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Abstract

In this thesis, it is proposed that a model ofthenan head is studied to investigate brain
injuries. The geometry model consists of threedayé different materials, the skull, the
cerebro spinal fluid (CSF) and the brain. The afrthe thesis is to try to understand the
injury mechanism in a frontal impact on the heacli&ng on the special behavior of the
CSF and its interaction with the brain. To makes thossible, the computational fluid
dynamics software Ansys CFX has been coupled \ghfinite element software called
Ansys WORKBENCH. The connection between them perhie transfer of loads from
the skull to the fluid and from the fluid to theabr.

In addition, several theories are proposed to éxpldy the brain injury is located in the
frontal part (coup injury) or in the back site bketimpact (contra coup injury). To model
the central nervous system (CNS) different geom&tind boundary conditions have been
performed to simulate a more realistic pattern. E\av, the simplification of these
models has been a difficult task due to the conifylef the organic structures and the
nonlinearity of the materials, especially the brafhe lack of knowledge about
mechanical properties from organic tissue suchram hissue, was a problem during all
the simulations. Previous theses have been wrb@ut mechanical brain properties but
the problem remains in the differences betweendsits setups. Further investigations and
standardized tests are needed to get a betteatiahdof the results.
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Nomenclature

Abbreviation

CSF Cerebrospinal Fluid
CNS Central Nervous System
TBI Traumatic Brain Injury
FEM Finite Element Method
EDH Epidural Hematoma
SDH Subdural Hematoma
ICH Intracerebral Hematoma
DAI Diffuse Axonal Injury
HIC Head Injury Criteria
WSTC Wayne State Tolerance Curve
GSl Gadd Severity Index
HSI Head Severity Index
ATB Articulated Total Body
CFD Computaional Fluid Dynamics
PMHS Post Morten Human Subjects
Terms

€ Strain

o Stress

E Young's Modulus

v Poisson's ratio

b Y Uniaxial stress

J Longitudinal stretch

L, 0 Material Constants

p Pressure

p Density

T Temperature

ux Velocity in x-direction

uy Velocity in y-direction

0 Derivative operator

V Nabla Operator

u Velocity Tensor

t Time

X Dyadic Producte

T Stress Tensor

S Source Terms

Unit Matrix

I

h Specific Static Enthalpy
hiot Total Specific Enthalpy
A Conductivity

K Compressibility Term

\Y Volume

m Mass
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pref

Pstat

D1

Reference Pressure

Static Pressure
Displacement

Acceleration

Linear Velocity
Incompressibility Parameter
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1 Introduction

1.1 Epidemiology and motivation

Traumatic Brain injury (TBI) is a physical condticcaused by an impact (e.g. as may be
experienced in a car accident or falling from h&iginternal damage or loss of oxygen. The
skull and the brain are suddenly subjected to aessive amount of energy and sometimes
this excess of energy may cause irreversible affedhe brain.

During the last decades a large number of staigtidicating the importance of this kind of
injury have been collected. According to the CenfeNeuro Skills [5], around 1.4 million

of people suffer TBI each year in the United Stat),000 die, 235,000 are hospitalized
and the remaining 1,1 million receive some forntrehtment. The numbers of people that
suffer TBI and are not treated by emergency seswce not determined.

Another study from the Center of Traumatic Brainuig [4], from University of
Pennsylvaniaremarks that traumatic brain injury is the most own sort of injury.

2,000,000

Traumatic Brain Injuries
1,500,000

1,500,000
1,000,000

500,000
Breast Cancer
176,300

100,000 Multiple Spinal Cord H.I|1;.II::ItI|:IS

Sclerosis Injurics
10 400 11,000

10,000

Figure 1.1 Comparison among different types ofriegj from [4].

All the information is provided by US national datdich includes emergency department
visits, hospitalizations and deaths. However, atiogrto E. Finkelstein and P. Corso [8] all
the data is inadequate. For instance, TBIs treatenhilitary hospitals are not included.

Neither the persons who receive medical care buiigBot diagnosed.
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Figure 1.2 Leading causes of TBI, from [17].

The leading causes of TBI in US are falls (28%)taneehicle crashes (20%), struck by or
against items (19%) and assaults (11%), see [1@t. dmergency department visits,
hospitalizations and deaths, children aged 0 teatsyand teenagers from 15 to 19 years are
more likely to suffer TBI than people from othepogps. Hospitalized adults aged 75 years or
older are the ones with the highest risk of dyisgaaresult TBI. As a curiosity it is pointed
out that the male population is 1.5 times morelyike suffer traumatic brain injuries than
females. This is due to the differences betweenhdbits where the male population usually
take more risks in their actions, see [17]

TBI can lead to long-term cognitive, behavioral ardotional consequences. D. Thurman
and C. Alverson state that 5.3 million Americangpraximately 2% of the US population
are living with lifelong disabilities due to TBI. [#hough the TBI results in a mild
concussion, the long-term consequences can imgegars®on's abilities. In conclusion, TBI is
one of the most disabling injuries [34].

Moreover, TBI can increase the risk of sufferingeastinjuries. A recent study asserts that
people who have suffered TBI are 11 times mordylike develop epilepsy than the general
population for up to 3 years after their initigjury, see [31].

To try to mitigate the consequences of TBI and divbetter understanding of the injury
mechanism, mechanical simulations are used. FEMtéFElement Method) is used to carry
out the simulations. Actually, there are many tieoabout the focal brain injuries and how
they are transmitted through the brain. One oftlest well-known is the coup-contra-coup
that results in a trauma in the rear part of trearbwhen an impact is applied to the front.
The simulations using FEM could explain this bebawiecause the mechanism still remains
unclear. Furthermore, it is possible to simulatpagts in brain in a transient mode where
one can see how the brain deforms step by step.

Although there are still other problems that caiseatike poor knowledge of brain and
human tissue properties, a good understandingedr#tumatic brain mechanisms would help
to improve new safer devices such as proper matt&delmets or an improved airbag for a
car.

-2-



1.2 Anatomical knowledge
1.2.1 Brain parts

The brain is the organ that mainly constitutes demtral nervous system. There are
numerous ways to explain the different parts of bih@n. One of the most well-known

approaches consists of separating the brain intodigigions: cerebral hemispheres,
diencephalon (thalamus, hypothalamus, and epithadgntorain stem (midbrain, pons, and
medulla), and cerebellum. From a technical pointiew, the most interesting areas are the
cerebral hemispheres. According to E.M. Marieb [20¢ cerebral hemispheres account for
about 83% of total brain mass.

The whole surface of the cerebral hemispheres Igar @alled cerebrum) is formed by an
irregular shape with pronounced ridges of tissumeth gyri and surrounded by channels
called sulci. Moreover, the sulci separate therbimaidifferent parts: the longitudinal fissure
splits up the brain in two hemispheres, the trarsevéssure separates the hemispheres from
the cerebellum and the central sulcus divides tamlinto the frontal lobe and parietal lobe.

Cerebrum __

Corpus
___collosum

_——Ventricles

Thalamus

Figure 1.3 Central nervous system, from [7].

The diencephalon consists of three divisions: thal hypothalamus and epithalamus. Its
function is based on a switch between the cenwealaus and other parts. The thalamus
helps to process all sensory input (except olfgytao the cerebral cortex while the
hypothalamusjs called “the brain of the brain”. It governs themeostasis or, in other
words, maintains the human body's status quo. Masaike blood pressure and heart rate
are controlled by the hypothalamus, see [20].
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The brain stem consists a structure similato the spinal cord which controls the movernr
and it has sensory and reflex functions. It is di#d irto midbrain, pons and medul
oblongata. The midbrain is in charge of procesaimgdjtory and visual systems as well as
movement. The pons helpse information to be linked between the cerebellumd the
central hemispheres. Finally the medulla oblondets a particular role in controlling t
autonomic functions like respiration, swallowingflexes, etc. Moreover, the medulla is
joint betwea the CNS and the spinal cc

Furthermore, the brain shows three basic layemnddrby different materials. The surfe
layer is thecerebral cortex, composed of y matter. According to G. Francheschil10],
that layer is 24mm thick and contains er 50 billion neurons and 250 billion glial ce
called neuroglia. Underneath, the second layeonsposed of white matter, formed by ax
that connect different parts of the central nerveystem (CNS

1.2.2 Meningesand skull

S. Kleiven [16]staes that the meninges are made up by three layemnoective tissue: tr
dura mater, the arachnoid and the pia matter. ver, blood vessels that er the brain, the
skull and some ventricles filled with cerebral spifiuid are placed in meningeshe main
function of meninges is to protect the brain froosgibleimpacts, blows, shocks and frict
with the skull bone Moreover,the brain is irrigated with proteins and nutric by the
cerebral spine fluid (CS.

First of all, the dura mater ise closest layer to the bone. It consists of a fiardus tissue
which surrounds the inner part of the skull. It gieates to the cranial cavity like a shee
the tentorium cerebelli whe it separateshe cerebrum from the cerebell and the falx
cerebri dividingthe brain itto two hemispheres.

“_l 'I | { [/ {/ / ({ Skin of scalp

[y | | ‘/ ——————————— Periosteum
YA .‘%E'J"'»S ( / .
=/ 1 J Bone of skull
uy P o
N P Pariosteal :I_ i
. aep peR e B g
S L _‘-_-,.i_i-'«i'_«*,’u"aa.‘.':‘:i'f-": ""'f:';';&:?‘;*.f}','-, Meningeal | mater
i AL ¥
sagittal sinus - = / i Arachnoid matar
Subdural AT & . Pia mater
space J ‘/ il Arachnoid villus
Subarachnold f;g* "%‘4—*—— Blood
space E; & \ vassal
;i Falx cerebr|
== (in longitudinal
E& fissure only)
L
(a)

Copyright @ 2001 Banjamin Cummings, an mprnt of Addison Wesley Langman, ine.

Figure 1.4 Meningeal layers, from [20].
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The “spider web” called arachnoid is located betbe dura mater. It is full of blood vessels
and resembles a web, hence its name. Althougtvérraips into the brain sulci, it surrounds
the spinal cord and the inner part of the dura.eaémthis membrane, the subaachnoid space
is placed filled with cerebrospinal fluid (CSF).&hquid encloses and protects the brain like
a cushion against the shocks. Moreover, thereikamdnts called arachnoid trabeculations
that link the arachnoid to the pia to reduce thatinee movement between both parts. Thus,
the brain is protected from Shear Stress mostlgezhby rotational displacement, $&6].

Finally, the pia mater is located above the celletweex and is completely attached to the
brain surface. It is a meningeal layer composedibwbus tissue and impermeable to the
fluids as well, see [3].

- Parietal

Figure 1.5 Skull and face bones, from [6].

The skull is the most external barrier that pratettie brain. It fulfills a remarkable
compromise between weight and strength, it helgstiine distance between the eyes and it
fixes the position of the ears improving the seévisytand accuracy of the brain.

1.2.3 Cerebro spinal fluid (CSF)

The subarachnoid space is the gap between thegigx snd the ventricles of the brain. It is
produced in the lateral ventricles which are lodate the left and right hemisphere and
linked under the corpus callosum. The fluid flowsnfi these two ventricles to the third one
and from there to the fourth through a channel #iab is connected to the spinal cord.
These ventricles, also described as caverns, aretsnes opened to the subarachnoid space.
For instance, there is an opening at the rearethird ventricle where the liquid can flow
through the sulcus placed between the cerebelluhhancerebrum.

-5-



Lateral VYentricles

Foramen

Third
Ventricle

W %W Agueduct
Fourth A \\\

Yentricle 1{\

Figure 1.6 Brain ventricles filled with CSF, fror24].

Mainly, the cerebro spinal fluid encircles the brand the spine being responsible for
transporting the nutrients and cushioning the bfi@@m mechanical shock. In the arachnoid
granulations the drainage of CSF is stored, andntlagority of the liquid is returned.

According to Franceschini [10], in an adult, appneately 140 ml of CSF surrounds the
brain. It also states that for normal movementsitimer pressure (and any shrinkage or
expansion) of the brain is counter-balanced bynarease or decrease of cerebro spinal fluid.

1.3 Stateof theart

1.3.1 Brain injury mechanisms

To describe the mechanisms that lead to brainiegunany models have been developed.
The most common are notional and experimental nsodéie first ones are derived by the
analysis of the damaged and torn tissue while thers are based on the empiricism of the
experiments. With the experiments, one can obseove the combination of the loads and

shear stress produces deformation in the tisswkdtaus, injuries. Although all of them note

a general understanding of the problem, they cagxgtin the mechanism.

From the medical literature, it has been found thatinjury theories have been developed
long ago and nowadays the brain injuries are maaparated in two groups: focal injuries

and diffuse injuries. The focal ones cause damagea ispecific area and they can be
identified with the naked eye, while the others associated with a general break of brain
tissue or disruption of neurologic function and aot related to macroscopic brain lesions.
Generally, in the diffuse injuries, the damage i® do the acceleration in the tissue.
Basically, the focal injuries are epidural hematen(@DH), subdural hematomas (SDH),

intracerebral hematomas (ICH), and contusions (@ngp contrecoup). The diffuse injuries

are brain swelling, diffuse axonal injury (DAI) andncussion. [33]
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G.M. McHenry [22] states that there are two moreg/svep classify brain injuries. The first
one relates to the cause of the injury, such ustacbnor non-contact. The second
distinguishes between types of injury: primary aedondary injuries. The primary injury
occurs when the initial injury is produced. On titeer hand, the secondary injury does not
appear until sometime later.

1.3.1.1 Focal injuriesig]

Subdural hematoma (SDH)

Subdural hematomas are caused by the tearing efiesrtlocated in the inner meningeal
layer of the dura and those that link the arachnmagler with the dura mater.

Epidural hematoma (EDH)

EDH consists of blood gathered between the skullthe outer meningeal part of the dura.

Moreover, it can increase the intracranial pressun@, thus, induce damages in the brain
tissue.

Cross Section of the Brain Epidural
Hematoma

Scalp

Skull
—— Diwra mater

Space

Fi
) Eleeding betwaan the
o= Bbrain dura matar and the skull

Subdural
Hematoma

T

EBleeding between the

arachnoid mater and
the dura mater

Figure 1.7 Epidural and subdural hematoma (pocKeilood), from[25].
Contusions

Contusions are created by bruises inside the hrairsed crashes and blows to the head.
Contusions may be created by sudden deceleratidgheobrain when the head strikes an
immobile object in the middle of the path (frontapact motor crash accident). Contusions
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can occur on the site of the impact (coup conti@an on the opposite side of the site of
impact (contrecoup contusions).

Figure 1.8 Schematic representation of the cortaaitusion area induced by weight-
dropping trauma and the studied region surroundimg injured brain, from [13].
Intracerebral hematomas (ICH)

ICH consists of accumulations of blood within thaib. This blood can compress the brain
and sometimes surgery is needed to reduce theratral pressure.

Intracerebral hemorrhage

Figure 1.9 Intracerebral hematoma, from [6].
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1.3.1.2 Diffuseinjuries

Concussions

Concussions arelso called mild traumatic brain functions. They dan defined as a shc
period where the patient loses the consciousnessala head trauma (see 1.10). The
brain function can be interrupted but there is Bonmnent damage. In general, 95% of
patients have a good recovery after one m

Figure 1.10 tead tauma caused by a frontal impact, fr{12].

Diffuse axonal injuries (DAI)

DAl denotes a widespread injury in axons and nerves.céll usually occurs due
acceleration/deceleration of the head as can orcuraffic accidents. The mechanis
consists in the disruption of the axons and thusy theural function that permits nons to
communicate between them. Diffuse axonal injuryidgily causes loss of consciousn
that lasts for more than 6 hours. Sometimes thgopenas symptoms of damage to a spe
area of the brain. Increased pressure within thé slay cause com

Brain swelling
Brain swellingis also named edema. It corresponds to an increfages blood inside th

brain which can causenancreisein intracranial pressure, prevent blood from entering
the skull to supply oxygen and glucose to the b



|
Region of
decreased
blood [low

Blood supply

r r
to the brain Interruption of blood supply
{blood clot)

Figure 1.11 Blood clot has interrupted the bloogsly to the brain, from [2].

1.3.1.3 Head Injury Criteria (HIC)

The HIC is a method to predict head injuries follegvimpact with flat objects, taking into
account the deformation of the skull and the bigjaries including the possible loss of
consciousness. The basis of this approach lidseimtedical background that states that 80%
of patients with linear skull fractures show corgioes [16] It is calculated with the
translational acceleration of the head.

HIC = {(t, —tl){t

4 25
1t | a(t)dt] Eq 1.1 [16]
L

2

Its major drawback is the inconsistency that app&dren a severe brain injury may not be
related to a large skull fracture.

HIC was a curve fit to the Wayne State Tolerancev€ (WSTC) at the beginning. WSTC
denotes a relationship between acceleration lendl imnpulse duration concerning head
injury. First, it only covered time duration of @ & milliseconds and later was complemented
with animal, cadaver and volunteer data. HoweVer,durve has some limitations such as
reduced number of data points, or none clearednscalf animal data and uncertain
acceleration levels.

Brian G. Mc Henry states that the main inconvergeatthe WTSC is the biomechanical
parameters because it is not possible to provetduwactional brain damage when an injury
mechanism is determined. [22]
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Figure 1.12 Wayne State Tolerance Curves, from [6].

C.W. Gadd [11] plotted the WSTC data in a logarithtaw and that criterion became known
as the Gadd Severity Index (GSI). Another indicégdhe HSI which is the same as GSI but
is the one included in the Articulated Total Bodgdal. The ATB is a computer code which
is used for dynamic motion simulations of jointggtems of rigid bodies.

HSI=[[a®] "t Eq1.2[11]

1.3.2 Experiments

Nowadays with the help of FEM and CFD software dhd ever-increasing speed of
computational time, the simulations have gainedoirtgmce. However, they should always
be compared with “the real world”. One of the aiohshe experiments in biomechanic fields
IS to try to validate the results that are reledsaah the simulations. The experiments can be
focused either in enriching the material theoriesd goroperties or improving the
comprehension of the injury mechanisms. Furthermtive research and development in
biomechanics can be split up in four categories:

Post mortem human subjects (PMHS): Corpses ardlyisiseed for testing to failure. The
limitation appears with tissue properties thatswofer than the ones from living humans and
it is impossible to release a physiological resporia these experiments isolated body
segments like heads, arms and necks are testeddnst collecting material data.
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Animal models: They are subdivided in two subgougirst of all, small animals
like rats, mice and rabbits are used to improveki@wledge of the tissue properties and
physiological responses. Secondly, larger mammath sis apes and monkeys are tested
because they are more similar to humans in terrbgsaih mass.

Volunteers: They consist of living humans subniitie testing. The main drawback
is the absence of injury that must be a requiremetdwever, they are useful for
understanding body kinematics.

Specimen or cultivated cells: Some cells and égzarts are tested and analyzed.
Generally these experiments are made with the germd improving the knowledge of
material properties.

Figure 1.13 Tissue analysis, frd@i.

In the experiments with animals, where the invesiigms are focused on big parts of the
body, the scenario usually remains the same (@utal or lateral impact to the head) but the
rigs and the setup differ from one experiment totlher. This lack of standardization and
information makes the tests difficult to comparel @nis arduous to obtain conclusions, see
[28].

An example of in vivo experiment can be found inADMeaney and A. C. Bain [23]. The
tests consisted of stretching optic nerves of aiitadale guinea pig. In fact, the optic nerves
are made of myelinated nervous fibers which comaidgth brain tissue from white matter.
The aim of [23] is to prove that tissue strain igaod parameter to determine the level of
axonal injury. Subsequently, they provided straasdd thresholds for damage in white
matter. However, a limitation found in this thesiay be the microstructural arrangement of
the axon nerves within the tissue. In the guingaspoptic nerve the axons were waved and
when the load was applied they reorganized, formimghole fibrous and isotropic material.

-12 -



This may differ from the typical white matter sttwe from the cerebrum which is not
usually isotropic. Although it is the first studyat states thresholds for strain in CNS, it may
not be suitable for using the strain rate in huneead model. Thus, an absence of
experiments should be added to the lack of infolonahat has been mentioned before.

1.3.3 Material theories

Trying to find the best materials is one of the trddgllenging tasks in this project, although
the material theories for the skull and cerebraapfluid (CSF) are very simple. There is
plenty of research about the properties of skuhdsothat have been tested with human
bodies due to the bones properties keep constantwelien the body is dead. Analyzing this
data one can conclude basically that the skull sehas an isotropic material and can be
modeled with a linear elasticity theory. Regardihg CSF, its properties are water-like. On
the other hand, the brain demands considerably mork; it is a very uncommon material
with very special properties. It is worth analyzihg characteristics that make the brain such
a special material.

The brain is a heterogeneous system and its mexianodel is affected by the following
components: the tissue, whose mechanical charstateri are determined by the
corresponding features of the membranes of theetathents, the blood, which affects the
mechanical properties through changes in the volafmaood cerebral vessels and in the
intra vascular pressure level. Taking into accdbese effects it is easy to understand why
most of the methods used with dead specimens aeemied from being adequately
investigated. So far some research in vivo has pebétished that is vital for understanding
certain physiological and pathological processb$] |

The mechanical properties of the brain are a careseme of under uniaxial (quasi-static),
cyclic loading, brain tissue exhibits a peculiamivear mechanical behavior, exhibiting
hysteresis, Mullins effect and residual strain, ligatvely similar to that observed in filled
elastomers. Brain tissue should, therefore, be teddes a porous, fluid-saturated, nonlinear
solid with very small volumetric (drained) compriegdgy [10].

The hyper-elastic models such as Ogden nonlin@atieltheory or Mooney-Rivlin are able
to represent the nonlinear properties as well asrtbompressibility, but there is something
else that these theories are not able to modeltithe dependence. Some quasi-static
experiments have been made with very successfultsdsut since a traumatic brain injury
often occurs in dynamic conditions the results st unsatisfactory. In fact, nowadays,
there is not a clear idea how the brain shouldelganded because there are polemic debates
about its compressibility (whether it is comprebsitor just capable of isochoric
deformation). There are doubts about which theerynore suitable; the linear model or
nonlinear theory with or without anisotropy, evdnitihas viscoelastic behavior or if it
exhibits permanent deformations. Thus, a perfectlehtnas not been created yet and it
always depends on the type of experiment. [26]1A][
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1.3.4 Numerical Method

In order to solve the problems presented by theimaumm mechanics, the engineer has to
deal with solid mechanics and fluid mechanics. Qkerlast 30 years, many scientists have
tried to model the head. The skull has not beearg eontroversial problem to build due to
its dominant elastic properties. On the other hdred brain and the skull-brain interface,
where the CSF is located, have had different agex but the lack of a powerful tool to
successfully solve the coexistence between thd galits (skull, brain) and the liquid part
(CSF) have resulted in an absence of informatidmes& problems are solved by CFD
analysis, which involves fluid flow, heat transéard associated phenomena such as chemical
reactions by means of computer-based simulatioa.t&ébhnique is very powerful and spans
a wide range of industrial and non-industrial aggdion areas. Even though the
Computational Fluid dynamics was used more tharyetds ago (Paul Rubbert and Gary
Saarys of Boeing -Aircraft, 1968; NASA PMARC) thisol required a very powerful
computer in order to solve the most basic 3D flrioblems. Nowadays there is a wide range
of commercial software that is based on CFD probldm this thesis, Ansys Workbench is
the software used to solve the solid-liquid intéac

[NEEE l

Figure 1.14 3D skull model created by Gerald Krabé&ed Ralph Muller

Due to the cost of the experiments, this sort ofhesaatical algorithm has been used to
simulate brain and head injuries. There are mamaratdges to this method such as the
possibility of recreating a suitable scenario facle situation, the possibility of using
different materials and so on but the main onéeasloéw cost of the simulations compared to
the real experiments. On the other hand, the drelkgbare the lack of accuracy and the need
for validation. It is usual to work with both mett®) first work with FEM and then test the
results with real experiments. Nowadays, there gide range of FEM software; in this
project ANSYS Workbench has been chosen. This soffluas mainly 3 parts:

The pre-processor: where the geometry and the arestreated.
The processor: in this step the problem scenarieimed (loads, boundary conditions) and
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the software solves the problem.
The Post-processor: where the solution can be zedlgnd all the data can be extracted.

So far many models have been created in ordewutty she behavior of the head in a crash
impact; the first one was modeled by Anzelius id3.9He designed a spherical liquid mass
and he focused on the pressure which caused thp-comirecoup effect due to the
acceleration.

The first 3D models were very simple as well, wighometries such as spherical (Chan,
1974), spheroidal (Kenner and Goldsmith, 1972) @hpsoidal (Hubbard, 1977). Moreover,
there are other early works with very realisticlskhape (Hardy and Marcal, 1973; Hosey
and Liu, 1981; Nickell and Marcal, 1974; Shugar7f39Ward, 1982). All these models, apart
from Hosey and Liu (1981) considered just one ef tiajor parts of the head: the skull or
the brain.

It is in the 1990s when the major parts of the haxadincluded together in the model (Ueon,
1995; Cheng, 1990; Ruan, 1994 and 1997; Zhou, ¥8fb 1996; Willinguer, 1995 and
1999), that is just an example of the amount of @ethat have been created, different brain
properties were tested such as linear elastic scoelastic with the aim of solving the
problem of the skull-brain interfaces in differamtys. Due to the lack of technology to
develop a solid-fluid interaction, they used a &dliSF or other types of solution more or
less accurate. It was in 2002 when S. Kleiven ecka model which was composed with
brain, skull and CSF as a water material. It wagvgortant step forward for understanding
the mechanism of the head injury, since this expemi made it possible to investigate the
wave propagation of the fluid and check effectdhsag cavitation or shear stress. [16]

In this task the same goal wants to be achievedy®\Workbench allows working with CFD
and FEM to obtain more realistic results; it is evadrthy to have an idea of how this
software works to understand the complexity of siraulation. The configuration of the
scenario influences the difficulty of the simulatiorhere are two solid bodies which can
shift in three degrees of freedom and only intengcby fluid-solid interfaces being coupled
with two different numerical solvers - but this m®t a real coupling. The solvers only
exchange their results, and adjust them to eaddr.08o information has to pass from each
solver twice in order to obtain the informationrfrahe skull to the brain. That causes a high
instability because sometimes the equations useddarpossible to solve. Even though the
software is not fully prepared for this sort of plkem the possibility of working with FEM
and CFD simultaneously is one of the challengekigproject.

1.4 Scope of theinvestigation

The scope is to discover the effects of a frontglact, that is, linear acceleration would be
applied to the front of the head, and the head avbel formed by three different parts, the
brain, the CSF and the skull. The coup-contrecdtgrteis expected so the post-processing
would consist of studying the causes of such effextdiscover them, there are phenomena
which have to be analyzed such as the wave prapag#te changes in the liquid pressure
and the influence of different stiffness of the lkku
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2 Methodology

2.1 Theoretical mode

Two different numerical methods are used in orderetach the goal of this thesis: Finite
Element Method (FEM) and Computational Fluid Dynesn{CFD). The first numerical

method (FEM) is in charge of solving the solid pafrthe problem (skull, Brain), while the
CFD would solve the liquid part (CSF).

2.1.1 Finite Element M odel

2.1.1.1 Elastic Theory and governing equations [30][ 29][18][19]

It is important to describe the behavior of thadsataterials that are used. In this project the
skull is presented as a linear elastic materiak Titst assumption that is made is that the
body is homogeneous and continuously distributesr @¢ volume. To simplify it, one can
state that the body is isotropic, that is, thetelggoperties are the same in all directions.
There are two components of interest: the stredstenstrain. The stress is a measure of the
average amount of force exerted per unit of surbaea where internal forces act within a
deformable body. It is the measure of the intensitynternal distribution of the total internal
forces acting within a deformable body across sagaOn the other hand, the strain is the
geometrical measure of the deformation represeritiegrelative displacement between
particles in the material body.

The governing equations in the FEM software (ANSY&) the elastic materials are as
follows:

Equation of motion
The equation of motion is an expression of Newt&@®sond law.
Olo+ f = pl Eq. 2.1

Whereo is the Cauchy stress, f is the volumetric bodyédop is the density and U is the
acceleration.

Strain-displacement equations

The relation between strain and displacement iragixifformat is:

52%[Du+(Du)T] Eq. 2.2
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Wheree is the strain and u is the displacement.
Constitutive equations

The general strain-stress relationship has beabledted experimentally and is known as
Hooke's Law:

g=cC:€ Eg. 2.3

Expressed in terms of components with respect trdmonormal basis, the generalized form
of Hooke’s law is written as:

O; =Cuéu Eq24
In a three-dimensional stress state, thewler tensor ¢ called stiffness tensor contaidihg
elastic coefficients links the stress tengsomwith the strain tensar.

Elastic model has been chosen in order to modekkind bones, because it is a precise
approximation in this case. [32]

The other parameter that has been establishediergreally is the Poisson's ratolt is the
ratio of the contraction or transverse strain. [32]

2.1.1.2 Hyper-elastic theory and gover ning equations [33][29][18][19]

More sophisticated elastic models are requiresfganic materials like the brain. It exhibits
a nonlinear stress-strain behavior even at modeains. This material shows complex
nonlinear stress-strain behavior. Specific straiargy-functions are designed to account for
these phenomena.

Ogden’s model has been chosen due to research lnya@ulia Franceschini [9] who
established that the brain is shown to behave tatigkly similar to filled elastomers and is,
therefore, shown to follow the Ogden (1972) constie theory. However the porosity of the
brain has to be taken into account, but since tbdeinhas been simplified the hyper-elastic
theory fulfills the main requirements.

According to Ansys data [1], when the material igdr-elastic the software reports the
stresses as the'2Piola-Kirchoff stress tensor, s, and the strainthes Lagrangian strain
tensor, E. Thus, the governing equations are:

Equation of motion

The equation of motion remains the same but thessis are reported according tHPola-
Kirchoff, which is obtained by expressing compomeot traction force on each surface of
the deformed material element in terms of the astors of the deformed trié_d i, E).

Oo+f =pu Eq. 2.5
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S=JF'oFT Eq.26

Where S is the™ Piola-Kirchoff stress tensor, F is the deformatgradient,J = detF is
the Jacobian determinant aadis the Cauchy stress tensor.

Strain-displacement equations
The deformation tensor called right Cauchy-Greesdeis defined as:
C=F'F Eq.27
Where C is the Cauchy-Green deformation tensa,tka deformation gradient.
The Lagrangian strain tensor is related to C as:
C=2E+1 Eq.2.8
Constitutive equations

The constitutive equations of the hyperelastic themre defined in terms of an internal
energyy, expressed in terms of the left Cauchy-Green te(@p

(J)+¥_ (C) Egq.2.9

ISO

W(C) =W,
Where thay was split into a volumetric and an isochoric part.
C=J7%C Eq. 210
3 =37 Eq 211

The 2" Piola-Kirchoff stress is given in terms of intereaergy.
S= u Eq. 2.12
oC

The isochoric part of the strain energy is giveoocading to Ogden’s model in terms of the
longitudinal stretch :

J— J— J— N J— J— J—
Wiol (A1 A5, 45) = Z&(Alap +A," +A,"" -3) Eq.2.13

p=1 Op

Wherea, and u, are constitutive parameters. They are relatetigartitial shear modulus
as:
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N
M=) ol Eq2.14
k=1
ANSYS uses for all hyper-elastic and the volumgtact of the strain energy:

M
W )= Zdi(J -1)? Eq2.15
i ik

i=1
If M=1, d1=2/K, where K is the Bulk modulus

[33][36]

2.1.2 Computational Fluid Dynamics

The brain fluid remains almost in a static stat@f is, it has to be treated as a laminar fluid
due to its low Reynolds number. It is necessarstiidy the behavior of the liquid during the
whole experiment. Another factor to take into acdas the different cavities where CSF can
flow such as inside and outside the brain and tfrothe spinal cord but the volume
compensation of the CSF has been considered ag b&iminor importance. In order to
simplify the problem and according to M. Y. Svenrs§8l ] it can be assumed that there is no
penetration of the liquid through the brain andt jasslight expansion of the spinal cord
whether the fluid compresses or not. The CFD usddis project is based on finite volume
method which is in fact very similar to the finkéement method. CFD is based on Navier-
Stokes equations, which govern the algorithm arey thre solved numerically through
iterative methods and it is not possible to fine #xact solution. However, a good and
trustworthy solution can be achieved. Navier-stokgaations are responsible for dealing
with the conservation of mass energy and momeniurare are many types of algorithm;
they differ in speed of calculation, accuracy atab#ity, depending on the order of the
algorithm. If the algorithm is second order acoeigte for example Second-Order Upwind
scheme the error is reduced by a number of founwhe number of cells are doubled. That
makes remarkable differences between schemes éwrmgh there are more important
factors to take into account like the stabilitytié scheme. In this case the scheme followed
is the high resolution scheme. This sort of stnatisgvery accurate, more than the upwind
scheme but not that stable. More aspects wortmpgagtitention to include the residuals, time
step selection or the number of stagger iteratibhs.number of iterations that the algorithm
has to do before it changes the time step eithrecbaverged or not. It is impossible to know
which configuration is best for most of these, ls® éxperience plays an important role when
a CFD simulation is running.
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2.1.2.1 Governing equationsfor thefluid [35]

The governing equations of fluid flow represent imeaatical statements of the conservation
laws of physics. The fluid is defined by the followg variables: pressure p (Pa), the density
(kg/m?), the temperature T (°C) and the velocity u @n/Sach cell of the mesh is defined by
them and depending on the geometry dimensions;ntimaber of variables would be
different. In this case, 2D, the number of variatdee 5 (pp, T, ux, uy) where ux and uy are
the velocity components in x and y axis respecyivel

The governing equations manage to conserve the afdigd, the momentum change rate
equals the sum of the forces on a fluid particlewtdn’s second law) and the energy
variation rate is equal to the sum of the heat taedwork done on a fluid particle (first

thermodynamics law).

The fluid will be regarded as a continuum. For #malysis of fluid flows several different
forms for the equation are available, in this progonservative Navier Stokes equations for
continuity and momentum have been used.

M ass conser vation
The first step is to establish the mass balancthéfluid element:

The rate of mass incrementation in fluid elementa¢g)the net variation of mass flow into
fluid element

)
a—f+DEde)=0 Eq 2.16

The first term is the rate of change in time of demsity (mass per unit volume). The second
term describes the net flow mass out of the eleraerdss its boundaries and is called the
convective term,

The equation (1) is the unsteady, three-dimensior@s conservation or continuity equation
at a point in a compressible fluid.

Momentum equation

According to Newton's second law the momentum @did particle equals the sum of the

forces on the particle. The balance would be: msireg the momentum of fluid particle is
equal to the sum of forces on the fluid particle.
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0
%+DQwDu):—Dp+DT+SM Eq 2.17

It can be distinguished two types of forces ondflparticles, the surface forces (pressure,
viscous and gravity) and the body forces (centafu@oriolis).

The stress tensarcan be related to the strain rate by the follovergression:

2
r = (0Ou+ (Ou)’ —§ID () Eq2.18

Energy equation

The specific energy E of a fluid is defined as shen of internal energy, kinetic energy and
gravitational potential energy

a(l‘*‘lot) _% + |:|

G at [{pouh,) =0(A0T) +0(ur) +uls, +S. Eq.2.19

uu
In Eq. 2.19 we have Ny = h+? Eq. 2.20

It describes the total specific enthalpy whichelsited to the static enthalpy (p, T).

2.2 Coupling Ansys CFX to Ansys solver [34]

This simulation requires the coupling of the CFXlveo to Ansys Solver. Coupled
simulations follow a timestepl/iteration structuBaring coupled simulations, the CFX and
the Ansys solver execute the simulation througkcuence of multi field timesteps, each of
which consists of one or more "stagger" iteratidhgting every stagger iteration, each field
solver gathers the data it requires from the osloérer, and solves its field equations for the
current multi-field timestep. Stagger iterationg aepeated until a maximum number of
stagger iterations is reached or until the datasteared between solvers and all field
equations have converged. The latter guaranteesg@itit solution of all solution fields for
each multi-field timestep. The MFX solver is a vensof the ANSYS Multi-field solver
which allows the coupling of ANSYS CFX with ANSYSddhanical or Multiphysics. It
allows the performance of simulations where itesessary to couple the fluid physics and
solid physics throughout the solution process,eathan just by passing data from one
solver to the other at the end of the simulatiohhe ANSYS Multi-field set-up requires the
set-up of the fluid physics in CFX, set-up of thalid physics for ANSYS, and the
specification of the MFX coupling settings.

-22 -



In ANSYS Multi-field solver, data is communicatedtiveen the ANSYS CFX and ANSYS

field solvers through standard Internet socketagisi custom client-server communication
protocol. Setup requires creation of the fluid asalid domain/physical models in the
ANSYS CFX-Pre and ANSYS user interfaces, respelgtiand the specification of coupling

data transfers and controls in the ANSYS CFX-Prer usterface. Execution and run-time
monitoring of the coupled simulation is performeahf the ANSYS CFX-Solver Manager.

It must be specified an ANSYS input file which cains the ANSYS setup for the MFX
problem, including the identification of the Flusblid Interfaces on the ANSYS model. This
will be used by ANSYS CFX-Pre to determine the d/atiterfaces for selection later on, and
will also be used by default as the ANSYS inpug¢ fithen the solver run is started from
ANSYS CFX-Solver Manager.

Coupled simulations begin with the execution cF ANSYS and CFX field solvers. The
ANSYS solver acts as a coupling master processhichathe CFX solver connects. Once
that connection is established, the solvers advémmeigh a sequence of six pre-defined
synchronization points (SPs), as illustrated inuFeg2.1. At each of these SPs, each field
solver gathers the data it requires from the atbérer in order to advance to the next point.

The first three SPs are used to prepare the sofeerthe calculation intensive solution
process, which takes place during the final thres. Shese final SPs define a sequence of
coupling steps, each of which consists of one orenstagger/coupling iterations. During
every stagger iteration, each field solver gattibesdata it requires from the other solver,
and solves its field equations for the current diogpstep. Stagger iterations are repeated
until a maximum number of stagger iterations i<hea or until the data transferred between
solvers and all field equations have converged. [@tter guarantees an implicit solution of
all fields for each coupling step.
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Figure 2.1 Coupling method diagram
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3 2D Models

3.1 Geometry

In order to create the model, first of all the getimy has to be built. For that task the ANSYS
WORKBENCH design modeler is used and the geomeingists of three parts, two solids
and one liquid. The solid parts are the brain, gkell and the neck, and they are built
independently of the liquid part due to the faetttthey need a different mesh strategy to the
CSF, because the manner in which a CFD solvesatdems is different to the way that the
FEM does, in spite of its similar procedure.

~ ANS)S

Noncommercial use only Noncommer cial use only

[l |
(] | |
X
0.00 2000 80,00 ()
T ]

2000 60.00

0m 4000 80.00 )
I T

2000 60.00

Figure 3.1 In the left picture the solid bodies al®wn (Skull and Brain), CSF body is
shown in the right picture

3.2 Mesh strategy

In order to achieve a proper mesh the body has beparated into three different parts
(Skull, Brain and CSF) and the mesh is differentdfach part.

For the solid part two different meshing contrais ased. Mapped face meshing control and
edge sizing.

Mapped Meshing controls places a mapped face naghot on quadrilateral and triangular
faces for surface body models and only triangudae$ for solid models. The application
will automatically determine a suitable number ofislons for the edges on the boundary
face. If the number of divisions is specified oa #dge with a Sizing control, the application
will attempt to enforce those divisions.
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Edge sizing Control places the number of divisionghe marked edges. The application
demands the number of divisions that the edge dv&e tsplit. This application results in a
uniform mesh surrounding the edges.

Noncommercial use only

L.

0.000 0.045 0.030{m]
| ] ]

0.022 0.068

Figure 3.2 Mesh of the solid part

The CSF body is meshed in CFX-Mesh. The spacingdst nodes has been controlled and
the inflation has been added in order to reducatimeber of nodes in the Z direction.

Figure 3.3 Mesh of the liquid part
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3.3 Scenario

The next step is to prepare the test scenariothi®task the software used is simulation for
the FEM part and CFX for the liquid part. It is iofpant to remember that there are two
different software programs working which have ¢doupled.

L oad applied
The idea is to simulate the impact of the head foaal traffic accident. In order to do so a
force is applied to the front of the head as casd®m in the following picture:

noo 45.00 90.00 (mim)
I .S

2250 67.50
Figure 3.4 Sketch of the load applied

This part has been one of most challenging, aeeml attempts no solution could be

found, so a change in the strategy had to be mabe. next strategy was to apply

acceleration but the same problems were found¢adlipling was not able to run with such

boundary condition.

The impossibility of neither applying a force nor acceleration using Ansys has forced the
use of another strategy. This strategy has beeaghkcation of a displacement depending
on the time, acceleration of the head is forced eesult. The causes of why it is not possible
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to apply any force stilemairs unknown.

Boundary Condition
0.0007 —- ' :

0,0006 -

0.0005 —-
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Total Mesh Displacement X [ m ]

0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035
Time Yalue [ 5]

= Boundary Point

T
0

Figure 3.5 Displacement versus time

The displacement is appliedring 3ms of the simulatiorguring the first 0,5ms a quadra
function is applied:

1
z(t) = ﬁﬁﬂtz gt + T

Where g = 500m/3; xg=0m; \x=0m/s.
After 0.5ms the displacement follows a linear fumetthat implies zero acceleration &
constant velocity.

The displacement is applied in the front part & shull this part has been prepared fla
order to get a displacement along the is.

One of the most interesting points is to know hbw wave propagation influences in -
brain injury. So the suitable time simulation hashe tested in ordeio let the wave
propagation flowall over the whole head. The time of 3 ms is enaagttudy the effect of
the wave propagation.

3.4 FEM Configuration

Once the mesh has been created the simulationhgé¢o be s. The simulation type for
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time dependent deformation is "Flexible Dynamidiistsimulation type also allows the
coupling between CFD and FEM software.

Boundary conditions

There are several boundary conditions in the dwdies, these are:
* symmetry in the lateral faces in order to achiése2D model

« frictionless support at the bottom of the neck

« fluid- solid interfaces, this boundary conditioneispecially important due to the fact that
it is the one that connects the two software @ogr (Ansys and CFX)

» displacement in the X direction (mentioned above)
Solid M aterial Properties

As has been mentioned before the skull is elassiterral and the brain is hyper-elastic. The
following table contains the properties of eachamat

Properties Brain Skull Neck
Density(Kg/n®) 104( 142( 142(
Thermal expansion (1/° 0.1 0.1 0.1
Young's Modulus (P. None 6.5E+00¢ 6.5E+00!
Poisson’s Rat None 0.22 0.22
Ogden Parameters

Material Constant ;(Pa 290.8: None None
Material Constana; 6.1¢ None None
Incompressibility 2.09E- None None
Parameter d 007

These are standard properties for the materiale. iffluence of the densities is also

compared in the final result. Thus the densityhs brain is changed to higher and lower
values (900 and 1100 Kg/m3). It is believed that density ratio between the CSF and the
brain has an important influence on the coup-cectrgp. However, in this thesis the factor

that has been modified is the Young's modulus efskull. In order to study its influence, a

very stiff skull ( E= 6,5*16%) and a very soft skull ( E=6.5*%Dare tested and compared.

Once the setup is finished the Ansys input filereated, this file contains all the information
about the Solid part. The file is charged in theXGf order to share the information and
establish the coupling between them.
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3.5 CFD Configuration

The CFX configuration type is transient and thepded solver is executed. The fluid is
setup to be compressible, so the Total energy mnuet required; this option is demanded
by the software even though the heat transfer igaken into account in the final analysis.
The fluid is laminar due to the flow being very loat least in principle.

Boundary conditions
* symmetry in the lateral faces in order to achiése2D model

« fluid- solid interfaces ( Skull-CSF, CSF- Brain)

Liquid material properties

The CSF has been modeled as water, because itsrpegpare very water-like and there is
not an exact value for the density. It is belietieat there is a relation between the brain-CSF
density ratio and the coup contre-coup effect. Thmnother aspect to be studied. The liquid
is lightly compressible; this factor can be modekesl compressible if the density is
dependent on the pressure. Thus CSF has the sapertes as water.

3.6 Analysissettings

Analysis settings have to be configured both in F&Ntware and CFD software. According
to FEM Simulation the Step end Time (Total timeBms and the time step is 0.03ms. This
time step has been learned from experience dudasgng and after some simulation this
time step gives enough stability to converge. Tthige step also gains accuracy and the
possibility of studying the wave propagation, bessataking into account the speed of sound
in water (1500m/s) it takes almost 0.1 ms to passugh the whole body.

According to the CFD analysis settings both thalttime and the time step have been
configured with the same values as the FEM settimgerder to get more stability in the
coupling. In a coupled solution the CFD and FEMs/sphre running parallel and exchanging
their results. The load and the force are transfethrough the boundary conditions "solid-
liquid interface". Another factor that is contralleés the under-relaxation factor, this one
allows more stability to be obtained. After sevesimhulations it is possible to analyze the
oscillations. This factor reduces these oscillaid®tween the two solvers. After several
attempts the under-relaxation factor is set to 0,9.
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4 RESULTS

The results that have been obtained are calcuilatgifferent cloud points from the skull, the
brain and the CSF. In addition, contour plots aigéaes have been designed to give a general
overview of the interaction between the three partsach time step.

To know the magnitude of the deformation, the telivalent strain and the total mesh
displacement have been extracted from the braigailéeng the liquid, the total pressure has
been the most relevant result and usually has #ielpeunderstand the behavior of the
equivalent strain and the brain mesh displacentanrtthe skull, the mesh displacement has
been checked to see the influences of the bouratargitions. Additional results have been
extracted from the simulations, they can be foumthé appendix.

°
o
P
&

0.060 (m) 0 0.03 0.060 (m)
[ — S—

0.015 0.045 0.015 0.045

Figure 4.1. & Figure 4.2. Cloud points from CSF dmahin respectively

The studied points in the liquid have been locaexind the CSF. The same for the brain,
but the most interesting point is the number 5, nehibe contrecoup effect is expected. The
others have helped to understand the mechanicavimehand how the wave propagation
affects the brain. In the skull, 4 points have beerked to know the relative displacement
between the front and the back.

-31-



Noncommercial use only

0 0.03 0.060 {m)
]
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Figure 4.3 Cloud points located in front and tharef the skull

Two simulations are shown. The first one with thatenial data that has been mentioned
before, see section 3.4, and in the second simualdkie skull and neck stiffness has been
increased by a factor of 1000. That mirrors an alisec scenario but it is useful to know the
influences of the skull and neck stiffness in twesutts. The boundaries and the other
parameters remain the same as described above.

In both simulations the velocity of the fluid haselm checked in order to verify that the
Reynolds number in the channel where CSF is locatedys remains under Re < 2300
(hypothesis of laminar flow).

RepVD/p  Eq4.l
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4.1 Simulation 1

First of all, the pressure has been studied ithall7 points of the CSF. Looking at the graphs
one can see that the pressure peaks correspontheigioints placed close to the front and to
the back respectively, where the contrecoup mayrodt is also noticeable that, at the
beginning, the pressure tends to be positive dimske boundary where the displacement is
applied and negative at the back. In addition,radté ms that is, when the acceleration is
zero, the pressure in L1 (close to the front) stertdecrease which is reasonable.

Pressure
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2e+04 o
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1e+04 -

Pressure [ Pa ]

i} 0.0005 0.001 0.0015 0.0o0z2 0.0025 0.003 0.0035
Time Value [ s ]

=Ll =L Lz =—L4 =LE L& L7

Figure 4.1.1 Pressure plot of points 1 to 7 plagethin the fluid (CSF)

To check out the time that the pressure wave takge from the front to the back part (from
point 1 to 5) a simulation of just 0.2 ms has been (with a time step of 0.01 ms).

According to Section 3.6, the calculated time i& Bs which corresponds to the delay of
point 5. Looking at the following graph the periotitime between when the pressure L1
starts to increase and the pressure L5 feels thextebf the load displacement is

approximately 0.1 ms.
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Figure 4.1.2 Pressure plot of points 1 and 5 witthie fluid

The displacement of the mesh has been calculatedl the points mentioned before. The
most relevant points are the ones placed insidéoithi@, which try to follow the boundary
condition. B1, B2 and B3 are located closer to ftemt part, hence they imitate the
displacement of the boundary with a delay. On ttieerohand, B4 and B5 show a certain
disorder and nonlinearity.

WMesh displacement Brainl

Total Mesh Displacement X [ m ]

o 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0025
Time Yalue [ 5]

=Bl =—EBZ Bz —B4 —ES

Figure 4.1.3 Mesh displacement of points 1 to Bedkin the brain
-34 -



To understand the effects of the boundary apphed¢lative displacement between different
nodes has been calculated. Firstly the nodes irbel®rain and in X direction are studied.
Looking at the graph 4 shown below, a compressiad direction can be observed because
all the pairs of points have a negative displacamd@me most significant relative
translational is the pair B5/B1, which are the oloeated in the back and frontal part of the
brain respectively.

Relative mesh displacement
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Figure 4.1.4 Relative mesh displacement in X divact
of points 8/6, 4/2, 11/9 and 5/1 placed in the brai
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Taking a look to the points located in the skuik telative displacement between them also
shows that a compression is affecting the model.
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Figure. 4.1.5 Relative mesh displacement in X tiwac
of points 4/1 and 2/3 placed in the skull

N

On the other hand, when the relative mesh displanéns plotted in Y direction the
expansion is present in all the pairs of points.

Relative mesh displacement
0.25

0.2 -
B
E
>
£
5015
£
[
g /A\
g ﬁ\\>4//
o
@
g 0.1
£
[
>
s
Q
14 /
0.05
./’
//
00 05 1 1.5 2 25 3
Time [s] x10°

[—B6/B2 —B7/B10 —B8/B11]

Figure 4.1.6 Relative mesh displacement in Y doact
of points 6/9, 7/10 and 8/11 placed within the brai
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The next graplshows the rative mesh displacement between points locatedersiull anc
brain. The aim of thigrapl is to check whether there tontact between therat any

moment inthe experimet

Relative mesh displacement
0.2 T T T T

0.1

o o
iy - o

o
w

Relative mesh displacement in X [mm]

-0.4F -

- i i ‘
0% 05 1 15 2 25 3

Time [s] 107
—B1/81 —83/BS

Figure 4.1.7 Relative mesh displacement in x directiombeh brain and skt

It can be seen that the maximum compression ofigoel part is less than 0.5mm, this
occurring in the back part of the head betweerbthé point 5 (B5) and skull point 3 (&
that means that contalsetween skull and bre does not occur because tthickness of the
CSFis 2mm.

To estimate the deformation of the brain, as itleen mentioned in section 1.3.2, the st
is a good indicator of the tissue damage and tthe brain injury level. Hence, the Tot
Equivalent &ain has been calculated in the points placedimvitie brain.

The most crucial zone is where point 5 is locateghows a peak of more than 6%

deformation at 2.5 ms, which corresponds when elative mesh displacement betwe
point 5 and 1 has the highest value and, thusndsemum compression, see fig. 4.1
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Figure 4.1.8 Total equivalent strain of points 15tplaced within the brain

4.2 Simulation 2

Another model has been created with different s&iifiness, the Young's modulus has been
increased 1000 times. The other parameters remeactlg the same. In this part a
comparison between this new skull and the origoma is made.

The following graph relates to the pressure infiiggliquid:
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Time Value [ s ]

= L1 =Pz Lz = L4 = L5 L& L7

Figure 4.2.1 Pressure inside the CSF
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The pressure inside the CSF is higher than thespresin the original skull. The point
number 5 suffers the maximum pressure, at 0,8mpréssure in this point is -2.85 Pa, while
at 2.15ms the pressure is 4.15 Pa. the other ngrsfisant is the number 1, this one which
is placed in the front part of the head has higladwes than the original value.

There is a phenomenon that takes place before 1.Bnssphenomenon is that all the
pressure waves change their signs, and if theivelabesh displacement of the skull is
analyzed it can be seen that this phenomenon happkean the compression of the skull
becomes expansion

Relative dispalcement
0.01 ‘

0.005

-0.005

-0.01

Relative displacement in X [mm]

-0.015 ‘ ‘ .
0 05 1 15 2 25 3

Time [s] x 107
| sais1 — s3s2]

Figure 4.2.2 Relative displacement in x directinside the skull

In this figure it is shown how the skull is comped and then is expanded, this is occurring
in the x direction (see points of the skull in #gB). Comparing that plot with the original
one it can be seen that the compression rate isrlbecause this skull is very rigid. More
compressions and expansions can be observed sathe period of time because the sound
propagation is depending on the Young's modulus.riéxt graph is related to the total mesh
displacement inside the brain in x direction:

-39 -
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Figure 4.2.3 Total mesh displacement in x directitside the brain

All the points inside the brain are trying to falldhe boundary condition except the point

number 5 (see fig 4.1). This point even moves endpposite direction causing a significant

mesh displacement (see Fig 4.2.4) and Total Eqerv&train (see Fig 4.2.5). The rest of the
points are in their original position at 1.5 mseTd¢hange in the sign of the pressure waves
and of the compression of the skull to expansiaige happening at this moment.
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Figure 4.2.4 Relative mesh displacement insiddthin
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Regarding the total equivalent strain inside traarbr

Total Equivalent Strain
[}
=
n
|

] 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035
Time Yalue [ s ]

= El =B2 Bz =B4 =—E&
Figure 4.2.5 Total equivalent Strain inside theihra

The total equivalent strain is significantly higttean in the original experiment, about five
times higher. The maximum peak occurs before itidithe original experiment.In the new

skull the peak appears at 1.4ms.

This maximum peak also occurs when the pressuressnaside the CSF are changing their
sign.
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Conclusions

Numerical simulation of traffic-related brain injes has been a challenge due to the fluid
solid interaction within the brain. That has metat the main part of the thesis has been to
build a model which may be able to work. One of $hepes was to apply either a force or

acceleration in order to control the load. Dueh® ¢complexity of the scenario it has not been
possible to achieve this task. On the other handlaation was applied indirectly by using a

linear displacement depending on time.

Parts of the results have been predictable su¢theasompression in the X direction or the
expansion in the Y direction. However the main @ffdhat was expected (coup) does not
appear in the simulation, however the countre-asdpund.

It has not been possible to find a relation betwibenpressure inside the CSF and the strain
in the Brain. Nevertheless in the second simulafith the rigid skull) some relation
between the pressures inside the CSF and the nefshmétion in the brain and skull
appears.

The duration of the simulation has been 3ms, sctbady state of the bodies has not been
reached. The perfect duration would be the oneisiable to reach that state.

One has to be very skeptical when the results rabyzed. There is still a lot of research to
do in this area. The boundary conditions have tolamnged, the head has to have freedom of
movement in all directions. Secondly a 3D modeategded in order to validate the results
with real experiments and a more complex geomstrequired. For example, the thickness
of the skull and the CSF are not uniform; but ohthe biggest problems that one has to deal
with is the capability of the CSF to control thaior pressure, this effect can make a big
difference in the results.

After all those problems and the impossibility @flidation with real experiments it can be
shown how the interaction between the solid andlithed takes place within the head.
Simulations are very important in vehicle safetyyieh is why more investigations are
needed in order to predict and to understand flneyimechanism in accidents.

-43-



-44 -



References

[1] Ansys Release 11.0 Engineering Data Help, 2007

[2] Z.Brinkerhoff. ReflexologyModern Institute of Reflexology.
<www.reflexologyinstitute.com

[3] Britannica Encyclopaedi@®natomy: Pia Mater. &ttp://www.britannica.com

[4] Center For Brain Injury and Repair, Universil/Pennsylvanialraumatic brain injury:
a “silent epidemic”. <http://www.neuroskills.com/epidemiology.shtml

[5] Center Neuro SkillE£pidemiology of TBI1 May 2008
<http://www.neuroskills.com/epidemiology.shtml

[6] J. DavidssonPassive Safety Lecture Not&halmers University of Technology

[7] DUI Attorney Directory.Alcohol Information. dattp://www.duiattorneydirectory.com

[8] E. Finkelstein, P. Corso, T. Milletncidence and Economic Burden of Injuries in the
United StatesOxford University Press, USA, 2006

[9] J. FliednerDevelopment of a Brain Model for Simulations ofddge Types of Injuries.
Departmant of Applied Mechanics. Chalmers Univgrsit Technology. Goteborg Sweden,
2008

[10] G. Franceschini (2006T.he Mechanics of Human Brain Tissiodeling, Preservation
and Control of Materials and Structures, Univer€iyTrento.

[11] C.W. Gadd.Criteria for injury potential. Impact Acceleratio®Btress Symposium.
National Research Council publication no 977. NalocAcademy of Sciences, Washington
DC ppl41-144, 1961

[12] Greenberg & Rudman LLEoncussion from an accidertos Angeles Injury Lawyer
Blog <www.los-injury-lawyer-blog.com

[13] Hindawi. Cortical Contusion<www.hindawi.con»

[14] M. L. ltkis, G. I. Mchedlishvili.Method of Determining the Mechanical Properties of
the Brain in Vivo.

[15] J. IvarssonPhysical Modeling of Brain and Head Kinemati€epartment of Machine
and Vehicle Systems. Chalmers University of Tecbgpl Géteborg, Sweden, 2002

[16] S. Kleiven, (2002).Finite Element Modeling of the Human HeadhD thesis,
Department of Aeronautics, Royal Institute of Tedbgy, Stockholm, Sweden.

=45 -



[17] J.A. Langlois, W. Rutland-Brown, K.W. ThomaEaumatic Brain Injuries in United
States. Division of Injury Response National Center fajury Prevention and Control
Centers for Disease Control and Prevention U.SaBeent of Health and Human Services
<www.cdc.gov/injury

[18J. Lubliner (2008).Plasticity Theory (Revised EditianDover Publications.|SBN
0486462900http://www.ce.berkeley.edu/~coby/plas/pdf/book.pdf

[19]G. Mase,. (1970). Continuum Mechanics McGraw-Hill Professional. ISBN
0070406634

[20] E.M. Marieb, (1998)Human Anatomy an Physiolodyourth edition. Addison-Wesley

[21] J. H McElhaney, J. L Fogle, J W. Melvin, R. IRaynes, V. L. Roberts, and N. M Alem.
Mechanical properties of cranial bon&. Biomech. , vol3, pp. 495-511, 1970

[22] G.B. McHenryHead Injury Criterion and the ATBAcHenry Software, Inc.

[23] D. F. Meaney, A. C. BainTissue Level Threshold for Axonal Damage in an
Experimental Model of Central Nervous System WiMatter Injury. Journal of
Biomechanics, 33:1369-1376, 2000.

[24] Medical Look.Brain ventricles and CSRwww.medical-look.com

[25] Merck & Co., Inc Intracranial Hematomasswww.merck.cors

[26] F. Su.Modeling of Brain Tissue as Porous Visco-Hyperétastedium.Master's thesis,
Department of Applied Mechanics, Chalmers Univgrsit Technology. Goteborg, Sweden,
2007

[27] M. MokabberianChoice of Proper Model for the Solid Skeleton adiBiTissue Based
on Consolidation TestsDepartment of Applied Mechanics, Chalmers Univgrsif
Technology. Goteborg, Sweden, 2007

[28] N. Nakamura, H. Masuzawa, H. Sekino, H. KoAoKikuchi, K. Ono.Which is the
More Severe Impact on the Head: Sagittal or Laterdiead and Neck Injury Criteria.
National Highway Traffic Safety Administration. U.Bepartment of Transportation.

[29]D. Rees (2006)Basic Engineering Plasticity - An Introduction wiBngineering and
Manufacturing ApplicationsButterworth-HeinemaniiSBN 0750680253

[30] D. H. Robbins, J. L. Woodetermination of Mechanical Properties of the Booéthe
Skull 1969

=46 -



[31] A.W. Selassie, M.L. McCarthy, P.L. Ferguson, Tan, J.A. Langlois.Risk of
posthospitalization mortality among persons witautnatic brain injury Department of
Biostatistics, Bioinformatics, and Epidemiology, dileal University of South Carolina,
Charleston, SC 29425, USA.

[32] M. Y. SvenssonNeck-Injuries in Rear-End Car Collisons-Sites andniBechanical
Causes of the Injuries, Test Methods and Preverideasures.Doctor Thesis. Safety
Division at Chalmers University of Technology. Gitey, Sweden, 1993

[33] A. Thomas, M.D. GennarellMechanistic Approach to the Head Injuries: Clinicaid
Experimental Studies of the Important Types ofrinjidead and Neck Injury Criteria.
National Highway Traffic Safety Administration. U.Bepartment of Transportation

[34] D.J. Thurman, C. Alverson, K.A. Dunn, J. Geea, J.E. SniezeKlraumatic Brain
Injury in the United States: A Public Health Perspee. National Center for Injury
Prevention and Control, Centers for Disease Cordwrad Prevention, Atlanta, Georgia
30341-3724, USA.

[35] S. Timoshenko, J. N. Goodidiheory of ElasticitySecond Edition. McGraw-Hill Book
Company, Inc. 1951

[36] H. K. Versteeg, W. MalalasekerAn Introduction to Computational Fluid Dynamics.
Second Edition. Pearson Prentice Hall. 2007.

[37] K. Weinberg: Lecture Notes faur Methode der finiten Elemente in der Mechanik Il
Nichtlineare ProblemeTU Berlin

-47 -



-48 -



Pressure

Appendices
Simulation 1

0.0035

_
'
' .
[ SR Lecececbkecccccablcccccbkcccccbcccccbcccccbaca o | Bp— '
: : : '
' ' 'L . L "
P T .
: , s i :
' ' Voo ' '
' ' ' = ' '
R il TR LEEE TR PR EEE ] ' X
' ' [N =) 1 1
: : s . ' "
' ' s LL ' '
' ' Ty ' X
i i i (9] B} (1 I
S E .- i e S (- RS 1
' ' L [} ' '
! ! ! = i |
' ' s — pro ' I
' ' Loy ; '
' ' _|_H.[_ % :
Spreeee ir2e ' 8w _
" " re=s 4 @ L "
' ' ' ' aL.m w ,
, , , ko o I A A L . Y S e "
D : ifwmez 2w e _
- - beeee- vID.MBU & : : "
‘ ‘ ‘ = $ ' ' |
' ' ' Lo ' ' :
' ' : s o ' ' '
1 1 1 1 = ] ] 1
! ! ! 'F N ! ! !
: ' ' ol 1 ' ' '
Sbeeeeck R = > D "
P poirg 5 < P "
' ' ' s Le _ L [OOSR SN, SIS IR "
: : , Tk I = ; ; :
' ' Lo > : : :
L. JE L vlm 2 . . :
T TTir e - L "
: : H [a ' ' !
1 1 1 [ N N '
1 1 1 [ 1 1 '
: : : VL : : '
' ' ' ' ' ' '
|"| ||||| "| ||||| [ [ [ [ [ "| ||||| "||D " " "
[TTTT [T T I T[T T T T [TT I T [TT ITT[TTTT[TTTT[TTTT]| hees Lo Lo [ [ [ PR LI -
= = = = = o = = = T T T T T T T T T T T T T 717 7]
= 3 3 § & = % 3 = B 8 8 B B8 8 ° 8
o o o o ek w o o fom fom] ] o] fom] ] = o]
u ~ u — ' N u ~ ra] 3] T o] & — —
[t} — — '
;

[ ed ] aunssaid [ ed ] amnssaid

= L&

0.0001
Figure A2 Pressure inside the CSF

Time Yalue [ 5 ]

= L1

=49 -




esh displacement Brainl

P
[
-
o
]
=
o

0.0006 —-

0.0004 —-
0.0003 —-
0.0002 —-

[ w ] % yuawade|dsiq ysal [e301

0.0025

]

0.0035

0.003

0.001 0.0015 0.002

0.0005

Time Yalue [ 5]

- Bz

= BE

Figure A 3 Total mesh displacement inside the Brain

= B4

B2

=Bl

Mesh Displacement brain2

1 | 1 | 1 | 1 | 1
1 I 1 I 1 I 1 I 1
: ' : ' : ' : ' :

ELEEEEE re---- r----- re---- r----- re---- r----- re---- r
1 | 1 | 1 | 1 | 1
1 I 1 I 1 I 1 I 1
: ' : ' : ' : ' :
: ' : ' : ' : ' :
1 I 1 I 1 I 1 I 1
1 I 1 I 1 I 1 I 1
: ' : ' : ' : ' :
: ' : ' : ' : ' :
. | . | . | . | .

I e e T . A r====- r=-=-=== r====- r=-=-=== r====- r
: ' ' : ' : ' :
: ' ' : ' : ' :
1 I 1 I 1 I 1
1 | 1 I 1 I 1
: : ' : ' :
: : ' : ' :
1 1 I 1 I 1
1 1 I 1 I 1
\ ! | \ | \

i ettt il o, Sl ol el sl Tl el T
1 I 1 I 1
1 I 1 I 1
: ' : ' :
: ' : \ ' :
1 I 1 I 1
1 I 1 h I 1
: ' : ' ' :
: ' : ' ' :

[ S — | SR | I | Sp— Lo----L
I I I I I I
: ' : ' ' :
: ' : ' h ' :
1 I 1 I 1 I 1
1 I 1 I 1 I 1
: ' : ' : ' :
: ' : ' : ' :
1 I 1 I 1 I 1
1 I 1 I 1 I 1

[ [p— [R— [p— PSR, S T, Ny [p— s
! | ! | ! | !
1 I 1 I 1 I 1
1 I 1 I 1 I 1
: ' : ' : ' :
: ' : ' : I :
1 I 1 I 1 | 1
1 I 1 I 1 ] 1
: ' : ' : 1 :
: ' : ' : :

ELEEEE re---- r----- re---- L . T M r
1 | 1 | 1 1 1
: ' : ' : : :
1 I 1 I 1 1 1
1 I 1 I 1 1 1
: ' : ' : : :
: ' : ' : : :
1 I 1 I 1 1 1
1 | 1 | 1 1 1

Tr--=== r====- r==-=== r====- r=====r===-=- r=====ir====- r
: ' : ' : ' : :
1 I 1 I 1 I 1 1
1 I 1 I 1 I 1 1
: ' : ' : ' : :
: ' : ' : ' : :
1 I 1 I 1 I 1 1
1 I 1 I 1 I 1 1
: ' : ' : ' : :

Lo [ | I [ | I [ IS S L
i i i i i i i i i
[ rr 1 11t T1 117 1T 17T 17T 7T T

[~ o [T} N o [t} ) o )

] ) ] ) ] ' = =

] - ] - ] - ] ]

] o ] o ] o ] ]

] o ] o ] o ] _H_-

[ w ] x yuawade(dsiq ysal) [e301

0.0025

]

0.0035

0.003

0.001 0.0015 0.002

0.0005

Time Yalue [ 5]

- B7 B2 =EBY =EI Ell
Figure A 4 Total mesh displacement inside the Brain

= Bt

-850 -



Relative mesh displacement
0.05 T T T T

-0.05

Relative mesh displacement in X [mm]

-0.25

x10°

Time [s]
| —B8/BE —B4/B2 —B11/B9 —B1/B5]

Figure A 5 Relative mesh displacement of brain {saim x direction

Relative mesh displacement
O T T T

-0.051 -

-0.25+ i ; : : ; 4

Relative mesh displacement in X [mm]

N

1
0 05 1 15 25 3
Time [s] x10”

—84/51 —82/83

Figure A 6 Relative mesh displacement of skulldlirection

-51-



Relative mesh displacement

25

15

Time [s]
—B1/51 —383/B5

0.2

0.1F

= b N «
a = [}

[ww] x w Em&oum_am_u pmoE mém__mm

04k

-0.50

Figure A 7 Relative mesh displacement in X direchetween brain and skull

vertical Displacement Brain

R

Trmmmmmmm—ep e ———————

'
'
L
'
'
'
'
'
'
'
'
'
-
'
'
'
'
'
v
'

mmmmmmmmmqemmmmm e mm e — -

|
|
e R SR S L
: | : :
IR R PSR S -
: | : : :
- re---- P P re---
: | : : :
m TTTT _ TTTT m TTTT m TTTT m
L7 (] L [ Iy
o [ [ = —
[ = [ = =
[ [ ] ] [ [ ]
a o = o o
=) -] =]
[ w ] & uawade(dsiq Ysal [e301

1]

oao1 0.0015 0002 00025 0003 00033

0.0003

Time Value [ s ]

= BF B2 =PBE3 = EI0 EB11
Figure A 8 Total mesh displacement in Y directibthe brain

= B&

-52-



Relative mesh displacement

0.25

1
o
(=]

I
fe) —
i

=

0.05F

[=]
[ww] A unuswaoeidsip ysaw saneey

2.5

x 107

Time [s]

B&/B11]

|—B6/B9 —B7/B10

Figure A 9 Relative mesh displacement in Y diractibthe Brain

JEQUINPINYS iU ORI 1Y U |

L

0.0015 0.002 0.0025 0.003 0.0035

0.001

Time Yalue [ 5]

= B2

= EBS

Figure A 10 Total Equivalent Strain of the Brain

= B4

E3

=Bl

-B53 -



Strain2

S i

L Lo L

L

0.003

e

0.0005

i R et o]

0.001 -

0

0.0035

0.0015 0.002 0.0025

0.001

Time Value [ s ]

11

B

Figure A 11 Total Equivalent Strain of the Brain

= B0

= B3

E3

EF

-pE =

Stressl

S R

[ S

I AUy P

L

____m____
o

-10 —-

[ ed ] Ax ssans teays

0.0015 0.002 0.00Z25 0.003 0.0035

0.001

Time Yalue [ 5]

E

B = B4 =EBE
Figure A 12 Shear Stress of the Brain

2

= El

-54 -



Stress?2

]
A
'
'
]
'
'
'

1
e

B T e

P

L U

O [ O U |

15 -

I I I I 1
0.0015 0.002 0.0025 0,003 0.0035

I
0.001

Time Value [ 5]

- B7 B = B3 = EIiD Eil

= Bk

Figure A13 Shear Stress of the Brain

-B55 -



Simulation 2
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Figure A 14 Pressure inside the CSF
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