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Resumo O traumatismo cranioencefálico é uma das maiores causas de morte e inca-
pacidade no mundo. Uma das lesões mais frequentes e com maior taxa de
mortalidade, resultante de um traumatismo craniano, é o hematoma sub-
dural agudo. Dada a importância deste tipo de lesões é necessário criar
limites e critérios de dano. Para obter estes limites e critérios de dano, é
necessário efectuar testes experimentais em cadáveres humanos, animais ou
dummies. No entanto, devido a problemas éticos e económicos, cada vez
mais os modelos de elementos �nitos são uma boa alternativa. Uma vez vali-
dado, o modelo de elemetos �nitos da cabeça é uma mais valia, que pode ser
utilizado como ferramenta de design no desenvolvimento de equipamentos
para proteção da cabeça e na reconstrução de lesões como o traumatismo
craniano. O YEt Another Head Model (YEAHM) é exemplo de um desses
modelos que pode ser utilizado para substituir ou auxiliar os testes experi-
mentais. O YEAHM já tem incorporado um modelo de veias meníngeas que
ajuda na detecção de hematomas subdurais agudos, no entanto este mod-
elo apresenta geometria irrealista e falhas na validação. No estudo realizado
neste trabalho esse modelo foi melhorado e validado. A validação consiste no
cálculo da taxa de sucesso que o modelo consegue obter na detecção de rup-
turas das veias meníngeas. No �m, foi obtido um modelo 3D de elementos
�nitos das veias meníngeas que tem em consideração a pressão sanguínea.
Os resultados mostram que o modelo obteve uma taxa de sucesso máxima
de 90%, e em comparação com outros modelos já desenvolvidos consegue
resultados iguais ou melhores. Para concluir, é possível a�rmar que o modelo
desenvolvido neste trabalho é um grande passo nos modelos de elementos
�nitos das veias meníngeas.





Keywords bridging veins; superior sagittal sinus; traumatic brain injury; acute subdural
hematoma; �nite elements; linear acceleration; rotational acceleration.

Abstract Traumatic brain injury is one of the major causes of death and disability in
the world. One of the most frequent and deadly injury resulted from a head
trauma is acute subdural hematoma (ASDH), which consists on the rupture
of a bridging vein (BV). Given the importance of this type of injury, it is nec-
essary to set thresholds and damage criteria. To access this thresholds and
damage criteria, experimental tests performed on human cadavers, animals
or dummies are required. However due to ethical and economical issues,
more and more the �nite element (FE) models are becoming a very good
cost-e�ective alternative. Once properly validated, the �nite element head
model (FEHM) is a valuable tool, that can be used in the development of
head protective gear as a design tool and in the reconstruction of head trau-
mas by predicting brain injuries under impact conditions. The YEt Another
Head Model (YEAHM) is the example of a FE model that can be used to
assist/replace the experimental tests. The YEAHM already has a bridging
veins FE model to help on the prediction of ASDH. However, this model
presents unrealistic geometry and lacks validation. In this study the bridging
veins FE model was improved and validated. The validation consists on the
calculation of the model prediction success rate. At the end, it was obtained
a 3D bridging veins FE model with tubular shape that takes in consideration
the blood pressure. Results showed that this model presents a maximum
success rate of 90% and, in comparison with FE models already developed,
presents equal or even better prediction results. In summary, it can be stated
that the model developed in this work is a big step in �eld of bridging veins
FE models.
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Chapter 1

Introduction

1.1 Motivation

Traumtic brain injury (TBI) will become the major cause of death and disability in
children and young adults by the year of 2020 according to the World Health Organization
[1]. This may lead to serious public health problems with high social and economic costs
[2], not only because the mortality rate of trauma with head injury is almost triple that
of trauma without head injury [3], but also because it leads to a higher lifelong disability
rate.

TBI can be caused by a wide range of day-to-day activities, from car and bicycle
related accidents to the practice of sports such as motor sports, hockey, soccer, football,
cycling, winter sports, among others.

There are several types of head injuries, such as skull fracture, subdural heamatoma
(SDH), cerebral contusions, di�use axonal injury (DAI), chronic traumatic encephalopa-
thy (CTE), epidural hematoma (EDH), etc. These ones are, according to Monea et al.
[1], the most frequent head injuries resulting from bicycle-related accidents. In sports,
the most common head injury is concussion, but the one that as the highest death rate
is acute subdural heamatoma ASDH. Studies reveal reports of the occurence of ASDH,
skull fracture and epidural heamatoma after being struck on the head by a soccer ball
[4-7]. Even in contact against another player there are reports of EDH and SDH, but in
this case the most common to occur is contusion [8; 9].

Among every sports, one of the most prone to concussion and severe head injury is
�ghting sports [10]. In judo, chronic SDH and other forms of intracranial hemorrhage
have been reported, and ASDH is indicate as the biggest cause of death in boxing.

Car accidents are one of the main causes of death in the world and the majority of
the injuries that lead to this high mortality rate occurs in the head. ASDH is one of the
most frequent injury resulting from head trauma, being the most frequent traumatic head
injury in bicycle-related accidents. Statistically, 26% to 63% of all closed head injuries
are consider to be ASDH [11], with a mortality rate ranging from 30% to 90%[12; 13].

Although concussion is related as the most common head injury, ASDH is the one
with highest mortality rate. The rupture of a bridging vein (BV), which is in charge of
draining blood from the cerebral cortex into the superior sagittal sinus, is hypothesised
as one of the major causes of ASDH alongside with hemorrhagic contusion or intracranial
hematoma and the laceration of a cortical artery or vein [12].

For the reasons mencioned above, there is a need for biomechanical studies of head

1



2 1. Introduction

injury, in order to predict the thresholds for the external loadings, which could be used in
the development of protective gear such as helmets. There are two ways to assess these
thresholds, experimentally or with computational simulation. It is obvious that experi-
mental tests are very hard to perform, because the only way is to use human cadavers
or animals. However, dead tissue is di�erent than living tissue, and even though some
animals like porcines and simians have similar tissue to humans their body mechanics are
di�erent, an impact to a erectus body will have di�erent mechanics. So, the best option
is to develop a very accurate computacional head model. Finite element head models
(FEHMs) are a very cost-e�ective alternative to the experimental method, however they
face a big challenge, the validation, which besides being di�cult to do, is highly dependent
on the post-mortem experimental tests. Nevertheless, once the model is validated, it is no
longer necessary to use specimens. Also, with computacional head models it is possible
to study intracranial injuries, which could not be done with post-mortem experiments.

This work focus on the development and validation of a detailed 3D �nite element
bridging veins model that later can be used to detect ASDH. This would be a big step
in the �eld of the FEHMs, since every model of BVs developed so far use 3D structural
elements (beam, truss) and have a validation ratio lower than 90%.

1.2 Objectives

The main goal of this work is to improve and validate the model already created by
Migueis [14] of the superior sagittal sinus (SSS), transverse sinuses, straight sinus and
bridging veins, in order to have an accurate model to study the ASDH and to help on the
development of head protections by setting the tresholds of the external loadings that
leads to head injuries.

First, state-of-the-art had to be studied in order to understand how bridging veins
work, their anatomy, mechanical properties, what �nite element models already exist and
the thresholds criteria to de�ne the model. The second task after the state-of-the-art,
was to choose the mechanical properties of the BVs, and then use the Explicit version of
the FE package ABAQUS to try to validate, with a simplistic BV geometry, the material
model and damage model, and also choose the type of �nite element. This conditions
are the same that are going to be used in the full model.

The third step was to improve the CAD model that was developed by Migueis [14]
and make it more similar to reality, giving it thickness, changing from a �lled cylindrical
shape into a pipe-like structure, and smoothing the intersections between the bridging
veins and the superior sagittal sinus.

Moreover, the fourth step was to take the improved bridging veins CAD model and
incorporate on the YEAHM model, developed and validated by Fernandes et al. [15], and
�nally use the Explicit version of the FE package ABAQUS to recreate the experimental
tests conducted by Depreitere and his colleagues [12] in order to validate the BVs model.

1.3 Lecture guide

� Chapter 1 - Introduction

Chapter 1 is composed of three parts. Motivation, where a brief contextualization
is made, explaining the reasons that led to this work, the main goals and some
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general background fundamental to understand the work developed in the further
chapters. Objectives, where the main goal is explained and all the phases that the
work had to go through in order to get there. Finally, a lecture guide is presented
to supply the reader with a practical reading guide.

� Chapter 2 - State-of-the-art review

Chapter 2 presents the state-of-the-art. A brief introduction to the head anatomy
is presented, explaining the di�erent parts of the brain, how it is divided, and the
layers that exist to protect him. Then, the bridging veins are focused, since they
are the principal subject of this work. Their anatomy and mechanical properties
are studied, which will make possible further in this work model the veins, both
materially and geometrically. After, the head injuries are described and categorized,
being explained the biomechanics and mechanisms of head injuries and associated
thresholds. Finally, it is made a literature review about �nite element head models
where it is explained their evolution along the years, focusing on the Yet Another
Head Model (YEAHM), which will be used in this work to assembly the model of
the bridging veins.

� Chapter 3 - Bridging veins models

This chapter can be divided into three main parts. The �rst part describes the
process of the material validation, using both solid and shell elements, and which
one was chosen to be used on the full FE BV+SSS model. The second part,
describes the process behind the development of the 3D CAD model. Finally, the
third part tackles the SSS-BV intersection problem, being explained the reasons
behind the choice of the �llet size.

� Chapter 4 - Bridging veins FE model

This chapter starts by describing the experimental tests conducted by Depreit-
ere and his colleagues, that served as reference to validate the bridging veins FE
model using the software ABAQUS. After that, the FE model initial de�nitions are
explained as well as the problems associated with them and the new improved def-
initions. Then the FE model validation results are presented, as well as the results
obtained by other authors that work on the success rate of FE models to predict
ASDH. Finally, the results obtained in this work are discussed and compared with
results from other authors.

� Chapter 5 - Conclusions and future work

This chapter presents general conclusions and discuss the results obtained in this
work, as well as some suggestions and ideas to implement in future works related
to this study.
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Chapter 2

State-of-the-art review

2.1 Head anatomy

The head is a very complex structure, that includes the skull, brain, meninges, blood
vessels such as bridging veins and nerves.

In this section it is described the head anatomy, explaning the di�erent parts of the
head, their characteristics and functions. After that, the bridging veins properties are
studied, geometrically and mechanically. Then, the types of injury that normally occurs
in the head are adressed, both skull fractures and brain traumas.

Lastly, the di�erent criteria and thresholds already reported by some authors are
shown, as well as some computacional models already existing, giving special emphasis
in the YEAHM, developed and validated by Fernandes et al. [15].

2.1.1 Nervous system

The nervous system is the part of the human body that collects information from within
and the outside environment through our �ve senses (touch, sight, hearing, smell and
taste) and then utilizes that information to send signals to parts of the body in order to
coordinate their actions [16].

This system is divided in two parts: the central nervous system (CNS), illustrated
on the left side of Figure 2.1, that is composed by the brain and spinal cord and the
peripheral nervous system (PNS), illustrated on the right side of Figure 2.1, that is
composed by cranial and spinal nerves whose main function is to connect the CNS to the
limbs and organs.

This work will focus on the CNS since the main study elements are the brain, meninges
and more speci�cally the bridging veins.
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6 2. State-of-the-art review

Figure 2.1: Nervous system illustration, on the right side the PNS and on the left the
CNS [17].

2.1.2 Brain anatomy

The human brain is one of the most important organs, that controls all functions of the
body, it receives information through our �ve senses: sight, smell, touch, taste and hear-
ing, utilizing that information to take the necessary actions to move our body, control
the speech and emotions [18]. It is also capable of storing memmory.

The brain is divided in three major areas: cerebrum, cerebellum and brainstem (Fig-
ure 2.2).

Figure 2.2: The three major areas of the brain: cerebrum, cerebellum and brainstem.
Adapted from May�eld Brain & Spine [18].
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2.1.2.1 Cerebrum

The cerebrum is the largest part of the brain, divided into two hemispheres, the right
and left connected by the corpus callosum. Each hemisphere controls the opposite side of
the body, but they do not share the same functions. While, the left hemisphere controls
speech, comphrension, arithmetic and writing skills, the right side controls creactivity,
spatial ability, artistic and musical skills. According to May�eld Brain & Spine [18], the
left hemisphere is dominant in hand use and language in about 92%.

The two hemispheres are each one divided in four lobes (Figure 2.3): frontal, tempo-
ral, parietal and occipital. Each lobe is once again divided into areas that have speci�c
functions.

Figure 2.3: The four lobes of the brain: frontal, parietal, occipital and temporal. Adapted
from May�eld Brain & Spine [18].

Frontal lobe:
The frontal lobe, as shown in light blue in Figure 2.3, is the largest of the four lobes

and is the last one to develop, continuing to create neural connections until a person's
mid-twenties [19]. This late maturation makes the frontal lobe highly malleable and sus-
ceptible to development damage, which means that brain damage early in life may a�ect
cognition and behaviour forever.

Its located just behind the forehead under the frontal skull bones, in the front part
of the cerebrum. The central sulcus separates the frontal and parietal lobes, while the
lateral sulcus separates the frontal and temporal lobes.

Highly social mammals have larger and more developed frontal lobes than any other
animal, which establishes a connection between social interactions and the lobe develop-
ment.

The main functions of the frontal lobe are: coordinating body movemets, help with
language understanding and speech, impulse control, planning, judgment, problem solv-
ing, emmotional expression, concentration and self awareness [19].

The frontal lobe is probably the most prone to damage, because is the last one to
fully develop and is located in the front part of the head which makes it more exposed to
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8 2. State-of-the-art review

impacts. Some consequences of frontal lobe damage are: aggresion, behaviour changes,
di�culties with language, loss of memory, loss of motor control and spatial abilities [19].

Parietal lobe:
The parietal lobe, as shown in orange in Figure 2.3, is located just under the parietal

bone of the skull, near the top and center of the cerebrum, just behind the frontal lobe
and above the occipial and temporal lobes.

This lobe is the brain's primary sensory area, which is essential for sensory perception
and senses' management. Besides the principal functions mentioned above, other func-
tions are: some visual functions, assessing numerical relationships, coordinating hand,
arm and eye motions, processing languages and coordinating attention [19].

Damage to the parietal lobe can lead to three main problems: if the injury is located
on the right side, it can harm the ability to care for at least one side of the body; if the
injury is on the left side it can cause Gerstmann's syndrome, which enables the capacity
of writing, understanding arithmetic language and the ability to perceive objects; if the
damage is both on the right and left side, may lead to a condition named Balint's syn-
drome which enables motor skills and visual attention [19].

Occipital lobe:
The occipital lobe, as shown in purple in Figure 2.3, is the smallest of the four lobes,

located at the forebrain under the occipital bone of the skull.
This lobe is mainly dedicated to visual functions like: mapping the visual world,

determinating color properties of the items in the visual �eld, assessing distance (size
and depth), identifying visual stimulli, transmitting visual information to others brain
regions, receiving raw visual data from perceptual senses in the eyes' retina [19].

The main e�ects of injury to the occiptal lobe are visual related, like: di�culties to
perceive colors, shape, dimensions and size, inability to dettect if an object is moving,
di�culty to recognize familiar objects and faces, and even blindness. Although there are
others consequences such as epilepsy, hallucinations and di�culties with motor skills and
balance [19].

Temporal lobe:
The temporal lobe, as shown in green in Figure 2.3, is located behind the temples

at the forebrain, being fundamental in the process of sensory input such as pain and
auditory stimulli, it also plays a role in visual memories, emotions and language under-
standing and speech production.

Damage to the temporal lobe may lead to very serious injuries, such as: life-threatening
bleeding, blood clots, temporal lobe epilepsy, aphasia (disorder of speech and language),
decrease of memory skills, changes in personality, develop of addictions, loss of impulse
control, increase of aggression, loss of coordination and loss of spatial awareness [19].

2.1.2.2 Cerebellum

The cerebellum is located under the cerebrum and it is divided into three main areas:
the neocerebellum that is responsible for motor control, the paleocerebellum that is
responsible for posture, and the archicerebellum that is responsible for spatial orientation.
Besides the functions mencioned above, the cerebellum may also be involved in some
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cognitive functions such as attention and language.

2.1.2.3 Brainstem

The brainstem is the posterior part of the brain and the oldest part of the central nervous
system, that connects the cerebrum and cerebellum to the spinal cord. It is responsible for
breathing, cardiac regulation, respiratory functions, regulation of the CNS and regulation
of the sleeping cycle.

2.1.3 Meninges

The human brain is a very delicate structure that needs protection. The �rst layer to
o�er that protection is the skull, which is a complex structure composed by 22 bones,
being 21 one of them �rmly attached to each others via sutures and only one movable,
the mandible [16]. Besides the skull, the human body have three layers of membranes
that provides protection and support to the brain and spinal cord (Figure 2.4).

The �rst layer just underneath the skull is the dura mater, which is a thick collagenous
tissue that is divided in two layers: an outer vascular periosted and an inner meningeal
layer.

Under the dura mater is the arachnoid mater, which is a thin transparent membrane
with a spiderweb appearence, a space can be formed in the middle of these two layers in
case of a trauma, this space is named subdural space.

The innermost layer beneath the arachnoid mater is the pia mater, which is a thin
membrane composed of �brous tissue, these two are separeted by the subarachnoid space
that contains the cerebrospinal �uid (CSF).

The CSF is a colorless acellular �uid, produced by the choroid �exus that circulates
in the ventricles of the brain, central canal of the spinal cord and subarachnoid space
[16]. This �uid act like a hydrodinamic protective cushon, it also serves a vital function
in the autoregulation of cerebral blood �ow and in the removal of harmfull substances.

Figure 2.4: Human head layers: skull, meninges and brain. Adapted from Gray [20].
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2.1.4 Bridging veins

Bridging veins (Figure 2.5) are located between the brain and skull, and their function is
to drain blood from the cerebral cortex into the superior sagittal sinus (SSS) [21]. After
this blood gets into the SSS, it is drained to the con�uence of sinuses, which ultimately
arrives to the internal jugular vein.

These veins exhibit complex mechanical behaviour, being nonlinear, viscoelastic and
prone to damage [21], but these mechanical properties need to be studied in order to
create a bio�delic �nite element model. The FE model can be used to study the biome-
chanics of head impact and set up tolerance criteria, to then improve head gear and
bene�t forensic science.

Figure 2.5: Illustration of the brain with the bridging veins and the SSS. Adapted from
Duke University School of Medicine [22].

2.1.4.1 Bridging veins anatomy

Bridging veins (BVs) are �xed to the cranial side to the dura mater and in the cerebral
side to the movable hemispheres.

An impact against the head causing and antero-posterior rotation is the one that
can lead more easily to a BVs rupture, since there is no protection against this type of
movement. The cerebral falx minimizes the lateral movement of the brain, making this
movement less dangerous [21].

The direction of the con�uence between the BVs and the superior sagittal sinus shows
high variability [21], as �rstly described by Oka et al. [23]. According to Brockmann
et al. [24], there are �ve categories to describe this intersection (Figure 2.6): antegrade
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(along the �ow direction of the SSS), perpendicular, retrograde (opposed to the �ow
direction), hairpin shaped (changing direction shortly before entering the sinus) and
lacunae (enlarged venous space). Naturally, the sharp edges are not present in reality,
just in the illustration.

Figure 2.6: Illustration of the �ve categories of in�ow from the bridging veins into the
SSS according to Brockmann et al. [24].

According to Han et al. [25] the SSS can be divided in four segments (Figure 2.7),
from anterior to posterior. The �rst two segments have an average length of about 5 cm,
whereas the last two have about 7 cm.

Figure 2.7: Illustration of the segments of the SSS according to Han et al. [25].
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Han et al. [25] reported that segments 1 and 4 showed clusters of incoming BVs and
segments 2 and 3 only had a few. On the other hand, Brockmann et al. [24] used the
coronary suture, to describe the entrances of BVs along the SSS. For BVs at the level of
the coronary suture, there is a dominat lacunae formation, followed by hairpin shaped
in�ow [21], for BVs at the level of the segment 3, the in�ow is mainly retrograde, with
an average angle of 35°, and about 2 cm anterior to the coronary suture the in�ow is
predominat antegrade. Han el al. [25] reported that BVs entering the SSS, at the level
of segment 1, have various in�ow directions: 20% antegrade, 40% prependicular and 40%
retrograde [21].

Musigazi and Depreitere [26], after having performed a study on BV anatomy based
on CT angiogram data from 78 patients, divided the cortex into 10 segments, as shown
in Figure 2.8, that acted as landmarks to categorized the number of BVs and their entry
angles on the SSS per segment. They reported that the highest number of BVs was in
segment 5 with 30 %, followed by segments 4 and 6 with 20%. It was also reported an
average of 0 to 3 bridging veins per segment and side, and a median angle of entrance on
the SSS of 63 to 86° frontal and 44 to 76° parietal, being considered 180° frontal direction
and 0° occipital direction.

Figure 2.8: Segments used by Musigazi and Depreitere to categorize the number of BVs
and their entry angles on the SSS along the cerebral cortex [27].

Table 2.1, shows the anatomical properties, length, outer diameter and wall thickness,
of the bridging veins according to several authors.

The maximum outer diameter (OD) of a bridging vein reported is 5.3 mm and the
minimum is 0.5 mm, this diameter varies signi�cantly according to the location along
the vein. The OD remains more or less constant along the subarachnoid portion. There
are two major observation reports that describe the geometry of a bridging vein: Vignes
et al. [28] states that, the diameter increases just before a region called the out�ow cu�
segment, near the SSS, and Pang et al. [29] states that the out�ow cu� is connected to
the SSS through the ampullar bulging.

Table 2.2, shows the di�erent geometrical parameters of BVs reported by Monea et

al. [1], separed by gender and for the general population.
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Table 2.1: Bridging veins anatomical parameters according to di�erent authors. Adapted
from Famaey et al. [21].

Length (mm) Outer Diameter (mm) Wall Thickness (mm) Reference

10-20 1-3
Subdural: 0.1±0.6

Subarachnoid: 0.05-0.2
[30]

0-70 0.5-5.3 - [23]

6.42±4 1.4±0.63 0.05±0.02 [31]

- 0.5-4 - [32]

- 1.4-3.1 - [32]

- 1.84±0.35 0.12±0.02 [33]

Male: 22.11±7.6
Female: 17.92±5.93

Male: 2.7±0.85
Female: 2.71±1.06

Male: 0.03±0.01
Female: 0.04±0.02 [34]

- 0.5-4 - [28]

-
-

Cadavers: 2.5±1.1
DSA: 3.4±1.18

-
-

[25]

- 3.42±1.18 0.044±0.017 [1]

Table 2.2: Bridging veins anatomical parameters, divided by gender and for the general
population. Adapted from Monea et al. [1].

No.
Max SSS opening diameter

dmax (mm)
Min BV diameter

dmin (mm)
Mean SSS & BV diameter

dmean (mm)
No.

Thickness
(mm)

All 125 4.99±1.86 1.88±0.83 3.42±1.18 All 130 0.044±0.0017
Females 57 4.53±1.67 1.66±0.64 3.09±1.04 Females 57 0.048±0.020
Males 68 5.39±1.94 2.02±0.93 3.43±1.18 Males 73 0.040±0.012

The venous wall of the bridging veins is divided in three layers (Figure 2.9) like any
other venous wall, the three layers are:

Tunica adventitia:

The tunica adventitia is the surface that covers the outside of the vein. It is the
thickest layer, containing scattered mesenchymal cells surrounded by connective tissue,
that consists of an abundance of collagen and elastin �bres [30]. This layer also contains
tiny blood vessels called vasa vasorum that supply to the wall of the veins.

Tunica media:

The tunica media is the middle layer, consisting of smooth muscle cells and elastin
�bres. There is no consensus relating the smooth muscle cells, while Yamashima and
Friede [30] and Vignes et al. [28] state that BVs wall have these cells, Pang et al. [29]
and Kiliç and Akakin [35] observe that there is an absence of the smooth muscle layer.
Pang et al. used porcine BVs, whereas Yamashima and Friede [30] and Kiliç and Akakin
[35] used human specimens.

Tunica intima:

The tunica intima is the innermost layer, composed of multi-layered smooth endothe-
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lium covered by elastin tissue [30]. This layer sometimes contains one-way valves to
prevent the blood from �owing backwards.

Figure 2.9: The three layers of the bridging veins. Adapted from Brad UK [36].

According to Yamashima and Friede [30] the thickness of the bridging veins wall has
a high variability in the subdural portion.

The distribution of the collagen �bres shows di�erences along the BVs, while in the
subdural portion the collagen �bres have a loose webbing patter, in the subarachnoid
portion they have a more dense structure [30].

According to Pang et al. [29] and Niereberger et al. [37] the collagen �bres are mainly
oriented in the longitudinal direction, whereas in the out�ow cu� segment, the main
orientation is circumferencial or helicoidal according to Vignes et al. [28]. Yamashima
and Friede [30], state that more than half of the collagen �bres were circumferencial and
that longitudinal �bres were much less abundant.

The limitation that the circumferencial orientation of the collagen �bres give in the
diammeter of the out�ow cu� segment, act as a valve that gives a dynamic resistance
against sudden changes in blood �ow [38].

2.1.4.2 Mechanical properties of bridging veins

Bridging veins reveal a complex mechanical behaviour, being described by Pant et al.
[29] as nonlinear elastic, anisotropic, viscoelastic and prone to damage.

The mechanical behaviour of most materials can be described by the continuum
mechanics-based constitutive relations [21]. To describe biological tissue can be used a
wide range of constitutive relations, from the Hookean law to more complex mathematical
expression [39].

For hyperelastic materials, the stress-strain relationship derives from a strain energy
density function (SEDF). This function (Ψ) de�nes the potencial energy stored in a
unit volume of a cube, relating the second Piola-Kirchho� stress tensor (S) and the
Lagrangian strain tensor (E):

S =
δΨ(E)

δE
(2.1)
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The Lagrangian strain tensor is de�ned as a function of the right Cauchy-Green tensor
as:

E =
1

2
(C-I), (2.2)

or, directly as a function of the displacement vector U as:

E =
1

2
(∇U+∇UT +∇UT∇U) (2.3)

Since the biological material of bridging veins can be considered incompressible, the
deformation is characterized in terms of the invariants of the deviatoric part C of the
right Cauchy-Green tensor C .

C = FTF (2.4)

and,

C = F
T
F (2.5)

where, F is the deformation gradient and F is the deviatoric part of the deformation
gradient.

Linear elasticity

The simplest case when analising the mechanical behaviour of a material is the linear
regime, where the stress/strain relation is linear, which means that the mathematical
formula of the SEDF is:

Ψ =
λ

2
(trElin)2 + µ(trE2

lin) (2.6)

Being, λ the Lamé's �rst parameter, µ the Lamé's second parameter and Elin the lin-
earised version of the Langragian strain tensor. Usually, when dealing with linear regime
is more common to use the Young's modulus E and the Poisson's ratio ν. The Lamé's
coe�cients can be related with these two parameters, using the following formulas:

λ =
Eν

(1 + ν)(1− 2ν)
(2.7)

µ =
E

2(1 + ν)
(2.8)

Linear theory is still widely used for mechanically characterize biological tissue [21],
and with a simple tensile test the two parameters described above can be determined.
Several authors have conducted these tests, the results are showned in the Table 2.3.
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Table 2.3: Bridging veins mechanical properties according to di�erent authors. Adapted
from Famaey et al. [21].

σU (MPa) εU (%) σY (MPa) εY (%) E (MPa) Reference

3.33±1.52 53±19.5 - - - [31]

1.32±0.62 50±19 1.15±0.47 29± 9 6.43±3.44 [33]

4.99±2.55 25±8 4.13±2.14 18±7 30.69±19.40 [34]

4.19±2.37 29.82±13.26 1.73±1.37 12.85±13.35 25.72±15.86 [1]

Nonlinear elasticity

As said before, bridging veins are mainly composed of connective tissue, using the
elastin �bres for low strain stimulation and the collagen �bres to high strain loading
regimes [39-41]. There are two major nonlinear isotropic SEDFs used for vascular tissue,
they are:

Fung and Cowin (1994) [44]

Ψ =
c

2
[eQ − 1] (2.9)

Q = A1E
2
11 +A2E

2
22 + 2A3E11E22 +A4E12 + 2A5E12E11 + 2A6E12E22 (2.10)

where c and Ai are the material parameters and the Eij are the diferrent components
of the Lagrangian strain tensor [45].

Neo-hookean (Famaey and Vander Sloten, 2008) [39]

Ψ =
µ

2
(I1 − 3) +

K

2
(J − 1)2 (2.11)

where µ is the shear modulus, K is the bulk modulus, I1 and J are the invariants of
the Cauchy-Green strain tensor [21].

Anisotropy

According to Gasser et al. [46], the mechanical properties of the bridging veins tissue
are orientation-dependent. The most common SEDF used for cardiovascular tissue that
takes in consideration the anisotropy is the Holzapfel-Gasser-Ogden model [41]:

Ψ(I1, I
∗
4 , I

∗
6 ) =

c

2
(I1 − 3) +

k1
2k2

∑
i=4,6

(exp[k2(I
∗
i − 1)2]− 1) (2.12)

where c>0 and k1 are stress-like parameters, k2 is a dimensionless parameter, and I
∗
1

is the pseudo-inveriant related to the �bre direction and can be written as [46]:

I∗i = kI1 + (1− 3k)Ii, Ii = λ2θ cosα2 + λ2z sinα2, i = 4, 6, ... (2.13)
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where α is the angle between the �ber direction and the circumferencial direction of
the vessel, and k is a parameter related to the dispersion of the �bers [21].

Although the model above can be used for venous walls, its mainly purpose is to
describe arterial tissue. There are two models developed more speci�cally for bridging
veins, one was developed by Rezakhaniha and Stergiopulos [47], and the other one by
Nierenberger et al. [48].

Viscoelasticity

Many biological soft tissues have visco-elastic properties [49], which means that the
mechanical properties of the material change with the strain rate.

Only in the �rst tests, conducted by Löwenhielm [50] and Gennarelli and Thibault
[11] was stated that exists a strain rate dependency. However, all later studies, even
conducted by Löwenhielm [51], rejected the strain rate dependency. Hence, it is likely
that no viscoelastic e�ects need to be captured in the material model [21].

2.2 Head injuries

Head injuries include both injuries to the skull and the brain, they can be classi�ed as
closed and open. A closed head injury, is a brain injury that does not open up the brain
or skull, whereas a open head injury occur when something hits the head forcefully to
penetrate the skull [19]. The two major head fractures are: facial fracture and skull
fracture. However, head fractures are not relevant to the topics discussed in this work,
therefore they will not be explained in detail. As far as the brain is concerned the injuries
can be devided in focal and di�use.

2.2.1 Focal brain injury

Focal brain injury is an injury concentrated in one region of the brain, resulting from
direct mechanical forces. The more common focal brain injuries are the following:

Epidural hematoma (EDH):

Epidural hematoma (left side of Figure 2.10) is when bleeding occurs in the epidural
space, between the skull and dura mater. The cause of EDH is typically a skull fracture,
but can also be the result of an arterial laceration. This kind of hematoma are often
caused by accelaration/decelaration trauma and transverse forces.

EDH is not the most common traumatic brain injury, with only 0.2%-6% and 1.2%-
1.7% changes to occur, according to Cooper [54] and Oehmichen et al. [55]. This hema-
tona is less dangerous in life-threatening situations than the subdural hematoma.

Subdural hematoma (SDH):

A subdural hematoma (right side of Figure 2.10) is a severe injury and potencially
life-threatening, that occurs when a blood vessel, such as a bridging vein rupture. SDH
are caused by tangential forces against the skull, creating a rotational movement between
the skull and brain [56], which leads to traction e�orts on the blood vessels.
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According to Sahuquillo-Barris et al. [57], a SDH is a result of an impact of short
duration with high tension load.

There are three types of SDH: acute (one third of all subdural hematomas), subacute
and chronic. The main di�erence between the three types of SDH is the speed of their
onset, the acute subdural hematoma develops before the other two. The ASDH is gen-
erally caused by high-speed acceleration or deceleration, being the most deadliest.

Figure 2.10: Illustration of the subdural heamatoma (right side) and epidural hematoma
(left side). Adapted from Lineage Medical, Inc [58].

Intracerebral hematomas:

The intracerebral hematoma generally occurs in the deep tissue of the brain and ven-
tricles, is usually caused by rupture of tiny arteries within the brain tissue. This injury
is normally associated with sudden acceleration/decelaration of the head, or the rise of
blood pressure.

Contusion:

Contusion is the most common injury resulting from head impact, that causes a
localized bruise in the brain.

There are two types of contusion, coup and contre-coup. In the coup contusions, the
brain is injured on the area where the hit occured, whereas in the contre-coup contusion
the injury is on the opposite side where the hit was. Contre-coup injuries are more
common to occur than coup contusions [59].

2.2.2 Di�use brain injury

Unlike focal injuries, di�use brain injuties (DBI) occur over a more widespread area, being
associated with full rupture of the brain tissue. This type of injury, is usually caused
by accelaration/deceleration of the head, as well as rotational forces. DBI account for
proximally 40% of all severe brain injuries, and one third of deads due to head injuries
[60].

The two major types of di�use brain injury are the following:
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2.2.2.1 Concussion

A concussion occurs when a blow to the head causes physical trauma to the brain,
a�ecting the brain function, leading to the loss of concentration, memory, balance and
coordination. This injury is usually caused by a blow to the head, very common in
contact sports, such as football and boxing.

Nearly 2 million people are a�ected each year [19], and most make a full recovery. The
time of recovery is fast, normally within 10 days the symptoms dissapear, but some people
su�er from post-concussion syndrome, such as headaches, changes in mood, changes in
vision, light and noise sensitivity and insomnia.

2.2.2.2 Di�use anoxal injury

Di�use anoxal injury (DAI) (Figure 2.11) describes an injury that causes widespread
axonal damage, motivated by the stretch of an axon or the complete axotomy. Stretch
injuries in the axons are considered to be a greater contributor for the occurance of DAI
than injuries with complete axotomy.

Myelinction increases the dinamic modulus of white mater axons, making them more
sti�er, and therefore less susceptible to shear stress than gray mater. However white
mater axons are longer and therefore more prone to damage [61; 62].

The areas more commonly a�ected by this pathology include, axons in the brainstem,
parasagittal white mater near the cerebral cortex, and corpus callosum. According to
Oehmichen et al. [55], DAI is caused by acceleration/deceleration rotational or transla-
tional forces, which was expected since di�use injuries usually are caused by this type of
mechanical forces. Another important factor to consider, is the duration of the impact,
since longer duration of force application increases the amount of energy transferred to
the brain, causing more damage [63].

According to Meythaler et al. [64], DAI accounts for 40% to 50% of all traumatic
brain injuries requiring hospital admission in the United States. Studies reveal that after
one month follwing the injury, 55% of the pacients died, 3% were in vegetative state, and
9% had a severe disability [59; 65; 66].

Figure 2.11: Illustration of the di�use axonal injury. Adapted from Accident Attorneys
[67].
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2.3 The biomechanics and mechanisms of head injuries

Head injury usually results from a direct impact to the head or indirect impact (an im-
pulse transmitted to the head through the neck) applied to the head-neck system. If
the impact is indirect, that means that either the head or the torso were abruptly accel-
erated or decelerated. The impact and the impulse can both accelerate or decelerate a
stationary head, but in the case of an impact it can also produce skull deformations or
fracture, and consequently brain injuries. Table 2.4, shows the peak forces for di�erent
parts of the skull. However, injuries to the human brain are typically result of direct
contact, instead of an impulse transmitted to the head-neck system [68; 69].

Some authors, state that the type of brain injury depends on the kinematic rela-
tionship between the impactor and the head [70]. This distinction is very important in
forensic science, since is relevant in crime scenes to understand if the head injury sus-
tained by the victim, was caused by a blow to the head or result of a fall [71]. However, if
the impact velocity and the characteristics of the impactor are the same, there is no dif-
ference in the forces involved in a stationary head being stroke or a moving head hitting
an object at rest.

Table 2.4: Peak force for fracture at di�erent regions of the skull.

Impact area Force (kN) Reference

Frontal

4.0 [72]
4.2 [73]

4.3-4.5 [74]
4.7 [75]
5.5 [76]
6.2 [77]
15.6 [78]

Temporal

2.0 [72]
3.4-4.4 [74]
3.6 [73]
5.2 [79]
6.2 [78]

Occipital
11.7-11.9 [74]
12.5 [80]

Parietal 3.5 [81]

Vertex 3.5 [74]

2.3.1 Linear and angular acceleration

For a given head impact, if the force vector passes through the centre of gravity of the
head then it will be subjected to a linear acceleration. On the other hand, if the force
vector does not passes through the centre of gravity, both linear and angular acceleration
will be present.

If the human head was spherical, an impact perpendicular to the surface of the head,
would always cause linear acceleration, because the force vector would be aligned with the
center of gravity. However, the head has a complex geometry and can not be considered
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spherical, then it is more likely to observe linear and angular acceleration [71]. Some
authors, report that for impacts with the same characteristics, the angular acceleration
is more likely to be higher in lateral impacts then in frontal or occipital impacts.

The �rst studies related to the biomechanics of head injury, assumed that the severity
of the brain injury was associated with the presence of skull fracture. However, following
studies quickly understand that was not just about the skull fracture, but all the head
response to the impact, that determined the severity of the brain injury [71].

Holbourn [82], was one of the �rst researchers to state that, rotational motion of the
head is the major cause of brain injury. To illustrate the Houlbourn's hypothesis, is
normally used the bowl of porridge analogy (Figure 2.12). If the bowl is suddenly moved
sideways, recreating a linear acceleration, there will be no appearance of relative motion
in the porridge. However, if the bowl is rotated abruptly, the part of the porridge on the
edge of the bowl will tend to move, while the porridge in the center will tend to remain
stationary, causing shear stress.

Figure 2.12: Illustration of the bowl of porridge analogy, utilized to explain the Houl-
bourn's hypothesis. Adapted from McLean and Anderson [71].

Using a model of the human head, Holbourn tested his hypothesis. He observed
that, the strains caused by angular acceleration could be demonstrated, while in the
case of linear acceleration the model was relatively insensitive. He also observed that,
for short duration impacts, the duration of application of the force played an important
role in the production of shear strains, whereas for long impacts, the shear strains were
independent of the time for which the force acts. At least, he observed that, if there is
a deformable object between the head and the impactor, the duration of the impact is
extended, reducing the average level of the force transmitted to the head [83].

According to Ommaya and Gennarelli [84], linear acceleration in the sagittal plane
is associated with focal lesions, whereas concussion, which is a di�use injury, is associ-
ated with angular acceleration. A few years later, in a work by Gennarelli et al. [65],
was concluded that axonal injury in the brain is proportional with the degree of coro-
nal motion caused by the angular acceleration. Translational acceleration is associated
with intracranial pressure, while rotational acceleration is associated with di�use brain
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injuries.
In resume, many authors agree that rotational forces, by tearing brain tissue and

bridging veins, can cause almost every type of head injury, except skull fractures and
EDH [10].

The Wayne State Tolerance Curve (WSTC), developed by Gurdjian and co-workers
[85; 86], was one of the �rst head injury tolerance criteria. It was developed based only
on direct frontal impacts, which makes the criteria invalid for non-contact situations or
to other impact directions. Basically, the criteria states that, every point below the curve
shown in Figure 2.13 is unlikely to be associated with severe brain injury.

Figure 2.13: The Wayne State tolerance curve. Adatped from McLean and Roberts [71].

Figure 2.14, shows the relation between the angular acceleration and pulse duration
for di�erent types of injury. This curves are based in the Wayne state tolerance curve.

Figure 2.14: Angular acceleration vs pulse duration for di�erent types of injury. Adatped
from Wismans [87].

2.3.2 Tolerance criteria and thresholds

Tolerance criteria is a very important �eld in head injury understanding, because it is
necessary to set thresholds to know if an impact will induce a force or accelerations higher
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than the head can bear, evaluating the risk of sustaining a head injury, and to study the
e�ectiveness of protective gear.

According to van den Bosch [88], the injury criteria can be divided in three categories:
injury criteria only based on translational acceleration of the head's centre of gravity,
injury criteria based on both translational and rotational acceleration, and injury criteria
based on stresses and strains in the brain tissue.

In order to understand some criteria and thresholds that will be presented later in
this work, it is necessary to know the Abbreviated Injury Scale (AIS). This scale, shown
in Table 2.5, tries to catalog the severity of head injuries.

2.3.2.1 Criteria based on translational acceleration

The criteria showned below are all based in the assumption that linear acceleration alone
is enough to predict head injury, thus ignoring the angular acceleration.

Peak linear acceleration (PLA)

The peak linear acceleration is the maximum value of linear acceleration that the
head can bear, and the risk of sustaining an injury associated with it. This criterion in
almost all cases does not take in consideration the time duration. The Table 2.6, shows
the thresholds of the peak linear acceleration criterion.

Head injury criterion (HIC)

Head injury criterion is the most applied criterion, and was proposed by the National
Highway Tra�c Safety Administration, as the new criterion to predict, by �nding the
maximum of the equation, the most damaging part of the acceleration pulse. The ∆tmax
in the HIC equation corresponds to the time interval with the maximum variation of
acceleration.

HIC∆tmax =

[(
1

t2 − t1

∫ t2

t1
a(t)dt

)2.5

(t2 − t1)

]
max

(2.14)

where,

� a(t), is the resultant head acceleration

� t2 and t1, are the �nal and initial time of the interval (t2 − t1 ≤ ∆tmax)

This criterion, results from the evolution of the WSTC, and is based on the assump-
tion that linear acceleration and pulse duration are enough to predict the thresholds.
However, many authors discredit this criterion, becasuse does not take in consideration
angular acceleration, impact force and direction, which were proved to be major factors
in head injuries. Nevertheless, HIC continues to be widely used, and is a useful predictor
for comparing energy-absorting safety devices [10].

In Table 2.7, are shown the thresholds based on HIC for di�erent head injuries, and
Figure 2.15 correlates the HIC criterion with the probability of sustaining a head injury.
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Table 2.5: Abbreviated Injury Scale. Adapted from Hayes et al. [89].

AIS level Injury description
Mortality rate

(%)

1 Minor 0.0

2 Moderate 0.1-0.4

3 Serious 0.8-2.1

4 Severe 7.9-10.6

5 Critical 53.1-58.4

6 Non-survivable -

Table 2.6: PLA thresholds.

Injury Tolerance Reference

Head injury

a = 80 g for 3 ms [90; 91; 92]
50 % Probability: [93]
AIS 2+: 116 g
AIS 3+: 162 g
AIS 4: 200-250 g [94]
AIS 5: 250-300 g
AIS 6: >300 g

Skull fracture
5% Risk a = 180 g [95]
40% Risk a = 250 g
50% Risk a = 135 g [93]

MTBI

25% Probability: a = 559 m/s2 [96]
50% Probability: a = 778 m/s2

75% Probability: a = 965 m/s2

50% Probability: a = 762 m/s2 [97]
95% Probability: a = 1131 m/s2

85 g for an impact [98]
duration 10 6 t 6 30 ms

Concussion

a = 81 g [99]
60.51-168.71 g [100]
105±27 g [101]
74±21 g [102]
50% Probability: a = 65.1 g [103]
75% Probability: a = 88.5 g

José Miguel Clemente Costa Dissertação de Mestrado/Master Thesis



2. State-of-the-art review 25

Table 2.7: HIC thresholds.

Injury Tolerance Reference

Head injury

Severe but not life-threatening [104]
1000
8.5% Probability of death: [105]
1000
31% Probability of death:
2000
65% Probability of death:
4000
16% Probability of death: [106]
life-threatening
1000
99% Probability of
life-threatening injuries:
3000
50% Probability of AIS 2+:
825

[93]

50% Probability of AIS 3+:
1442

MTBI

25% Probability for (HIC15)
136

[96]

50% Probability for (HIC15)
235
75% Probability for (HIC15)
333
50% Probability for (HIC15)
240

[97]

95% Probability for (HIC15)
485
240

[98]

Skull fracture 50% Risk: 667 [107]

SDH 50% Risk: 1429 [107]

Moderate
neurological injury

50% Risk: 533 [107]

Severe
neurological injury

50% Risk: 1032 [107]

Concussion 200 [99]

José Miguel Clemente Costa Dissertação de Mestrado/Master Thesis



26 2. State-of-the-art review

Figure 2.15: Probability of sustaining a head injury according to the HIC criterion.
Adatped from Hertz [108].

2.3.2.2 Criteria based on translational and rotational acceleration

The angular acceleration is considered by many authors a very important factor in head
injuries, alongside with the linear acceleration. Some studies have tried to relate the an-
gular acceleration with the severity of the injury, Gennarelli et al. (2003) [109], presented
the values shown in Table 2.8, that catalogs the injuty severity for di�use brain injuries
according to the angular acceleration and angular velocity. Table 2.9, presents several
thresholds for di�erent angular acceleration and velocity.

Table 2.8: Categories of DBI severity according to angular acceleration and velocity.

AIS Level Injury severity Angular acceleration (rad/s2) Angular velocity (rad/s)

1 Mild cerebral concussion 2877.8 25
2 Classical cerebral concussion 5755.6 50
3 Severe cerebral concussion 8633.4 75
4 Mild DAI 11511.2 100
5 Moderate DAI 14389 125
6 Severe DAI 17266.8 150
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Table 2.9: Human brain tolerance to rotational acceleration and velocity.

Injury Threshold Reference

Brain surface shearing α = 2000-3000 rad/s2 [80]

Bridging vein rupture
α = 4500 rad/s2 or ω = 50-70 rad/s [51; 110]
α = 5000 rad/s2 or ω = 50 rad/s [111]
α = 10 krad/s2 or t <10 ms [13]

Concussion

50% Probability: [112; 113]
α = 1800 rad/s2 for t <20 ms
ω = 30 for t > 20 ms
99% Probability:
α >7500 for t >6.5 ms
α = 14000 rad/s2 for 11 ms [114]
α = 13000 rad/s2 for 11 ms [115]
α = 20 krad/s2 for 18 ms [11]
α = 13600-16000 rad/s2 and ω = 25-48 rad/s [116]
α = 18 krad/s2 for 18 ms [117]
50% Probability: α = 6200 rad/s2 [118]
50% Probability: α = 6322 rad/s2 [97]
50% Probability: α = 9267 rad/s2 [97]
α = 6400 rad/s2 and ω = 35 rad/s [119]
α = 6200 rad/s2 [120]
α = 7600 rad/s2 for 15 ms [121]
α = 7300 rad/s2 for 23 ms
α = 1800 rad/s2 [122]
α = 6432 rad/s2 [123]
α = 5022 rad/s2 [124]
α = 5582.3 rad/s2 [125]
50% Probability: α = 1747 rad/s2 [103]
75% Probability: α = 2296 rad/s2 (coronal plane)
α = 7912 rad/s2 [99]
α= 5312 rad/s2 [100]
α = 5025 rad/s2 [102]
50% Probability: α = 1747 rad/s2 [126]

DAI

α = 20 krad/s2 for 18 ms [11]
α = 19 krad/s2 for 20 ms [127]
α = 10000 rad/s2 and ω = 100 rad/s [128]
α = 18000 rad/s2 [129]
α = 8000 rad/s2 or ω = 70 rad/s [130]

Mild DAI α = 12500-15500 rad/s2 [122]

SDH
α = 32 krad/s2 for 14 ms [131]
α = 10000 rad/s2 [130]
α = 10000 rad/s2 for t >4 ms or ω = 19 rad/s [11]

TBI

α = 1700 rad/s2 and ω = 60-70 rad/s [132]
ω <30 rad/s and α <4500 rad/s2:safe [12]
ω <30 rad/s and α >4500 rad/s2: AIS 5 [133]
ω >30 rad/s and α = 1700 rad/s2: AIS 2 [134]
ω >30 rad/s and α >3000 rad/s2: AIS 3
ω >30 rad/s and α >3900 rad/s2: AIS 4
ω >30 rad/s and α >4500 rad/s2: AIS 5
α = 25000 rad/s2 for short durations [135]
α >5000 rad/s2 [136]
4500 rad/s2 <α <5000 rad/s2 and ω = 60 rad/s [104]

MTBI

25% Probability: α = 4384 rad/s2 [96]
50% Probability: α = 5757 rad/s2

75% Probability: α = 7130 rad/s2

α = 6000 rad/s2 for 10 <t <30 ms [98]
25% Probability: α = 4600 rad/s2

50% Probability: α = 5900 rad/s2

80% Probability: α = 7900 rad/s2

Head injury
50% Probability: [93]
AIS 2+: ω = 40 rad/s and α = 11368 rad/s2

AIS 3+: ω = 55 rad/s and α = 18755 rad/s2
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Generalized acceleration model for brain injury threshold (GAMBIT)

The head injuty criterion GAMBIT developed by Newman [94], takes into account
both translational and rotational acceleration, and its given by the expression 2.15. Some
values and thresholds are presented in Table 2.10 and 2.11, respectively. However, the
GAMBIT is not much used nowadays, due to the fact that was never extensively validated
and lacks pulse duration dependency.

G(t) =

[(
a(t)

ac

n)
+

(
α(t)

αc

m)]1/s
(2.15)

where,

� a(t) and α(t), are the instantaneous values of the linear and angular acceleration

� n, m and s, are empirical constants

� ac and αc, are critical tolerance levels for the linear and agular acceleration.

Table 2.10: GAMBIT values.

n m s ac(g) ac(rad/s
2) Reference

2 2 2 250 25000 [94]
2 2 2 250 10000 [137; 138]

Table 2.11: GAMBIT thresholds.

Injury Threshold Reference

Head injury 50% Probability of AIS >3: [97]
G = 1

1.5 6 G 6 2 [137]

Concussion 50% Probability: [97]
G > 0.4

95% Probability:
G > 0.56

Head injury power (HIP)

Newman et al. [118], proposed the HIP criterion, which takes in consideration the
translational and rotational kinetic energy chage rate, calculating the sum of the power
along each dregee of freedom of the head. The HIP value is expressed in Watts, and the
mathematical expression, which is divided in two parts the �rst for the linear acceleration
and the second for the angular acceleration, is the following:

HIP = Max

∫
axdt+May

∫
aydt+Maz

∫
azdt

+Ixxαx

∫
αxdt+ Iyyαy

∫
αydt+ Izzαz

∫
αzdt (2.16)
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where,

� m is the mass of the human head

� Ixx, Iyy, and Izz, represent the moments of inertia for the human head in the three
directions (x,y and z).

Table 2.12, presents thresholds for di�erent head injuries according to HIP criterion,
however HIPmax was only validated for mild traumatic brain injury, and not for severe
brain injuries.

Table 2.12: HIP thresholds.

Injury Threshold Reference

Skull fracture 50% Probability: [107]
HIPmax = 38 kW

SDH 50% Probability:
HIPmax = 55 kW

Moderate neurological injury 50% Probability:
HIPmax = 24 kW

Severe neurological injury 50% Probability:
HIPmax = 48 kW

Concussion 50% Probability: [97]
HIPmax = 12.8 kW
95% Probability:
HIPmax = 20.88 kW

Power index (PI)

The Power index (PI), was proposed by Kleiven [139], is an upgrade of the HIP, by
adding scaling coe�cients to the various directions and di�erentiating between positive
and negative accelerations [21]. The empirical expression is shown in equation 2.17.

PI = [C+
1 θ(ax) + C−

1 θ(−ax)]max

∫
axdt+ C2may

∫
aydt

+[C+
3 θ(az) + C−

3 θ(−az)]maz
∫
azdt+ C4Ixxαx

∫
αxdt

+[C+
5 θ(αy) + C−

5 θ(−αy)]Iyyαy
∫
αydt+ C6Izzαz

∫
αzdt (2.17)

with,

f(x) =

{
1, a > 0

0, a < 0
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2.3.2.3 Criteria based on stresses and strains

Criteria based on stress and strain, are commonly used for researches rather than criteria
based on kinematics, such as linear and angular acceleration. The problem associated
with criteria based on stress and strain, is the fact that these parameters are di�cult to
measure inside the brain [88]. To counter this setback, detailed and accurate FEHM are
used.

There are �ve major criteria based on stress and strain, they are: the brain pressure
tolerance, the brain von Mises stress, the cumulative strain damage measure criteria
(CSDM), the dilatation damage measure (DDM) and the relative motion damage measure
(RMDM). The last three were developed by DiMasi el al. [140] and Bandak [141; 142].

In Table 2.13 and 2.14, are some thresholds for di�erent head injuries, according to
the brain pressure tolerance and the brain von Mises stress, respectively.

Table 2.13: Brain pressure criterion thresholds.

Brain injury Brain pressure (kPa) Reference

Moderate 172.3 [143]
Severe or fatal 234.4

Minor or absent 6 173 [144]
Severe > 235

Brain injuries
(brain contusions, oedema
and hematoma)

200 [145; 146; 147]

Brain injury by coup pressure 180 [148]
256 [149]

Table 2.14: Brain von Mises stress thresholds.

Brain injury von Mises stress (kPa) Reference

Brain injury 12 [148]
14.8 [149]

Severe brain injury 11-16.5 [150]
27 [151]

Concussion 22 [147]
20 [152]
40 [153]

Long duration concussion 20 [137]
Short duration concussion 10

Severe neurological injury 46 [154]

50% Moderate neurological injury 18 [155; 156]
50% Severe neurological injury 38

50% Mild DAI 26 [157]
50% Severe DAI 33

50% Probability of concussion 8.4 in corpus callosum [45]

Severe and irreversible TBI 14.8±4.5 [149]
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2.4 Finite element human head models

A �nite element human head model (FEHM), when properly validated, can be a very
powerful tool to simulate head injuries under impact conditions and to compute variables
such as stress and strain. The reason why they are such a valuable tool, is because
obtaining values from living humans is not ethical, and can lead to serious injuries for
the subject. Another possibility is to obtain data from human cadavers or animals,
however the mechanical properties of dead human tissue and animal tissue di�ers from
living human tissue, which can lead to inaccurate results. Nevertheless, the impact
experiments conducted on human cadavers by Nahum et al. [143] and by Depreitere et
al. [12], are used as reference to validate FEHMs. Human dummies such as Hybrids,
SIDs, BioRID, CRABI and THOR are yet another possibility, however replacing dummy
parts after experiments leads to high costs [2].

The �rst �nite element head model to be developed, was a very simplistic two-
dimensional skull model by Hardy and Marcal [158], which was later improved by Shugar
[159] by adding an elastic �uid-�lled brain assumed to be �rmly attached to the skull [2].
However, both version presented unrealistic results for large deformation simulation.

The �rst three-dimensional FEHMs appeared in the late 70s and had a simpli�ed
geometry, examples are: Chan [160] that modeled the human head as a spherical shell
and a prolate ellipsoid, Khalil and Hubbard [161] that used an ellipsoid shell for the
skull and an inviscid �uid core as the intracranial content, and Hosey and Liu [162] that
modeled both head and neck. However, only in the 90s with the advance of computational
power appeared the more realistic 3D models, examples are: Horgan and Gilchrist [163];
Kleiven [45], Mao et al. [164], Ruan et al. [165], Sahoo et al. [166], Takhounts et al.
[167], Yang [168] and Zhang et al. [169].

Most of the 3D models mencioned above have a geometry similar to spheroidal/
ellipsoidal structures, not taking into account the gyri and sulci. Some authors, studied
the in�uence of gyri and sulci on head injuries. Cloots et al. [170], using a 2D FE
model, reported that gyri and sulci had a signi�cant e�ect on von Mises stress maximum
value, whereas Ho and Kleiven [171], reported that sulci played an important role on
reducing the stress and strain rates, especially for angular accelerations in the sagittal
plane. Another important aspect that most of the 3D models created do not take into
account, is the relative motion between the skull and brain, which is a signi�cant factor
in some brain injuries, because the excessive relative motion may injure the brain surface
and stretch or even tear bridging veins.

Next, it will be provided a short state-of-the-art review of some �nite element head
models.

UDS FEHM:

The UDS FE head model was developed by University of Strasbourg, and took into
consideration the bridging veins, they were represented as the width of the CSF, in other
words, the distance between the inner surface of the skull and the outer surface of the
brain. However, BVs were not represented mechanically, not contributing for the sti�ness
of the FE model, but their strain could be computed [21].
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ULP FEHM:

The ULP FE model, shown in Figure 2.16, was developed by University of Louis
Pasteur and includes the skull, brain, falx, tentorium, CSF, and scalp. It is important to
mention that the model has been improved over the years. The CSF was changed from
an elastic material model to a Lagrangian formulation and was introduced an elastic-
brittle constitutive law for the skull-brain interface. Except for the brain, which has
viscoelastic properties, all the other parts of the model has homogeneous and isotropic
material properties. [2]

Figure 2.16: ULP �nite element head model. Adapted from Deck and Willinger [157].

Shugar model:

The Shugar model was developed by Shugar [172], and included a coarsely meshed
three-layered skull, the falx, tentorium, foramen magnum and brain [21]. This model was
updated by Huang [173], in order to account for bridging veins deformation. He used
a similar approach to the UDS model, using the space between the skull and brain to
represent the BVs, instead of a tied connection.

SIMon FEHM:

The simulated injury monitor (SIMon) model was created by Takhounts et al. [167],
and includes the cerebrum, cerebellum, falx, tentorium, combined pia-arachnoid complex
with CSF, ventricles, brainstem and bridging veins. In this model the BVs were modeled
as cable discrete beams with Young's modulus of 0.275 MPa [21].
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KTH FEHM:

The Kungliga Tekniska Högskola (KTH) model shown in Figure 2.17, was developed
by Kleiven [45; 139; 174; 175] and includes the scalp, skull, meninges, CSF, cerebrum,
cerebellum, brainstem, transverse ans superior sagittal sinus, a simpli�ed neck with spinal
cord and 11 pairs of bridging veins. The BVs in this model were represented by discrete
beam elements with a sti�ness of 1.9 N per unit strain, conecting a node on the cortical
surface of the brain to a node on the SSS.

UCDBTM:

The UCDBTM model, shown in Figure 2.18, was presented in Horgan and Glichrist
[163], and includes the skull, CSF, cerebrum, cerebellum, brainstem, scalp, falx, tento-
rium, dura and pia mater, and 11 pairs of bridging veins modeled in a very similar way
as in the KTH model [21].

Figure 2.17: KTH �nite element head model developed by Kleiven [45]. Adapted from
Famaey et al. [21].

Figure 2.18: UCDBTM �nite element head model. Adapted from Famaey et al. [21].
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WSUBIM:

The Waye State University Brain Injury Model has been improved over the years,
the �rst version was developed by Ruan et al [165] and then was improved by Zhou et

al. [176], being later on updated and used by Zhang et al. [169; 177] and Viano et al.
[119]. This updated version contained the scalp, skull, dura, falx, cerebri, tentorium, pia,
CSF, venous sinuses, ventricles, cerebrum (grey matter and white matter), cerebellum,
brainstem, and ten pairs of bridging veins [21] shown in Figure 2.19. The bridging veins
in this model were represented by linear elastic spring elements with a spring constant
of 0.219 N/mm [21].

The most recent FE head model to be developed at Wayne State University was
by Mao et al. [164]. Based on CT an MRI images, contains hexahedral meshes of the
brain (cerebrum, cerebellum, brainstem, corpus callosum, ventricles, and thalamus), as
well as 11 pairs of bridging veins, CSF, skull, facial bones, �esh, skin, falx, tentorium,
pia, arachnoid, and dura. The 11 pairs of BVs were modeled using beam elements, with
lengths ranging from 6.63 to 17.91 mm, outter diameter of 2.76 mm and a wall thickness
of 0.03 [21].

Figure 2.19: Superior sagittal sinus and bridging veins model in the WSUBIM. Adapted
from Viano et al. [119].

Yet another head model (YEAHM):

The YEAHM was developed by Fernandes et al. [15]. This model di�ers from the
others mencioned above, mainly because it includes giry and sulci [15], which plays an
important role in von Mises stress maximum value, and on reducing the stress and strain
rates, especially for angular accelerations in the saggital plane. The YEAHM also takes
into account the relative motion between the skull and brain, unlike many of the head
models developed. This relative motion is determinant, since may lead to head injuries
by damaging brain's surface and stretch or even tear bridging veins.

The geometry of this model was developed based on medical images, computed tomog-
raphy (CT) was used to generate the skull, while Magnetic resonance imaging (MRI) was
used to model the brain [178]. Figure 2.20, shows the modeling process of the YEAHM.
The �rst step, was to obtain the STL model through the medical images, then the STL
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meshes were imported into a CAD software, in order to create the 3D solid models of
the skull, brain and CSF. The last step, was to import the 3D solid models into a �nite
element software.

Figure 2.20: YEAHM modeling process.

The YEAHM model is composed by the skull, brain and CSF, as shown in Figure
2.21. The brain has all the important sections: frontal, parietal, temporal and occipital
lobes, cerebrum, cerebellum, corpus callosum, thalamus, midbrain and brainstem. The
CSF represents all the area between the skull and brain, due to the fact that MRI images
did not have enough resolution to separate the membranes and bridging veins from the
cerebrospinal �uid [15].

Figure 2.21: YEAHM sections, consisting of skull, CSF and brain.

Material de�nition is probably the most important part on a �nite element model,
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because the accuracy of the model is highly related to the mechanical properties of the
material. To model the brain, the Ogden hyperelastic model was used to describe the
non-linear elasticty, and a viscoelastic model to describe the time-dependent behaviour
[15]. In Table 2.15, are shown the values used to model the brain. The CSF was modeled
as a hyperelastic material, using the Mooney-Rivlin strain energy density function, and
as solid with low shear modulus, the values used are shown in Table 2.16. Another
possibility was to assume the CSF a �uid, however according to Fernandes et al. [15], the
computacional power needed was to excessive. Finally, the skull was modeled assuming
a linear elastic and isotropic behaviour, the parameters can be seen in Table 2.17.

Table 2.15: Properties used to model the brain in YEAHM.

ρ[kg/m3] µ1[MPa] α1 D1[MPa−1] g1 g2 τ1[s] τ2[s]

1040 0.012 5.0507 0.04 0.5837 0.2387 0.02571 0.02570

Table 2.16: Properties used to model the CSF in YEAHM.

ρ[kg/m3] C10[MPa] C01[MPa] D1[MPa−1]

1000 0.9 1 0.9

Table 2.17: Properties used to model the skull in YEAHM.

ρ[kg/m3] E[MPa] ν

1800 6000 0.21

The authors of the YEAHM model, decided to use C3D10M elements to mesh all
the diferent components of the head (skull, CSF and brain). Given the complexity of
the model geometry, the hexaedral elements were quickly excluded, mesh generation
would have been extremely di�cult. The other option, was to use the standard linear
tetrahedral element (C3D4), however this element exhibits volumetric locking in case of
almost incompressible materials, fact that was detected during the simulations [15]. For
all the reasons mencioned above, C3D10M was used, this element is reported to exhibit
almost no shear and volumetric locking and is robust during �nite deformation [15].

As said before, many of the models already developed have tied connections between
the skull and brain, which is not bio�delic. The YEAHM model, in order to allow motion
between the brain and skull, uses �nite sliding formulation and kinematic contact method,
with a friction coe�cient for tangential behaviour of 0.2, between the skull and CSF and
between the CSF and brain, as proposed by Miller et al. [179].
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Chapter 3

Bridging veins material and

geometric modeling

3.1 Finite element analysis (FEA)

Finite element simulation of head impacts is generally treated as dynamic nonlinear
problem. What dictates if a FEA is linear or nonlinear is the change of the sti�ness
matrix with time. For linear problems the sti�ness matrix remains constant, whereas in
nonlinear problems the sti�ness matrix depends on the displacements, changing in each
increment [180]. In the case of linear systems modal analysis is used, being based on the
eigenmodes method, while in the case of nonlinear systems direct integration methods
are used [181].

There are two main integration methods, the implicit formulation and the explicit
formulation. The explicit scheme obtains the solution at time t + ∆t based entirely on
the values at time t. On the other hand, the implicit scheme obtains the values of the
variables at time t+ ∆t not only based on the values of the variables at time t but also
on the values at t + ∆t [181]. Both integration methods are incremental, however the
implicit scheme has the need to use an iterative process, such as Newton-Raphson, to get
to the solution. The use of an iterative process makes the implicit method spend more
computacional resources than the explicit method, however the explicit scheme because
it is conditionally stable leads to the need for smaller time increments, opposed to the
implicit method that allows the use of higher time increments, which can lead to longer
simulations. Nevertheless, implicit scheme calculates the global matrices of the complete
system at each step, requiring more disk space and memory [180].

Thus, in conclusion the implicit method is more appropriate for static or low frequency
problems while the explicit method is better for high speed impacts with short duration,
which is the case for this work. Throughout this work is used the Explicit version of the
FE package ABAQUS.

3.2 Material model

As described in Chapter 2, State-of-the-art review, bridging veins are considered to be
nonlinear, anisotropic and prone to rupture. Biological tissue is often modeled using the
hyperelastic constitutive model. However, due to its computacional simplicity, elastic-
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plastic theory is still widely used to mechanically characterize biological tissue. For the
reasons mencioned above, the elastic-plastic constitutive model is the one that is going
to be used in this work, to describe the BVs.

3.2.1 Elastoplastic material

Elastic-plastic theory is simpler to characterize the BVs than hyperelastic theory, fewer
parameters are required. Figure 3.1, shows a representation of a typical stress-strain
curve for the elastoplastic material, that can be divided into three fases. The initial
fase, is characterized by a toe region followed by a linear segment, which describes the
elastic behaviour. The second fase, which describes the plastic regime, begins after the
yield point ending when the rupture point is reached, starting the third fase where the
bridging veins tear.

Figure 3.1: Typical stress-strain curve for a elastoplastic material. Adapted from Monea
et al. [1].

In order to de�ne the �rst part of the stress-strain curve, two parameters are neces-
sary, the Young's modulus (E ) and the Poisson's ratio (ν). The Young's modulus was
chosen based on Table 2.3 of chapter 2, value reported by Monea et al. [1] after experi-
ments conducted in human BVs. The value of the Poisson's ratio should be 0.5, because
biological tissue can be considered an incompressible material. However, ABAQUS does
not accept this value to avoid divisons by zero in sti�ness matrix, for this reasons the
value chosen was 0.45. Both, Young's modulus and Poisson's ratio can be seen in Table
3.1.

Table 3.1: Mechanical properties for the elastic regime.

Young's modulus [MPa] Poisson's ratio

25.72 0.45
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To de�ne the plastic regime a stress-strain curve was chosen, from where the values of
the stress and strain were collected. According to Monea et al. [1], the tear stress of the
BVs is 4.19±2.37 (MPa), and the tear strain is 29.82±13.26 (%), as can be seen in Table
2.3. The curve that best met the requirementes mencioned above is the one pointed by
the blue arrow in Figure 3.2, which was result of a mechanical stretch with a strain rate
of 135.86 s−1 and an elongation velocity of 1358.55 mm/s. Using an online software [182],
points of the curve were selected and then collected. Figure 3.3 shows in more detail the
curve selected to use as experimental input in the material model validation.

Figure 3.2: Stress-strain curves from experimental tests for di�erent strain rates (A) and
for low strain rates (B). Adapted from Monea et al. [1].

Figure 3.3: Experimental stress-strain curve used as experimental input for the material
model validation.

José Miguel Clemente Costa Dissertação de Mestrado/Master Thesis



40 3. Bridging veins material and geometric modeling

In order to de�ne the rupture point, from which the elements that exceed this value
are eliminated during the simulation, it was necessary to implement a damage criterion.
The chosen criterion was the ductile damage. This criterion is a phenomenological model
that assumes that the equivalent strain (εplD) at the onset of damage is a function of the

stress triaxiality (η) and strain rate (ε̇
pl
). The stress triaxiality is given by the following

equation:
η = −p/q (3.1)

where, p is the pressure stress and q the Mises equivalent stress.

The damage criterion is initiated when the following condition is satis�ed:

ωD =

∫
dεpl

ε
pl
D(η, ε̇

pl
)

= 1 (3.2)

where, ωD is a state variable that increases with the plastic deformation.

During the analysis each increment is given by the following condition:

∆ωD =
∆εpl

ε
pl
D(η, ε̇

pl
)
≥ 0 (3.3)

The values of the four parameters necessary to de�ne this criterion: fracture strain,
strain rate, stress triaxiality and the displacement at failure are shown in Table 3.2. After
the implementation of the damage criterion is expected that when the stress-strain curve
of the element reaches the tear point the stress levels decrease, until get to zero.

Figure 3.4, shows the triaxiality curve reported by Migueis [14], the curve starts from
the resting state and then increases until it stabilizes at the value of 0.33, increasing
again after a while. This last increase happens when the material reaches the plastic
regime. Thus, the value chosen for the triaxiality was 0.33.

Theoretically, the damage evolution parameter should be as close to zero as possible.
Migueis [14], reported that a value of 0.05 is the one that best represents the mechanical
behaviour of the bridging veins. For this reason, the value used for the damage evolution
in this work, in order to validate the material model, was 0.05.

Table 3.2: Values used to de�ne the damage evolution model.

Fracture strain Stress triaxiality Strain rate (s−1) Displacement at fracture

0.31875 0.33 135.86 0.05
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Figure 3.4: Triaxiality curve. Adapted from Migueis [14].

3.2.2 Material model validation

To validate the bridging veins material model, the mechanical test performed in Monea
et al. [1] was recreated in Abaqus. To carry out this mechanical test they used a dynamic
mechanical test machine (Figure 3.5 A), where they streched axially 110 BVs by applying
a uniaxial displacement at various constant velocities between 254.02 mm/s and 2015.74
mm/s, and constant strain rate varying between 10.81 s−1 and 198.56 s−1. The curves
associated with each velocity and strain rate can be seen in Figure 3.2. It is important
to mention that they used two laparoscopic surgical clamps, as shown in (Figure 3.5 B),
to facilitate the �xation of the BVs to the test bench, reducing problems associated with
slippage of the BVs [1]. To simulate the mechanical test, two approaches were used, one
was to model the vein with solid elements and the other with shell elements. In both of
them, the bridging vein was simpli�ed to a cylindrical shape, with an outter diamter of 1.4
mm and thickness of 0.044 mm. However for the solid element the thickness was de�ned
in the sketch, whereas in shell was de�ned at the section tab in the thickness parameter.
Nevertheless, both were simulated with dynamic explicit analysis. After modeling the
geometry, it was necessary to de�ne the material, four conditions were used: density, to
which the value given was 1130 kg/m3, elastic regime, where two values were de�ned and
can be seen in Table 3.1, plastic regime, de�ned by the curve shown in Figure 3.3, and
the ductile damage criterion, being the values set according to Table 3.2. The next step
was to de�ne the boundary conditions, a velocity of 1358.55 mm/s was assigned to one
end of the bridging vein, while the other end was �xed using the encastre BC. Finally,
the mesh was assigned for the two approaches, being each one simulated with hexahedral
and tetrahedral elements, in order to choose which element works best.
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Figure 3.5: (A) Dynamic mechanical test machine used by Monea to carry out the
uniaxial tensile tests on the BVs. (B) Close-up of a BV �xed with two laparoscopic
surgical clamps. Adapted from Monea et al. [1].

Solid elements

The �rst step, as said before, it was to simulate with solid elements the mechanical
test on the bridging vein. Figure 3.6, shows the stress-strain curves for the experimental
test carried out by Monea et al. [1] and for the di�erent types of solid elements.

The C3D4, a 4 node linear tetrahedron, had an unsatisfactory result since the tear
strain was higher than expected, giving the material a similar behaviour to ductile ma-
terials such as steel and aluminum. The C3D10M, a 10 node modi�ed second-order
tetrahedron, had the same problem of the C3D4 element, but in addition the tear stress
value also increased. Besides that the C3D10M element also increases the simulation
time. The only element that had satisfactory results was the C3D8, a 8 node linear
brick, however even this element was not perfect, due to the fact that the rupture point
was a little bit below than expected, having a rupture strain of 0.2856. Figure 3.7, shows
the initial and �nal state of the simulation with the C3D8 element.

Nevertheless, further in this work, it will be seen that the full geometry of the bridg-
ing veins and superior sagittal sinus has a very complex shape, which will make it almost
impossible to use solid elements, being chosen another approach.

Shell elements

After the simulation with solid elements, were carried out simulations with three shell
elements supported by the Abaqus explicit library. The three shell elements used were:
the S4, a 4 node square, the S4R, a 4 node square with reduced integration and hourglass
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control, and the S3R, a 3 node triangular element with reduced integration. By looking
at the Figure 3.9, it can be seen that all three elements reproduced very accurately the
stress-strain curve reported by Monea et al. [1]. After all the results being analysed, the
element chosen to be used in the full model of the bridging veins and superior sagittal
sinus, was the S4R. Using the S4R element will avoid problems like shear locking, which
tends to a�ect fully integrated elements making them overly sti� in bending, and increase
computacional e�ciency, decreasing the simulation time. However reduced integration
elements may su�er from hourglassing problems, which tends to make the element ex-
cessively �exible, nevertheless this problem can be solved by toggle on the hourglassing
control option and by using �ner meshes. Figure 3.8, shows the initial and �nal state of
the simulation using the element S4R.

Figure 3.6: Experimental and simulated stress-strain curves for the bridging vein modeled
with solid elements.

Figure 3.7: Illustration of the simulation of the mechanical test performed on the bridig-
ing vein using the C3D8 element, on the left side is the initial state and on the right the
�nal state.
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Figure 3.8: Illustration of the simulation of the mechanical test performed on the bridig-
ing vein using the S4R element, on the left side is the initial state and on the right the
�nal state.

Figure 3.9: Experimental and simulated stress-strain curves for the vein modeled with
shell elements.

3.3 Geometric model

The geometry of the model that is going to be used further in this work is an adaptation
of the model developed by Migueis [14], which is composed of bridging veins, superior
sagittal sinus, straight sinus and transverse sinus (right and left). The bridging veins
were modeled with an outer diameter of 1.4 mm, the superior sagittal sinus with 6 mm,
and the transverse and straight sinus with a diamter of 4 mm. All the dimensions used
were based in the state-of-the-arte review, more speci�cally on the studies developed
by Monea et al. [1], as can be seen in Table 2.2. The number of pairs of BVs used in
this model was nine, which is in accordance with the values reported by several authors,
stating the existence of eight to twelve pairs of bridging veins.
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However, the CAD model developed by Migueis had two main problems. First, he
modeled the bridging veins, SSS, transverse and straight sinus, considering a �lled solid,
as can be seen in Figure 3.10. The second problem, was that he considered the joint
between the BVs and SSS totally perpendicular, having an angle of 90°, as shown in
Figure 3.11, which may lead to stress concentration problems.

In order to solve this problems, the CAD developed by Migueis [14] was improved
using the software SolidWorks 2017. In the �rst place, to improve the model, it was
used a tool in the Surface tab named O�set Surface, which creates a shell with the same
geometry as the original model. Figure 3.12, shows the new improved model with tubular
shape veins. Then, the problem of perpendicularity between the BVs and the superior
sagittal sinus was tackled. It was used a tool named �llet, as can be seen in Figure 3.13,
in order to smooth the intersection.

Figure 3.10: Images of the di�erent parts of the model with �lled solid geometry devel-
oped by Migueis [14].

Figure 3.11: Con�uence between the BVs and SSS in the model developed by Migueis
[14].

José Miguel Clemente Costa Dissertação de Mestrado/Master Thesis



46 3. Bridging veins material and geometric modeling

Figure 3.12: Images of the di�erent parts of the improved model.

Figure 3.13: Con�uence between the BVs and SSS in the improved model [14].

3.3.1 The impact of the �llet in the SSS-BV intersection

To study the impact of the �llet in the intersection between the superior sagittal sinus
and the bridging veins, simulations were carried out, that reproduce the elongation of
a bridging vein, using di�erent sizes of �llets, and then by analysing the results try to
understand how important is the use of the �llet and what size is the best. Due to the
fact that the region of study was the intersection between only one bridging vein and the
SSS, it was not necessary to use the full model in the simulations, instead it was used
the model shown in Figure 3.14.

In order to carry out the simulations, �rst it was necessary to de�ne the material
properties, which were the same used before in the material model validation. Then, the
boundary conditions were de�ned, an encastre on the SSS, and an elongation velocity
of 1358.55 mm/s on the edge of the BV (Figure 3.15). Finally, the mesh was set using
the S4R �nite element. The reasons behind this choice were the same explained in the
material model validation section.
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Figure 3.14: SSS-BV models, without �llet (a) and with �llet (b), used in the simulations
to study the impact of the �llet.

Figure 3.15: Boundary conditions used to simulate the impact of the �llets in the inter-
section between the BV and SSS.

To study the impact of the �llet in the SSS-BV intersection were used nine di�erent
con�gurations, one without �llet and eigth with �llet ranging from size 0.3 to 3 mm. For
each case, �ve parameters were evaluated. First, as shown in Table 3.3, the regions where
the maximum stress, maximum strain and rupture occured were reported. Then, for each
case, was studied the mechanical behaviour of the material in the SSS-BV intersection
and in the BV. For that the stress-strain curves were used, as can be seen in Figures
3.16, 3.17 and 3.18. It is important to mention that each �gure has two curves, (a)
corresponding to the SSS-BV intersection and (b) corresponding to the BV. Also, on
the �gure's label, each �llet is represented by its size multiplied by 1000 (example: 300
corresponds to 0.3 mm).
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Analysing the results, two questions were asked: "which stress-strain curves were
more accurate in comparison with the experimental one?" and "which case had the max
stress, max strain and rupture in the same region?". The �llet that best simulated the
experimental stress-strain curve, both in the intersection and in the BV, was the �llet of
size 1.5 mm. Besides that, looking at the Table 3.3, it can be seen that for the �llet of
size 1.5 mm all the three parameters took place in the same area.

The importance of adding �llets in the SSS-BV intersection was to reduce stress
concentrations, that may appear later on the full model validation. As can be seen in
Figures A.1-A.9, as the �llet size increases to 0.75 mm the stress increases in the SSS-BV
intersection, only for �llet with size equal or bigger than 1 mm the stress decreases in the
intersection and increases in the BV. Figure 3.19, shows the rupture in the simulation
without �llet and with �llet of size 1.5 mm. As expected, for the case without �llet the
rupture happens in the intersection, while for the case with �llet of 1.5 mm happens in
the BV.

Finally, for all the reasons mencioned above the �llet size chosen was 1.5 mm, which
was implemented on the full SSS+BV 3D CAD model shown in Figure 3.20.

Table 3.3: Region where the rupture and the maximum value of stress and strain occured
for each �llet size. Int - intersection, BV - bridging vein.

No Fillet
Fillet
0.3 mm

Fillet
0.45 mm

Fillet
0.6 mm

Fillet
0.75 mm

Fillet
1 mm

Fillet
1.5 mm

Fillet
2 mm

Fillet
3 mm

Max Stress Int Int Int Int Int Int BV BV BV

Max Strain Int Int Int BV BV Int BV BV BV

Region of rupture Int Int BV BV BV BV BV BV BV

Figure 3.16: Comparasion between the experimental and simulated stress-strain curves,
(a) in the BV and (b) in the SSS-BV intersection, for the case without �llet and the
cases with �llet of size 0.3 and 0.45 mm.
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Figure 3.17: Comparasion between the experimental and simulated stress-strain curves,
(a) in the BV and (b) in the SSS-BV intersection, for the cases with �llet of size 0.6, 0.75
and 1 mm.

Figure 3.18: Comparasion between the experimental and simulated stress-strain curves,
(a) in the BV and (b) in the SSS-BV intersection, for the cases with �llet of size 1.5, 2
and 3 mm.

Figure 3.19: Region where the rupture occurred for the simulation (a) without �llet and
(b) with �llet of size 1.5 mm.
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Figure 3.20: SSS+BVs 3D CAD model.
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Chapter 4

Bridging veins FE model

4.1 Depreitere's experiment

In order to validate the �nite element model of the bridging veins, the experimental tests
conducted by Depreitere and his colleagues [12] were simulated using the Explicit version
of the FE package ABAQUS. During the experiments, Depreitere and his colleagues
submitted the heads of 10 human cadavers, with mean age of 79.2 years, to impacts in
the occipital area using a pendulum, and then checked if there was any BV rupture. The
human cadavers were placed in an upright position in front of the pendulum with the
back of the head facing it, as shown in Figure 4.1 (b). The head of the cadavers were held
in position by a string attached to the nose in order to not in�uence the head kinematics.

The impactor used was a steel block that was attached to the end of the pendulum.
To change the impact conditions, the mass of the impactor or the angle of release of the
pendulum were varied.

After each impact, using a �uoroscope, they searched for a bridging vein rupture by
injecting a �uid into the veins and then search for leaks. If no rupture was found, the
cadaver was used for a second impact.

To collect the data from the impacts, three uniaxial accelerometers were �xed on the
left side of the head, near to the ear, as shown in Figure 4.1 (a). The accelerometer in
the middle was used to measure the linear acceleration, that was used to estimate the
tangential acceleration of the head's centre of mass, while the combination of the three
was used to obtain the mean rotational acceleration.

The acceleration curves collected by Depreitere and his colleagues are the ones that
are going to be used as inputs to validate the model developed in this work. However,
from the 18 impacts, only 12 have enough information to be used in the simulations.
Even in these 12 cases, only the rotational acceleration curves are fully known. The
linear acceleration curve is only reported for the case 2 and can be seen in Figure 4.2,
while all the others had to be manipulated based on that one. Nevertheless, Depreitere
and his colleagues state that the linear acceleration signals showed a typical pattern,
which means that for all the cases, the curves have a similar shape, varying the peak
and pulse duration [183]. Figures B.1 and B.2 show the linear acceleration curves for all
the 12 cases created based on the case 2 curve, whereas Figures B.3 and B.4 show the
rotational acceleration curves reported in Cui et al. [184]. Table 4.1 shows the di�erent
parameters for each one of the 12 cases. Each case is identi�ed with a number, from
1 to 12, by the impact order, which is 1 if it was the �rst impact or 2 if it was the
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second impact to the head, a peak rotational acceleration, a pulse duration from the
linear acceleration curve, a peak tangential acceleration, and the side of the BV rupture.

Figure 4.1: Illustration of the experimental tests conducted by Depreitere and his col-
leagues, (a) position of the three uniaxial accelerometers on the head, (b) position of the
human cadaver relative to the set pendulum-impactor. Adapted from Depreitere et al.
[183].

Figure 4.2: Linear acceleration curve for case 2. Adapted from Cui et al. [184].
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Table 4.1: Summary of the parameters for the 12 impact experiments conducted by
Depreitere and his colleagues. Adapted from Cui et al. [184].

Case no.
Impact
order

Peak rotational
acceleration
(rad/s2)

Pulse duration
(ms)

Peak tangential
acceleration of

the head's center of mass
(m/s2)

Bridging vein
rupture (side)

1 2 26262 5.2 4522 Rupture (left)
2 1 7312 4.5 2161 No rupture
3 2 7975 5.3 2021 No rupture
4 1 12867 15.4 1522 Rupture (right)
5 1 4950 10.4 1887 No rupture
6 1 6244 11.9 2329 No rupture
7 2 6056 10.5 1678 No rupture
8 1 15156 12 3676 No rupture
9 2 9708 12.6 2112 Rupture (right)
10 1 2454 10.2 1352 No rupture
11 1 3044 5.5 2041 No rupture
12 1 19572 7.7 2354 Rupture (right)

4.2 Finite element model de�nitions

In order to validate the bridging veins �nite element model using ABAQUS, before run-
ning the simulations, several steps were necessary to develop the model. First the 3D
CAD model of the SSS+BVs was imported from Solidworks to ABAQUS. Then, it was
followed the same procedure as in Chapter 3, regarding the material model validation.
A shell section with thickness of 0.044 mm was created and the material properties, ac-
cording to the mechanical behaviour reported in the state-of-the-art and validated on
Chapter 3, were assigned to the section. After that the SSS+BVs model was assembled
on the YEAHM as shown in Figure 4.3, where it is also possible to see the nine pairs
of bridging veins numbered. However, the right BV of pair 1 and the two BVs of pair 9
are not considered in the simulations since they are excessively small, which would led
to false positive because a small displacement would rupture the BV.

The SSS+BVs model was meshed with S4R element, following the conclusions drawn
from Chapter 3. However, due to the complex geometry of the SSS+BVs model it was
necessary to use a "Quad-dominated" mesh, which means that a small part of the mesh
elements are triangular. Nevertheless, as reported in Chapter 3 the S3R element also
worked well alongside with the S4R element. The mesh has a total of 42359 elements,
being 97.27% S4R and 2.73% S3R.

To simulate the interface between the di�erent parts of the head, the contact interac-
tion used was the same de�ned in the model developed by Migueis [14], a general contact
"all with self" with a friction coe�cient of 0.2. Also to simulate the stretch of the BVs
due to the relative movement between the skull and the brain it was necessary to de�ne
tie constraints. A tie constraint �xes two surfaces together, which means that makes
both linear and rotational motions equal for a pair of surfaces [181].

To recreate the experimental tests conducted by Depreitere and his colleagues, since
the linear and rotational accelerations were measured as explained before, there is no
need to model the impactor. Instead, the accelerations measured by Depreitere and his
colleagues are applied on a node on the left side of the skull, as shown in Figure 4.4
(a), corresponding to the point where the accelerometers were positioned. The linear
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acceleration was applied in the x axis direction while the rotational acceleration was
applied around the y axis, as explained in Figure 4.4 (b).

Figure 4.3: Assembly of the SSS+BVs model on the brain.

Figure 4.4: (a) Frontal view of the skull with the point where the linear and rotational
acceleration were applied (b) Cutaway sagittal view of the skull, showing the axis of
reference with the direction of the linear acceleration (a) and the rotational acceleration
(α).

After all the de�nitions have been established, the SSS+BVs �nite element model
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was ready to be validated. The �rst case simulated was the case 2 since it is the only
one that has the two original acceleration curves as explained before, being the reference
case to analyze the model behaviour. After analysing the simulation results, it was clear
that some things were not right. Besides the fact that existed multiple ruptures on the
bridging veins, which was not supposed to happen in this case, the model showed strange
behaviours. First, the bridging veins �attened, losing a signi�cant amount of volume as
can be seen in Figure 4.5. The second problem was that the SSS and BVs were being
deformed by the CSF resulting in ruptures, what was not supposed to happen. Figure
4.6 shows on the left the interaction between the SSS and the CSF and on the rigth the
missing elements of the SSS. Last but not least, the SSS was moving away too much from
the brain as shown in Figure 4.7, this movement besides not being realistic will led to
false results, since the frontal BVs will easily tear due to the SSS excessive displacement.

Figure 4.5: Example of the lost of volume in two di�erent bridging veins.

Figure 4.6: Example of a rupture in the SSS due to the interaction between the SSS and
the CSF.
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Figure 4.7: Excessive movement of the SSS relative to the brain.

The three main problems explained above had to be solved. To solve these issues
several changes had to be made in the de�nitions of the SSS+BVs �nite element model,
which are explained below, step-by-step.

1st Problem - BVs loss of volume

As explained before and shown in Figure 4.5 the bridging veins �attened, losing
volume. To solve this problem it was necessary to implement some condition to prevent
the BVs to become �at. The best option was to add a �uid that simulates the blood, with
the same mechanical properties, and most importantly, to pressurize the vessel in a similar
manner to blood pressure in the bridging veins. The easiest way to model the blood was
to use an interaction named �uid cavity. This interaction besides being easy to de�ne is
a very cost-e�ective alternative to simulate pressurized �uid-�lled vessels in comparison
with other numerical solutions to model �uids. However, the �uid cavity interaction
requires the model to be a closed surface, otherwise it will abort the simulation. For this
reason the damage model used in chapter 3 to eliminate the elements that exceeded the
rupture strain was suppressed. From now on, the plastic strain (PE) value is monitored
to determine failure, which means that if the strain is higher than 0.31875, there is a
rupture.

To de�ne the �uid cavity interaction it was necessary to set three parameters, the
�uid density, the �uid bulk modulus (K ), and the �uid pressure, which are presented
in Table 4.2. It is important to mention that no report was found on the blood bulk
modulus, so the value used of 2.66 GPa is from the white blood cells.

The blood pressure varies depending on the phases of the cardiac cycle. When the
heart is contracting, it is in the so-called systolic phase, which is characterized by a higher
pressure. On the other hand, if the heart is relaxed, it is in the diastolic phase, where
the pressure is lower. Since the superior sagittal sinus and bridging veins are venous
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blood vessels, they carry venous blood into the heart when it is relaxed, so the diastolic
blood pressure was used. In a healthy person the diastolic pressure should not exceed 80
mmHg which is equivalent to 10.66 KPa.

Table 4.2: Blood mechanical properties used to de�ne the �uid cavity interaction.

Value Reference

Density [kg/m3] 1060 [185]
Bulk modulus [GPa] 2.66 [186]
Pressure [KPa] 10.66 [187]

2nd Problem - Interaction between the SSS+BVs and the CSF

As explained before and shown in Figure 4.6, the CSF was deforming the SSS and the
BVs, what was not supposed to happen. This problem was being created by the contact
interation de�ned by Migueis [14] in the previous model. As said before he used a general
contact "all with self", which means that all the parts of the model interact with each
other. To solve this problem the general contact continued to be used, however instead of
use the "all with self" option was used the surface pairs option. With this option we are
able to choose what parts of the model are interacting. Table 4.3 shows the surface pairs
and respective friction coe�cient used to de�ne the general contact interaction. Since
the surface pair SSS+BVs/CSF was excluded there will be no interaction between these
two parts, this way the CSF will not deform neither the SSS nor the BVs.

Table 4.3: Surface pairs and respective friction coe�cient used to de�ne the general
contact interaction.

First
surface

Second
surface

Friction
coe�cient

Skull SSS+BVs 0.05
Skull CSF 0.2
CSF Brain 0.2
Brain SSS+BVs 0.2

3rd Problem - SSS excessive movement

The third problem associated with the inital de�nitions of the �nite element model
was that the SSS was moving away from the brain too much as shown in Figure 4.7,
leading to unrealistic ruptures in the frontal bridging veins. To solve this problem the
tie de�ned between the SSS and skull had to be changed. The software ABAQUS has a
result output that shows what elements are tied or not tied. As can be seen in Figure
4.8 the SSS was all tied to the skull, this causes the front part of the SSS to move away
from the brain too much, as shown in Figure 4.7. To control this movement the tie was
shortened as can be seen in Figure 4.9. Now the front part of the SSS is red which means
that is not tied to the skull, this way the front part will not follow the skull thereby
controlling the movement of the SSS.
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Figure 4.8: Initial tie between the skull and the SSS.

Figure 4.9: Improved tie between the skull and the SSS.

Once the changes were made, the case 2 was simulated again, to try to understand by
comparing with the previous results if the changes had a positive outcome. Figure 4.10
shows the same two bridging veins shown in Figure 4.5 after the �uid cavity interaction
has been implemented. It is clear that the bridging veins no longer lost volume.

As said before, because of the �uid cavity interaction, the damage model had to be
supressed, so if an element exceeds the rupture strain, it is no longer eliminated. The
strain value is used to determine if the elements ruptured. By looking at Figure 4.11 it
can be see that unlike what happens in Figure 4.6 the SSS has no elements with the strain
value higher than 0.31875, which means the interaction problem between the SSS+BVs
and the CSF was successfully solved.

Last but not least, Figure 4.12 shows that the SSS is no longer excessively moving
away from the brain in comparison to what happened before the tie was changed. This
way, the SSS displacement is much more controlled, helping to prevent false ruptures of
the frontal bridging veins.
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Figure 4.10: Bridging veins after the loss of volume has been solved.

Figure 4.11: SSS deformation after the interaction problem between the SSS+BVs and
the CSF has been solved.

Figure 4.12: Positioning of the SSS relative to the brain after the excessive displacement
of the SSS problem has been solved.
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4.3 Validation of the bridging veins FE model

The de�nitions and conditions used by Migueis [14] to set the bridging veins FE model
and simulate the Depreitere's experiments were assigned to the new model developed in
this work. As explained before those de�nitions presented several issues. First the CSF
was deforming and in some cases tearing the SSS and the BVs due to the general contact
"all with self" de�nition, which assumes that all the parts of the model interact between
each other. Then the SSS was moving too far from the brain leading to unrealistic
ruptures on the frontal BVs. Lastly, since the model geometry was changed from a �lled
solid body to a tubular shape with thickness, instead of using solid elements had to be
used shell elements. The use of shell elements brought new problems because the BVs
were losing volume, becoming �at. Nevertheless all the issues were solved as explained
before leaving the model ready to be validated.

To validate the model, the 12 cases from the Depreitere's experiments shown in Table
4.1 were simulated. Some studies that work on the success rate of FE models to predict
ASDH such as the one developed by Cui et al. [184] use all 12 cases. However from
those 12 cases, four are second impacts. For this reason, more recent studies such as the
one developed by Kapeliotis et al. [27] uses only 8 cases, since they claim the applied
damage from the �rst impact cannot be accounted for. Table 4.4 shows the success rate
values for the Cui et al. [184] study and for the Kapeliotis et al. [27] study, as well as the
number of false negatives and false positives. It is important to mention that the false
negatives are less desirable from a head protection point of view. However, in this work,
three methods of success rate calculation are presented, using 8, 10 and 12 cases. The
reason for the use of 10 cases to calculate the success rate is that even though 4 cases are
second impacts, two of those four are non-ruptures. If it was a second impact and yet
no rupture was detected, logically if it was the �rst impact there would be no rupture
either. The same cannot be stated for the other two cases, since it is not clear if they
were �rst impacts would rupture or not for the same impact conditions. That said, the
use of 10 cases to calculate the success rate seems the best option. Nevertheless, in order
to compare the results against those in the literature the success rates based on the use
of 8 and 12 cases were also computed.

Table 4.4: Success rate for two di�erent studies.

Number
of cases used

Success rate (%) False negatives False positives Reference

8 87.5 1 0 [27]

12 75 3 0 [184]

The 12 cases were simulated multiple times to re�ne the tie contrains of each bridging
vein in order to validate the model as accurate as possible. Figure 4.13 shows in green
the �nal BVs and transverse sinuses ties to the brain. Each vein is identi�ed with the
number of the pair to which it belongs, as well as the side on which it is located. The
same reasoning was applied to the transverse sinues.
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Figure 4.13: Elements of the bridging veins and transverse sinuses tied to the brain. L -
left, R - right, TS - transverse sinuses.

The comparison between the Depreitere's experiments and the simulations using the
YEAHM together with the bridging veins FE model is shown in Table 4.5. It is also
reported the maximum plastic strain (PE) at the end of the simulation. Table 4.6 shows
the success rates for the di�erent number of cases used in this work in order to validate
the bridging veins FE model, as well as the number of false negatives and false positives.

Figures 4.14, 4.15, 4.16 and 4.17 show cases 1, 4, 8 and 12 where ruptures occurred,
which are highlighted with red circles. Figures 4.18 and 4.19 show the critical element
for the cases 6 and 11, where the plastic strain (PE) exceeded the threshold of 0.31875.
Although in these two cases the BVs did not rupture, as shown in Figures C.7 and
C.8, there was an element that due to its poor quality exceeded the rupture strain.
Nevertheless, this element is excluded from the bridging vein rupture analysis since it is
not relevant. Figures C.1-C.6 show the simulation results for the cases without rupture
and global strain value lower than 0.31875. It is also important to mention that in all
the �gures, it is reported the number of the BV pair.
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Table 4.5: Comparison between the results of the Depreitere's experiments and the sim-
ulations with the bridging veins FE model. R - rupture, NR - no rupture, FN - false
negative, FP - false positive.

Case no.
Depreitere's
Experiment

Bridging veins
FE model

Max strain Observations

1 R R 2.378 -
2 NR NR 0.2887 -
3 NR NR 0.2911 -
4 R R 2.443 -
5 NR NR 0.2824 -
6 NR NR 1.872 -
7 NR NR 0.2778 -
8 NR R 1.799 FP
9 R NR 0.2844 FN
10 NR NR 0.26 -
11 NR NR 0.4535 -
12 R R 3.105 -

Table 4.6: Success rates obtained in this study for the di�erent number of cases used.

Number
of cases used

Success rate (%) False negative False positive

8 87.5 0 1
10 90 0 1
12 83.3 1 1

Figure 4.14: Maximum PE of the ruptured bridging veins for the case 1.
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Figure 4.15: Maximum PE of the ruptured bridging veins for the case 4.

Figure 4.16: Maximum PE of the ruptured bridging veins for the case 8.

Figure 4.17: Maximum PE of the ruptured bridging veins for the case 12.
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Figure 4.18: Maximum PE of the critical element for the case 6.

Figure 4.19: Maximum PE of the critical element for the case 11.

4.4 Discussion

The ultimate goal is to reach a bridging veins representation in FE head models that
allows to predict BVs ruptures with 100% success rate in comparison with the Depreitere's
experiments. Once the model has 100% success rate, it can be used in the reconstruction
of injurious events by predicting ASDH, helping in the development of protective head
gear as a design tool.

In this study, the goal was to develop a 3D bridging veins FE model with a high
success rate on the prediction of BVs rupture, which would be a huge step in the FE
head models �eld since to the author knowledge would be the �rst 3D bridging veins
FE model with tubular shape, that also takes in consideration the blood pressure, to be
developed and validated.

As said before the 12 cases from the Depreitere's experiments shown in Table 4.1 were
simulated. The success rate consists on how many successful predictions the model can
obtain, being 12 the maximum. As explained before there are several ways to calculate
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the success rate, depending on how many cases are used. Some authors use all the 12
cases while others only use 8 cases, however for the reasons already explained the use of
10 cases seems to be the most logical. Nevertheless, for comparison purposes the success
rate was calculated for the three methods, as can be seen in Table 4.6.

After analysing the simulation results it was clear that each case had to be analyzed
individually, since for some cases the maximum strain value at the end of the simulation
was not enough to dictate whether or not there was rupture in the BVs. In cases 6 and
11 even though the strain value at the end of the simulation was higher than the rupture
strain, no rupture was detected in the BVs as can be seen in Figures C.7 and C.8. For
these two cases the high strain value was created by an element with poor quality on the
con�uence of sinuses, as shown in Figures 4.18 and 4.19. However, for the analysis of the
BVs rupture, the strain value in this element is irrelevant. On the other hand, for the
other �ve cases where no ruptures were detected the global strain value was always lower
than the rupture strain (0.31875), as can be seen in Figures C.1-C.6 (for those cases it
was easy to detect the absence of ruptures). For the cases 1, 4, 8 and 12 where ruptures
did occured, it is clear by looking at Figures 4.14, 4.15, 4.16 and 4.17 that the high
strain value was not due to an element with poor geometry but because of real ruptures
highlighted with red circles in the SSS-BV intersection.

Analysing Table 4.5, only two cases failed the prediction, the cases 8 and 9. Curiously
the two cases are related, since the case 9 was the second impact to the cadaver head
after the case 8 (�rst impact).

As said before the success rate is calculated based on the number of successful predic-
tions that the model can obtain. Table 4.6 shows the success rate based on the number
of cases used as well as the number of false negatives and false positives.

The success rate obtained in this work using 12 cases in comparison with the success
rate reported by Cui et al. [184] also using 12 cases is signi�cantly better. Even though
the di�erence in the number of wrong predictions is only one, being 2 for this study and
3 in Cui et al. [184], because the number of total cases is low the change on the success
rate is signi�cantly high, going from 75% to 83.3%. Besides that, it also important to
mention that in Cui et al. [184], all the wrong predictions are false negatives, whereas in
this study only one is false negative being the other one false positive. This is important
because false negatives are less desirable.

When using 8 cases the success rate obtained in this study was equal to the maximum
success rate reported by Kapeliotis et al. [27]. However for the Kapeliotis et al. [27]
study, the wrong prediction was in case 4, which means it is a false negative since in the
simulation there was no rupture in the bridging veins, contrary to what was reported
by Depreitere et al. [12]. On the contrary, in this work, the wrong prediction is a false
positive. Once again, this is a relevant improvement since from the head safety point of
view, the false negatives are less desirable.

It is also important to mention that in the cases with BVs ruptures, most occured
in the middle area of the brain, similarly to the �ndings in Depreitere et al. [12], which
states that all the ruptures occured in the rolandic and postrolandic area of the brain.
Bridging veins pairs 4, 5 and 6 are considered to be located in the middle area of the
brain. By looking at Figures 4.14-4.17, it is possible to see that from a total of 13 ruptures
only 4 were located on the BVs pair 7, which is consider to belong to the frontal area of
the brain.

In summary, it is fair to say that the bridging veins model developed in this work is
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a huge step in the state of the art of FE models, regarding bridging veins, not only for
being to the author knowledge the �rst 3D bridging veins FE model with tubular shape
to be developed, that also takes in consideration the blood pressure, but also because
presents better prediction results.

Nevertheless the improvement of the prediction success rate is not only related with
the improvement of the bridging veins FE model but also with the improvement of the
YEAHM. In the YEAHM the space between the skull and brain is consider to be the
CSF, modeled as a solid with low shear modulus. It is expected that with the add of the
three layers of meninges, dura mater, arachnoid mater and pia mater, as well as the add
of the falx cerebri, the reliability of the bridging veins FE model will increase even more.
Also, it would be important to take into account the intracranial pressure. For that, it is
necessary to model the CSF as a �uid, similar to what was done with the bridging veins
in this work.

Finally, in order to increase the con�dence level of the bridging veins FE models, more
experimental data for validation is required, because right now the results are based on
only 12 cases from the Depreitere's experiments. It would be important to collect data
from other head impact areas with di�erent acceleration directions, since it is likely the
pattern of bridging veins ruptures will change.
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Chapter 5

Conclusions and future work

5.1 Conclusions

The main goal of this work was to improve and validate the 3D bridging veins FE model
developed by Migueis [14], that later could be used to predict ASDH and consequently
help on the development of damage criteria and head protective gear.

At a �rst stage, the material and damage model were validated using both shell and
solid elements. Bridging veins are described as nonlinear, anisotropic, viscoelastic and
prone to rupture. Although biological tissue is often modeled using the hyperelastic
constitutive model, instead it was used the elastoplastic constitutive model. The reson
for this choice was that elastic-plastic theory was simpler to characterize the BVs, even
from a computacional point of view. With the material model validation it was concluded
that the shell elements were the best choice. Furthermore, it was seen that due to the
complex geometry of the SSS+BVs 3D CAD model, the shell elements were the only
viable option.

After the material model validation the 3D CAD model developed by Migueis [14]
was improved. This model presented two major problems. The �rst problem was the
modeling of SSS and bridging veins as completely solid structures (cylinders). The second
problem was the over simpli�ed intersections between the SSS and BVs (90°angles). Both
issues made the model unrealistic. The model was changed to a pipe-like structure with
the same geometry of the original body. To solve the SSS-BVs intersection problem,
uniaxial tests were simulated using several �llet sizes to analyze which one presented
better results. After the results have been analyzed, the �llet size chosen was 1.5 mm
and the model was assembled to the YEAHM.

To validate the model against the 12 cases from the Depreitere's experiments the
complete time history of the linear and rotational acceleration curves reported by De-
preitere [12] were used. However Depreitere only reported the linear acceleration curve
for the case 2, all the other linear acceleration curves had to be manipulated based on
that one and on the peak linear acceleration and pulse duration. Nevertheless, before
the validation process the FE model de�nitions had to be set. Part of the de�nitions
initially set were the same used by Migueis [14] on his model. However, these presented
several issues. The general contact "all with self" used by Migueis [14] had to be changed
to surface pairs, in order to exclude the interaction between the CSF and the SSS+BVs
model. The SSS tie constraint to the skull also had to be changed in order to control
the SSS excessive movement that consequently was tearing the frontal bridging veins.
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The use of shell elements also brougth a new problem, the bridging veins loss of volume,
becoming �at. To solve this problem, it was used an interaction named �uid cavity.
This interaction simulates the blood pressure inside the bridging veins internal walls.
However, with the add of this new interaction, the damage model had to be suppressed
because the �uid cavity interaction requires the body to be a closed surface. Without
the damage model, another solution had to be found in order to distinguish ruptures
from non-ruptures. The solution was to monitor the strain value. Once the strain value
exceeds the failure strain, it is consider a rupture.

The model validation consists on the calculation of the model prediciton success rate
and ideally obtain a value of 100%. The success rate is nothing more than the amount
of successful predictions the model can obtain out of 12 cases. However, the number of
maximum cases used to validate the model varies from author to author. Some authors
use the 12 cases while others only use 8 cases. This is mainly explained by the fact that
4 of the 12 cases are second impact, which some authors claim that the applied damage
from the �rst impact cannot be accounted for. Nevertheless in this study is presented
a new possiblity, which is to use 10 cases. From the 4 cases that are second impacts 2
of them are non-ruptures. If it was a second impact and no rupture was reported it is
logical that if it was the �rst impact no rupture would be found either.

The tie constraining of the bridging veins was an e�ort task. The 12 cases were
simulated several times in order to re�ne the BVs tie contraints to the brain in order
to obtain the highest success rate possible. The simulation results were separated for
the three di�erent possibilities of total cases used. For each case, the success rate was
calculated as well as the number of false positives and false negatives. When using 10
cases to validate the model, the success rate obtained was 90%, with only one false
positive. In comparison with the two main studies that work on the success rate of FE
models to predict ASDH due to bridging veins ruptures, the work here developed presents
better results. When comparing with the Cui et al. [184] study that uses a total of 12
cases, the success rate increases from 75% with 3 false negatives to 83.3% with only one
false negative and one false positive. When comparing with the Kapeliotis et al. [27]
study that uses a total of 8 cases, both presented only one wrong prediction. However,
in this work, the unsuccessful prediction is false positive whereas in Kapeliotis et al. [27]
is false negative. The distinction between false positive and false negative is important
because false negatives are less desirable from a head protection point of view. It is also
important to mention that from all the ruptures, more than 68% occured in the brain's
middle area. This is relevant because Depreitere and his colleagues reported that all
ruptures occured in the rolandic and postrolandic area of the brain.

In conclusion, it is fair to say that the bridging veins model developed in this work is
a huge step in this �eld, being to the author knowledge, the �rst model to be developed
that takes in consideration the blood pressure, but manly because it presents better
results.

Nevertheless, the improvement of the prediction success rate is not only related with
the improvement of the bridging veins FE model but also with the improvement of the
YEAHM. Therefore, two things can be done to improve the YEAHM, change the CSF
from solid to �uid, and add the three layers of meninges as well as the falx cerebri and
tentorium.

Finally, in order to increase the con�dence level of the bridging veins FE models more
experimental data is required for validation, because right now, the results are based
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only in the 12 cases from the Depreitere's experiments. It would be important to collect
experimental data for di�erent directions of the acceleration vectors and for di�erent
rotation planes, since the bridging veins are likely to respond di�erently depending on
the directions of the applied forces.

5.2 Future work

In this work, a new FE model of pressurized bridging veins was developed and validated
with a maximum success rate of 90% when using 10 cases. In comparison with other
studies and models available in the literature to predict ASDH caused by rupture of
cerebral veins, the results are better. Nevertheless, in the future more data is required
to be able to validate the FE models with more con�dance.

With all the conclusions drawn from this work, it is fair to say that the model here
developed is one of the �rst, if not the �rst step on the development of bridging veins
FE models that also take in consideration the blood pressure. However there is still a lot
of work to be done, not only in the bridging veins model but also on the YEAHM. The
following future work is suggested:

� Study the in�uence of di�erent material mechanical properties on the success rate
of the bridging veins FE model.

� Change from isotropic elastoplastic model to anisotropic hyperelastic constitutive
model.

� Divide the bridging vein wall into three layers with their own mechanical properties.

� Study the in�uence of the entry angles of the bridging veins into the superior
sagittal sinus on the success rate of the bridging veins FE model.

� Improve and re�ne the bridging veins FE model mesh.

� Study the possibility of using another option to replace the tie constraints.

� Model the three layers of meninges, dura mater, aracnhoid mater and pia mater,
as well as the falx cerebri and tentorium.
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Appendix A

Simulation �gures of the �llet impact tests

Figure A.1: von Mises stress for the simulation without �llet.
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86 A.Simulation �gures of the �llet impact tests

Figure A.2: von Mises stress for the simulation with �llet of size 0.3 mm.

Figure A.3: von Mises stress for the simulation with �llet of size 0.45 mm.
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Figure A.4: von Mises stress for the simulation with �llet of size 0.6 mm.

Figure A.5: von Mises stress for the simulation with �llet of size 0.75 mm.
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88 A.Simulation �gures of the �llet impact tests

Figure A.6: von Mises stress for the simulation with �llet of size 1 mm.

Figure A.7: von Mises stress for the simulation with �llet of size 1.5 mm.
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Figure A.8: von Mises stress for the simulation with �llet of size 2 mm.

Figure A.9: von Mises stress for the simulation with �llet of size 3 mm.
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Appendix B

Acceleration curves

Figure B.1: Linear acceleration curves for the cases without BV rupture.
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92 B.Acceleration curves

Figure B.2: Linear acceleration curves for the cases with BV rupture.

Figure B.3: Rotational acceleration curves for the cases without BV rupture. Adapted
from Cui et al. [184].
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Figure B.4: Rotational acceleration curves for the cases with BV rupture. Adapted from
Cui et al. [184].
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Appendix C

Images of the simulations of the FE model validation

Figure C.1: Maximum PE for case 2.

95



96 C.Images of the simulations of the FE model validation

Figure C.2: Maximum PE for case 3.

Figure C.3: Maximum PE for case 5.
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Figure C.4: Maximum PE for case 7.

Figure C.5: Maximum PE for case 9.
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Figure C.6: Maximum PE for case 10.
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Figure C.7: PE values in the bridging veins for case 6.
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Figure C.8: PE values in the bridging veins for case 11.
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