
ture 
adaver skulls ranged between 8.8 kN and 14.1 kN, with an averageof 11.9 kN. The authors also 
on
luded, that for the �xed head the for
e�de�e
tion 
urve wasfound to be insensitive to impa
t lo
ation. The peak for
e from the MADYMO simulation was19



7.4 kN indi
ating no skull fra
ture. In this 
ase, the falling 
age is not modeled and the peakfor
e is obtained from the free fall only. This indi
ates that in 
ase of free fall no skull fra
turewould o

ur. On the other hand, results from the �nite element modeling show peak for
e morethan double of that value 
learly predi
ting skull fra
ture.Results from the FE modeling were used for tissue thresholds. Most of the thresholds are usedfor axonal injury predi
tion rather than whether a parti
ular type of injury would o

ur ([13℄).In re
ent years few works with injury thresholds based on von Mises stress appeared, parti
ularlythe work of Willinger et al. [14℄ and Baumgartner [15℄.In this work the injury limits were set a

ording to re
ent work of Baumgartner andWillinger [16℄.The thresholds were derived from a FE modeling of 64 a

ident involving helmeted motor
y
lists,Ameri
an footballers and pedestrians. The limits were set to 20 kPa for 
on
ussion, and 40 kPafor severe brain neurologi
al lesions. The limit for subdural and subara
hnoidal haematoma setsthe global strain energy of the subara
hnoidal spa
e to 5 J. A global strain energy of the skullof 2 J leads to skull fra
tures.Using presented FE model von Mises stress was evaluated at the side of impa
ting 
age, at theopposite side (temporal regions) as well as at the o

ipital and parietal and midbrain regions.In the temporal regions the peak values of von Mises stress were 47 kPa and 23 kPa 
learlypredi
ting brain lesions and haematomas on both sides. Using these limits in our 
ase of fallinghandball 
age, the skull fra
ture was predi
ted with global strain energy of the skull rea
hing4.3 J. The global strain energy of the subara
hnoidal spa
e was more than 8 J suggesting subduralhaematomas.4 Con
lusionsTe
hniques used to develop patient-spe
i�
 �nite element human head model based on a seriesof CT images of high resolution were presented. The medi
al image data were transformed intoa three-dimensional FE model and implemented into the expli
it �nite element 
ode ANSYSLS-DYNA. The model was used in re
onstru
tion of an a

ident whi
h lead to serious skull andbrain injuries.The model 
onsists of three�layered skull (
orti
al and trabe
ular bone), subara
hnoidal spa
eand brain. Tetrahedral elements are used to �ll all three regions de�ned in the model. Pro
eduresused to develop su
h a model based on medi
al imaging data are fully automati
 and requireminimal user intervention. This make possible to use the model for �patient�spe
i�
� re
onstru
-tion of head injuries whi
h is an important appli
ation of these FE models. Pro
edures usedto develop the model need minimal user intervention. On one hand this approa
h 
reates thepossibility to di�erentiate easily between individuals, on the other hand it keeps the model rel-atively simple, not a

ounting for 
ertain inner stru
tures. With the emphasis to minimize userintervention it is impossible to make di�eren
e between material properties of gray and whitematter and therefore the same vis
oelasti
 material properties are used for the entire brain.20



The initial 
onditions of the impa
t were obtained using a rigid body model in 
omputer simula-tion of the fall. Velo
ities and a

elerations at the instant of head hitting the ground were usedas initial 
onditions in FE simulation of the impa
t using the patient spe
i�
 head model. Theuse of rigid�body modeling and pedestrian models is a fast tool to re
onstru
t the kinemati
s ofa tra�
 a

ident, sport a

ident or daily a
tivity injury. With a detailed FE model of humanhead it is possible to obtain the stresses origination in the tissues from loading assessed by therigid�body simulation.Presented re
onstru
tion of the handball a

ident was used to demonstrate the ability of detailedFE models to repli
ate an a

ident, in this 
ase a 
age falling on a handball player's head. Thebone fra
ture was predi
ted at the impa
t side only showing good agreement with the reala

ident. Overall, the results from the numeri
al analysis were en
ouraging and showed goodability of the FE model to model the impa
t situation studied and to investigate the brain injuryme
hanisms.Without su
h a detailed FE model of the head, only the for
e and a

elerations obtained froma rigid�body analysis are 
ompared to the resulting injury. The stress and strain levels are byfar better indi
ators of brain injury or skull fra
ture. However, the toleran
e limits in terms ofstrain and stresses are fewer than those expressed in terms of a

eleration. Further experimentalinvestigations are needed to assess the new toleran
e limits for various impa
t 
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