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The human head is sometimes subjected to impact loads which lead to the
skull fracture or other injuries that require the removal of part of the skull
- craniectomy. Consequently, the removed portion is then replaced using
autologous bone or alloplastic material. This work focuses on developing a
cranial implant to fulfill the defect created on the skull and then study its
mechanical performance, integrating it on the human head numerical model
YEAHM. The material chosen for the implant was PEEK, a thermoplastic
polymer that has been recently in use in cranioplasty. So, a numerical model
head coupled with an implant was subjected to analysis to evaluate two
parameters: the number of fixation screws that enhance the performance
and ensure the structural integrity of the implant and the implant capacity
to protect the brain compared to the integral skull. Finally, the results show
that, among all tested configurations of screws, the model with eight screws
presents a better performance when considering the von Mises stress field
and the displacement field on the interface between the implant and the
skull. Additionally, under the specific analyzed conditions, it is observable
that the model with implant offers more efficient brain protection when
compared with the model with the integral skull.
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A cabeca humana estd, por vezes, sujeita a impactos que provocam a fratura
do cranio ou outro tipo de lesGes que implicam a remocdo de parte do cranio
- craniectomia. Consequentemente, a parte removida é posteriormente
substituida usando osso autélogo ou material aloplastico. Este trabalho tem
como foco o desenvolvimento de um implante cranial para preencher um
defeito criado no crénio e estudar a sua performance mecanica integrando-o
no modelo numérico da cabegca humana YEAHM. O material escolhido
para o implante foi o PEEK, um polimero termopléstico recentemente em
uso na cranioplastia. Assim, um modelo numérico Cabeca + Implante
foi submetido para andlise de modo a avaliar dois critérios: o nimero de
parafusos de fixagdo que melhora o desempenho e assegura integridade
estrutural do implante e a capacidade do implante na protecdo do cérebro
quando comparado com o cranio na integra. Finalmente, os resultados
mostram que o implante, de entre todas as configuracdes de parafusos
testadas, apresenta um melhor desempenho com oito parafusos quando
analisados o campo de tensdes e de deslocamentos nas zonas da interface
entre o impante e o cranio. Adicionalmente, é também observavel nos
resultados que o modelo com implante apresenta uma eficacia de protecdo
do cérebro superior ao modelo com o cranio na integra.
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Chapter 1

Introduction

1.1 Contextualisation

Cranioplasty is a medical-surgical procedure that aims to fill skull defects provoked by a
craniectomy or skull fracture, recovering its protective function and also bringing back
aesthetic satisfaction to the patients.

Craniectomy is an emergency surgical procedure where a part of the patient’s skull
is removed to reduce the pressure on the brain, resultant from swelling or bleeding.
Then, when the brain’s pressure decreases, the surgeon fills the gap in the skull using
autologous bone or alloplastic materials.

Nowadays, the evolution occurred in Computer-Aided Design and Addictive Manufa-
cture guided to an increase of patient specific cranial implants production in cranioplasty.
These implants have multiple advantages, among which are included a good definition
on the implant contour and high precision on curvature, both adapted to the patient’s
necessities. Also, it reduces the risk of surgical complications and increases the aesthetic
results [Huys et al. 2021].

In order to test the protective capacity of the skull, the fact that the patients need to
return to their normal life requires knowledge about implants’ capacity to resist to impact
loads. So, numerical simulations are powerful tools that allow to measure mechanical
strength, identify critical regions on the implant and predict brain injuries without having
to subject the materials to mechanical testing [Huys et al. 2021|. Therefore, numerical
simulations, such as finite element analysis, act as a tool to spare animals or humans
from the testing and to prevent material waste [Barbosa et al. 2020].

All the parts of the human head and their mechanical properties are crucial to protect
the brain against impact loads. So, to be able to perform the numerical simulations on
a finite element head model developed in detail constitutes a great step up on this area.

1.2 Goals and Contributions

The main purposes of this work are to study the mechanical resistance of a cranial
implant and find a solution that reaches a good integration on the skullbone, an effective
mechanical performance and aesthetical results that match an integral human skull.
Also, the design of a cranial implant which can be obtained by addictive manufacture is
also a big ambition.



2 1.Introduction

1.3 Reading Guide

This work is divided in six main parts, and this section offers a brief description of what
each of them contains.

e Chapter 1 - Introduction
This chapter contains all the introductory information about the work and its
topics, the motivations and goals and the structure;

e Chapter 2 - State of the Art
After an intensive literature review, this chapter contains the most relevant informa-
tion about the topics discussed in this work and intends to give the reader tools to
better understand all the decisions and argumentation made further in the work;

e Chapter 3 - Implant Material
This chapter presents a description of the constitutive material model chosen for
the implant and the arguments that lead to its choice;

e Chapter 4 - Methodology
Having enough information about the topics, this chapter contains information
about the steps for the skull’s defect creation, implant’s geometry and mesh creation
and modeling strategies;

e Chapter 5 - Numerical Simulations and Results
As the name implies, this chapter contains a brief preamble about the conditions
of the simulations and presents the results and respective reading;

e Chapter 6 - Conclusion

Finally, this chapter include the final considerations about the work, as well as
suggestions for future works.

Pedro Santos Master Degree



Chapter 2

State of the Art

2.1 Human Head Anatomy

2.1.1 Skull

The human skull is an extremely important part of the human body mainly because it
has the task of protecting the brain, which is the most important organ of the human
body. It is possible to divide the skull into two parts: the braincase (neurocranium) and
and the facial skeleton (viscerocranium). In terms of bones, the cranial part contains
the occipital, two temporal, two parietal, sphenoid, ethmoid and frontal, while the facial
part contains the vomer, two nasal conchae, two nasal bones, two maxillae, mandible,
two palatine, two zygomatic, two lacrimal (Figure 2.1) [Becker 2021].

Cortical Bone and Trabecular Bone

The human skeleton is composed of both cortical bone and trabecular bone. Cortical
bone is treated as a compact bone taht act as the outer layer of the skeleton, surrounding
the trabecular bone and providing a hard covering for the skeleton. Also, it is composed
of microscopic units, the haversian systems [Evans 2012].

On the other hand, trabecular bone is a spongy-like tissue configured in a lattice
consistency situated in the core of bones. Figure 2.2 contains a representation of both
bone types and its architecture.

Cranial Sutures

Cranial sutures act as a connector of the skull’s bones and are composed mainly of
collagen. There are three cranial sutures: coronal, sagittal and lambdoid (Fig. 2.3) [Ptak
et al. 2018|. The mechanical properties of cranial sutures is a sensitive issue and do not
gather consensus, which is related to the different distribution of collagen fibers, causing
different mechanical properties and geometries |[Ptak et al. 2018].

2.1.2 Brain

Treated as one of the largest and most complex human organs, the brain is responsible
for multiple tasks, such as translating sensations, thinking, coordinating movements,
controlling sleep and breathing patterns |Plutchik and Kellerman 1986|. Alongside the
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Figure 2.1: Skull anterior view [Becker 2021].

Figure 2.2: Cortical and trabecular bone layers in skull [Wang et al. 2014].
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lambdoid

coronal

Figure 2.3: Cranial sutures [Ptak et al. 2018|.

spinal cord, is the main organ of the central nervous system and can be divided into
three different parts: cerebrum, cerebellum and brainstem [Shahid 2021|. The cerebrum,
largest part of the brain and situated in cortex (Fig. 2.5), consists of four paired lobes
(frontal, parietal, temporal and occipital), represented in Figure 2.4, the brainstem
connects all the brain’s parts and the cerebellum is responsible for the smoothness of our
movements [Shahid 2021]. Also, the brain is situated in the neurocranium and involved
by the cerebrospinal fluid (CSF).

Since the brain is a very sensitive organ and needs the protection of all parts that
surround it against impact loads, a good indicator of the effectiveness of external parts,
like a cranial implant, is the capacity to protect the brain against severe injuries. So,
Tse et al. [Tse et al. 2015] compiled a set of criteria related to mechanical variables like
pressure, shear stress, von Mises stress and strain that allows measuring traumatic brain
injury (TBI) [Garcia-Gonzalez et al. 2017|. TBI can be classified as a combination of
two parameters: deformation processes due to brain motion and indentation process on
the skull (or implant) |Garcia-Gonzalez et al. 2017]. Table 2.1 contains the thresholds
of brain injury criteria.

2.1.3 Meninges

The meninges are defined as the three layers covering all the components of the central
nervous system. The pia mater is the closest one from the structures, being closely
attached to them. On the other hand, the arachnoid mater is right upon the pia mater,
and between these two layers is the space where the blood vessels that supply the brain
are situated. Finally, the dura mater is the most distant layer from the structures,
contacting with the internal surface of the skull [Shahid 2021]. The multiple layers of
the meninges are represented in Figure 2.6.

Pedro Santos Master Degree
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Figure 2.4: Lateral view of right cerebral hemisphere with main lobes |Nocerino
et al. 2017].

matter

Figure 2.5: Cortex structure of brain |[Nocerino et al. 2017|.
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Table 2.1: Thresholds of brain injury criteria [Tse et al. 2015].

Parameter Thresholds

Pressure Criterion 1
>235 kPa — injury
<173 kPa — minor or no injury

Shear stress Criterion 2
11-16.5 kPa — severe injury
von Mises stress Criterion 3

>18 kPa — 50% probability of moderate neurological lesions
>38 kPa — 50% probability of severe neurological lesions
Criterion 4
> 26 kPa — axonal damage
Strain Criterion 5
>0.25 — structural damage
>0.20 — functional damage
>0.10 — reversible damage

Superior sagittal sinus

Bone
A i = N - Dura mater
rachnoid mater = ""______'-3 -~
3 / Subdural space
Subara-;hnoid—E

Arachnoid

Pia mater granulation villi

Arachnoid trabeculae

Longitudinal fissure

L———— Cerebral cortex

Cerebral vein

Figure 2.6: Layers that make up meninges [Saboori and Sadegh 2015].
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2.1.4 Cerebrospinal Fluid

Cerebrospinal Fluid (CFS) is a plasma-like fluid that involves the structures of the
central nervous system. CSF flows between cavities situated in the brain and spinal
cord such as ventricles, subarachnoid space of the brain and spinal cord and the central
canal of the spinal cord (Fig. 2.7). Also, CSF aggregates a lot of important functions:
dampen the brain and spinal cord when they are subjected to external forces, transport
neuromodulators and neurotransmitters, give immunological protection and remove me-
tabolic waste [Sendic 2021].

From the point of view of this work, the most important function of the CSF is the
mechanical protection that it provides against shocks, acting as a shock absorber, which
is crucial to prevent brain injuries [Sendic 2021].

2.1.5 Bridging Veins

The main function of bridging veins (BV) is to drain the venous blood from the cerebral
cortex into the superior sagittal sinus (SSS), bridging the subdural space, i. e., the space
between the dura mater and arachnoid mater. Their mechanical properties are not very
well known even though they are very important in head impact biomechanics |Famaey
et al. 2015]. Figure 2.8 (a) and 2.8 (b) contains a detailed view over the bridging veins
and its assembly in the head structures, respectively.

The cranial end of the bridging veins is fixed to the dura mater while the cerebral
end is fixed to the hemispheres. Since there is no protection against antero-posterior
movement of the brain, an impact on the head resulting in this type of movement can
provoke the rupture of the bridging veins [Famaey et al. 2015].

The direction of flow from the bridging veins into the SSS is very variable and this
can cause relative movements between brain and skull, which results in tensile and shear
loadings causing some lesions [Famaey et al. 2015].

2.2 Materials For Cranioplasty

2.2.1 Autograft and Allograft

Autograft therapy (Fig. 2.9) is commonly used in all human body parts and is the
most ancestral surgical therapy when referring to cranial defects. Yet, there are some
limitations: the supply of graft material is limited by donor site size; autograft harvesting
risks long-term donor site pain; and the grafted bone may fail to vascularize [Bonda
et al. 2016]. Thus, this strategy is time-consuming, cumbersome and may lead to
long-term infections and pain at the donor site [Bonda et al. 2016].

On the other hand, allograft therapy, by cadaver or live bone donation, is a tough
strategy due to the risk of immunological rejection and pathogen transmission. Unlike
autografts, there is no problem associated with donor site morbidity, nevertheless, there
is an increase in the risk of disease transmission and infection [Bonda et al. 2016].

2.2.2 Metal Bone Substitutes

The use of metal as a bone substitute is, undoubtedly, a conventional technique. The
most usual metal is grade 5 surgical titanium (Ti-6Al-4V), which is used in the cranium
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Subarachroid
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Figure 2.7: Cerebrospinal fluid (CSF) formation, absorption and circulation around the
brain [Donatelli and Romagnoli 2020).

(a)

Figure 2.8: (a) Detailed view over the bridging veins and (b) frontal view over the head
containing the bridging veins, skull, meninges and brain [Famaey et al. 2015|.
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Figure 2.9: Autograft in cranioplasty [Zhang et al. 2019].

for fixation devices or in combination with other materials like inert plastic or ceramic
components [Bonda et al. 2016]. Despite the fact that titanium is corrosion-resistant,
there is evidence that trace minerals are released over time, which may lead to an
immunologic response [Bonda et al. 2016]. Also, some problems related to the interaction
with the overlying scalp flap and underlying alloplastic materials can cause inflammation,
infection, or implant fenestration through the scalp. These materials are also known for
being incompatible with computed tomography (CT) and magnetic resonance imaging
(MRI), very important techniques to monitoring bone growth and healing [Ma et al. 2021].

When talking about the mechanical properties, it is extremely important to make
a comparison between the titanium and the skull. Ti-6Al-4V elastic modulus assumes
values of 14,5-38,5 GPa for porous implants, like the one represented in Figure 2.10, and
110 GPa for bulk specimens. Moreover, the skull elastic modulus is located between
10,4-19,6 GPa. As a consequence, the titanium implants may break the surrounding
bone or suffer a fixation screw pull-out [Bonda et al. 2016].

2.2.3 Polymers Bone Substitutes

Poly(methyl methacrylate) (PMMA), represented in Figure 2.11, as a huge role in
cranioplasty simply because it is the most used cranial bone graft substitute and one
of the earliest [Bonda et al. 2016, Zhang et al. 2019]. PMMA has a lot of advantages
by being a protective, defect-filling replacement that lacks post-operative inflammation
[Bonda et al. 2016|. Nonetheless, the polymerization process is exothermic and the
heat generation may damage the surrounding brain tissue. Also, there is the possibility
of post-placement shrinkage, infection and pulmonary embolism [Bonda et al. 2016].
Maybe the major disadvantage associated with PMMA is the fact that it lacks the
osseointegrative and osteoinductive properties that would provide complete regeneration
of reliable bone [Bonda et al. 2016]. However, PMMA mechanical properties are much
similar when compared with the skull. The elastic modulus is approximately 3 GPa
which may lead to a lesser discontinuity at the implant-skull interface (mainly when
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Figure 2.10: Titanium mesh cranial implant [Bonda et al. 2016].

compared to titanium) [Bonda et al. 2016].

Some other polymers have been in use and the investigation on this subject are
going on. Polyethylene, which has the risk of infection, has also been in use, with PEEK
(poly-ether-ether ketone) and PEKK (Poly-ether-ketone ketone) emerging with a lot of
potential as their mechanical properties are very similar to the surrounding bone [Bonda
et al. 2016.

2.2.4 Ceramic Bone Substitutes

Calcium phosphate (CaP) is a controversial bone substitute, frequently treated as a
tissue engineering scaffold. This shapable material is extremely brittle and is commonly
used to fill minor gaps in the skull [Bonda et al. 2016].

2.2.5 PEEK As An Emerging Material

In order to understand why PEEK is being so much employed in cranioplasty, it’s
important to review some problems related to the use of traditional materials. Stainless
steel and titanium alloy have high mechanical strength, excellent bio-compatibility and
good fatigue resistance. Yet, these materials’ elastic modulus is much higher than bone
tissue. As a consequence, the stress stimulation value of the bone in the areas around
the implant is lower than the value required to promote bone regeneration. Thus, the
bone around the implant is absorbed and its strength reduced, leading to the ”stress
shielding” phenomenon [Ma et al. 2021].

PEEK is a polyaromatic semi-crystalline thermoplastic polymer (with its chemical
formula represented in Figure 2.13) used in spine surgery, orthopedic surgery, prosthodon-
tics surgery, maxillo-facial surgery and cardiac surgery and, more recently, cranioplasty
(Fig 2.12). This new type of thermoplastic has excellent biological, mechanical and
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Figure 2.11: PMMA cranial implant [Bonda et al. 2016].

chemical properties. Its biomechanical properties (elastic modulus about 2-6 GPa) are
close to human bones, which can reduce the risk of bone resorption and the effect of
stress shielding (a problem associated with metallic implants). Also, there are a lot of
advantages like the high thermal stability, toughness and rigidity, the facility to process,
self-lubrication and abrasion resistance [Ma et al. 2021].

When comparing PEEK implants with autologous bone, the rapid conclusion is
that PEEK implants are superior in aspects such as treatment success, complication
rate, hospital stay and operation time. In fact, many problems related to autologous
bone, like bone reabsorption, infection and donor-site morbidity, can be solved by using
PEEK implants, despite their higher cost, harder patient incorporation and less cosmetic
satisfaction [Zhang et al. 2019].

Furthermore, it has been shown that choosing PEEK over titanium mesh leads to a
better cosmetic satisfaction and brain function improvement aspects, with no concrete
conclusions on matters like operation time and hospital stay. Thus, titanium mesh
implants are easily deformed by the same force as PEEK ones, which results in brain
damage and appearance modification, leading to an eventual need for replacement [Zhang
et al. 2019].

PEEK and PMMA implants are very identical in terms of complication rate and
treatment success rate. Moreover, the fact that PMMA implants have a negative impact
on the surrounding tissues and a high infection rate means PEEK implants are a more
suitable option |[Zhang et al. 2019]. Table 2.2 contains the comparison between the
properties of the most common materials used in cranioplasty.

On the other hand, pure PEEK is not bioactive, so, in order to promote osseointegration
with bone tissue, there are two strategies: create composite materials by adding to PEEK
matrix active materials (bioactive glass, carbon fiber or HA, among others) or create a

Pedro Santos Master Degree



2.State of the Art 13

Figure 2.12: PEEK cranial implant [Bonda et al. 2016].

Figure 2.13: Chemical structure of monomer unit of polyetheretherketone (PEEK)
|Zhang et al. 2019].
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Table 2.2: Properties of the most common materials employed in cranioplasty [Zhang
et al. 2019].

Materials Tensile strength (MPa) Young’s modulus (GPa) Fracture Resistant Biocompatibility Osteointegration

PEEK 80-132 3-4 Very High High No
Autologous bone 104-121 7-30 High Very High Yes
™ 954-976 102-110 High High No
PMMA 48-76 3-5 High Good No

Materials Toxicity Radioluncency Resterilization Porosity Cold and Heat Conductance
PEEK No Yes Yes Yes-Very Few No
Autologous bone No Yes Yes Yes No
™ Possible No Yes Yes Yes
PMMA Possible Yes No No No

Materials Aesthetic Results Costs Infection Rate Complication rate  Intraoperational Workable
PEEK Excellent High Moderate Low Yes
Autologous bone Excellent Low Moderate Low—moderate Yes
™ Satisfying Moderate Low—moderate High No
PMMA Satisfying Moderate High Low Yes

scaffold.

2.3 Cranial Implants Design and Manufacture Strategies

2.3.1 Cranial Scaffolds

In simple words, scaffolds are matrices with complex noncellular structural networks
(Fig. 2.15 offers an example of a network) that helps binding cells and, consequently,
the tissue formation [Roque et al. 2021]. This matrix and its parameters are responsible
for controlling the growth and formation of the tissue, which makes it an important tool
for tissue engineering [Roque et al. 2021].

The already mentioned scaffold parameters assume a huge role in tissue formation,
and, for that reason, they need to be controlled. The most important ones can be
described as surface area and interconnectivity (responsible for cellular growth), permea-
bility (related to transportation of nutrients and proliferation of tissue) and mechanical
resistance (responsible for the protection capacity) [Roque et al. 2021].

In order to solve the problems associated with the excess of lactic acid due to normal
implant degradation in patients involving large resorbable Poly(a-hydroxy ester)-based
prosthetics, like PLGA or PLA, the use of scaffolds structures can be a feasible solution.
This strategy can solve this issue by using 3-D printed polycaprolactone (PCL), via
FFF (Fused Filament Fabrication). Thus, there are studies that show the effectiveness
of the implantation of a 3-D printed PCL and tricalcium phosphate cranial scaffold,
with evidence proving bone consolidation and good integration of the implant after
approximately 6 months |[Bonda et al. 2016|. Figure 2.14 offers an example of a PEEK
scaffold.

2.3.2 CAD For Cranial Implants

As a crucial step for the implant design, computer-aided design for this type of component
can follow some templates, like an average skull or a left-right mirrored image (in the
case of a one-sided defect). Next, the template is warped to the skull defect and the part
of the template that fills the defect is cropped. Moreover, thickness is added to create a
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Figure 2.14: PEEK scaffold cranial implant [Berretta et al. 2018|.
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Figure 2.15: Macroporous PEEK scaffolds [Elhattab et al. 2020).
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tapered edge that overlaps the surrounding skull [Bonda et al. 2016]. The steps of this
process are exemplified in Figure 2.16.

When creating a PEEK implant with no porosity, there is the necessity to incorporate
small holes in to help dural tack-up sutures and muscle suspension (Fig. 2.17) [Jonkergouw
et al. 2016]. Otherwise, when incorporating tissue engineering during implant development,
CAD techniques should be employed to obtain the scaffold structure during the design
process (Fig. 2.18) [Huang et al. 2019, Elhattab et al. 2020, De Santis et al. 2021, Roque
et al. 2021].

2.3.3 Additive Manufacture For Cranial Implants

The technologies used to fabricate cranial implants by additive manufacture depend
on the material family. In the case of metal, Ti-6Al-4V can be obtained via selective
laser sintering (SLS), selective laser melting (SLM) and electron beam melting (EBM).
Amongst these technologies, there is the possibility to create scaffold structures [Bonda
et al. 2016].

On the other hand, synthetic polymers for addictive manufacturing of cranial implants
are the most employed technique. Since working with PMMA is a hard task, PEEK
obtained via SLS has been exploited by every company in this area. As an advantage,
the design of the implants can be modified to make material properties similar to the
adjacent skull, making PEEK cranial implants more suitable than titanium ones when
talking about this matter [Bonda et al. 2016].

Otherwise, ceramic is a great scaffolding material in sub-critical size defects, like
mentioned previously. However, stereolithography is proving to be a good technology
to obtain large ceramic cranial implants. Studies have shown the potential of 3-D
printing a ceramic cranial implant using a polymer blinder which is then sintered away.
Investigations are being held in order to develop a composite material composed of
50% Beta-tricalcium phosphate (B-TCP) and 50% poly(D,L)-lactide (PDLLA) that is
obtained via SLM [Bonda et al. 2016].

2.3.4 Fixation Methods

Fixation methods in cranioplasty are frequently chosen by the surgeon, based essentially
on the experience. There are a lot of fixation devices, with the most employed ones being
titanium miniplates (Fig. 2.20), titanium tangential screws (Fig. 2.21) and titanium
clamps (Fig. 2.22). The chosen fixation method, as well as the number of fixation
points, are variables that play a huge role in avoiding the displacement of the implant.

As shown in related studies |Rashidi et al. 2019], the probability of occurring the
displacement of the implant when the implant is fixed with titanium clamps is four times
higher than when the fixation devices are miniplates, meaning that using titanium clamps
as the main fixation method is a risk factor to the occurrence of implant displacement.
Despite leading to higher strain in the interface between bone and implant, tangential
screws offer a more rigid fixation and, since it is directed tangentially into the bone, this
method is completely impalpable. These are the main reasons why it is the preferred
method nowadays [Huys et al. 2021].
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Figure 2.16: Steps to obtain the cranial implant geometry [Moiduddin et al. 2017].

Figure 2.17: Small holes incorporated at the implant [Rosenthal et al. 2014].
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(a) Typical scaffold pattern.

(b) Cranial implant with a scaffold
structure.

Figure 2.18: Application of CAD techniques to obtain a scaffold structure from a pattern
design [El Halabi et al. 2011].
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Figure 2.19: Representation of the most common AM techniques to obtain cranial

implants.
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Figure 2.20: Titanium miniplates as the fixation method [Zhang et al. 2019].

Figure 2.21: Tangential screws as the fixation method [Xilloc 2021b].
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Figure 2.22: Titanium clamps as the fixation method [Estin et al. 2000].
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2.4 Finite Element Analysis of Cranial Implants

Different strategies, different software and different methodologies have been employed
to validate the developed models of cranial implants. This is perhaps the most important
step of the mechanical resistance study and all the assumptions made have a huge impact
on the approximation made by the finite element analysis (FEA).

2.4.1 Evaluation of Patient-Specific Cranial Implant Design Using Finite
Element Analysis

Huys et al. [Huys et al. 2021] used the software Abaqus (Dassault Systémes, France) to
run a FE analysis on three different models with similar strategies addopted: a PEEK
cranial implant fixed with tangential screws and 2 ceramic-titanium (CeTi) cranial
implants fixed with tangential and axial screws (Fig. 2.23).

In this study, the complete head model was not used, instead, to reduce the computa-
tional cost, only the part of the skull surrounding the defect was taken into account. All
material properties were considered to be linear elastic and the contact between the
different parts (implant and bone) was assumed to occur only at the screw holes, with
complete fixation assumed as tangential or axial screws were the chosen fixation method.
This assumptions were modeled in Abaqus using hard contact interaction property and
the tie constrain [Huys et al. 2021].

Two static loads were applied to the model: one being an impact load due to a
fall off a bicycle, applied as a pressure perpendicular to a circular area, and the other
one being an internal pressure evenly distributed over the inner surface of the implant
(representing the elevated intracranial pressure). Since it was assumed that the caudal
side of the neurocranium is completely anchored, the boundary condition Encastre was
employed to constrain translation and rotation in all directions [Huys et al. 2021].

Results showed that PEEK offer inferior brain protection as a result of its high
flexibility and local peak stresses at the bone-screw interface. On the other hand, CeTi
implants appeared to have a better potential to protect the brain since it was able to
distribute the stress along the surface [Huys et al. 2021].

2.4.2 The Potential of The Three-dimensional Printed Titanium Mesh
Implant For Cranioplasty Surgery Applications: Biomechanical
Behaviors and Surface Properties

In order to study the biomechanical behaviour of titanium mesh cranial implants with
different thicknesses, pore structures and surface characteristics, Huang et al. [Huang
et al. 2019] executed the FE analysis using the software ANSYS work bench 12.1. Also,
all material properties were treated as linear elastic, isotropic and homogeneous. The
mesh of both implant and cortical bone was built with tetrahedral elements with 10
nodes [Huang et al. 2019].

The skull was fixed in the bottom (Fig. 2.24), where all rotations and translations
were constrained, and a static load of 50 N was placed in the center of the implant
(Fig. 2.24) to mimic the weight of the human head. Thus, to overcome the presence of
the screws and the complexity of those in the numerical simulation, the ANSYS boned
contact algorithm was used instead, neglecting the stress of the screws. Moreover, the
movement between implant and bone was not allowed [Huang et al. 2019].
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Figure 2.23: CeTi implant mesh, with tangential screws as the fixation method [Huys
et al. 2021].

Laading direction;

Fixed boundary

Figure 2.24: Load and boundary conditions of the model [Huang et al. 2019].
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Finally, results of the analysis showed that the stress distribution and peak von Mises
stress of the implants decreases at the thickness of 1 milimeter. Also, implants with a
circular pore pattern results in a lower von Mises stress on the bone defect area when
compared with triangular and square pore pattern [Huang et al. 2019].

2.4.3 On The Mechanical Behaviour of PEEK and HA Cranial Implants
Under Impact Loading

To compare the mechanical impact response of PEEK and hydroxyapatite (HA), a study
was carried on by Garcia-Gonzalez et al. |Garcia-Gonzalez et al. 2017] performing explicit
analysis on the software Abaqus. A quite complex FEHM was used, containing scalp,
skull, cerebral falx, CSF and brain tissues, all developed from MRI, with the main goal
being the implant performance and capacity to prevent failure and TBI.

Constitutive models for different parts of the human head were employed based
on a selection from the literature, while for PEEK a constitutive model previously
developed by the authors was addopted. Even though the scalp has been proposed with
a hyperelastic constitutive model, in this work it was modelled as a rate-independent,
isotropic, homogeneous and linear elastic as a simplification, due to the high computatio-
nal cost of the numerical simulations involving a full head model. The properties used
for scalp are identified int Table 2.3 [Garcia-Gonzalez et al. 2017].

Skullbone and falx were also modelled as an isotropic, homogeneous and linear elastic
material even though skullbone is a complex anisotropic composite. To reproduce the
role of the two external layers of cortical bone and the internal layer of trabecular bone,
a homogenised Young’s modulus has been employed. Mechanical properties for the
skullbone and falx are shown in Table 2.4 |Garcia-Gonzalez et al. 2017].

Even though CSF is considered by many authors to be a linear elastic material,
in this work a more complete constitutive model is adopted considering its similarity
with water in terms of viscosity. The mechanical properties designated for the CSF are
introduced in Table 2.5 [Garcia-Gonzalez et al. 2017].

Last but not least, the brain tissue were assigned a unique set of properties for both
gray and white matters, even though they behave differently. Also, the viscoelastic
behavior has been taken into account. Brain tissues mechanical properties are shown in
Table 2.6 [Garcia-Gonzalez et al. 2017].

As mentioned previously, a constitutive model developed, calibrated and validated by
the authors was employed to describe PEEK mechanical behavior. A hyperelastic-ther-
moviscoplastic constitutive model is defined taking into account pressure dependency
and strain rate and temperature sensitivities. Table 2.7 contains the constants that
defines the material model.

In the numerical model, the contact was modeled with a penalty contact algorithm
with a friction coefficient of 0.4. Since the model does not include screws, a parallel
analysis was developed in order to capture the stress concentration introduced by the

Table 2.3: Material properties which define the scalp on FEHM developed by
Garcia-Gonzalez et al. [Garcia-Gonzalez et al. 2017].

p (ton/mm?) v E (MPa)
1.1 x1079  0.42 16.7
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Table 2.4: Material properties which define the skullbone and falx on FEHM developed
by Garcia-Gonzalez et al. |Garcia-Gonzalez et al. 2017].

Tissue p (ton/mm?®) v E (MPa)
Skullbone 1.728 x10~9 0.22 8000
Falx 1.133 x1079 0.45 31.5

Table 2.5: Material properties which define the CSF on FEHM developed by
Garcia-Gonzalez et al. [Garcia-Gonzalez et al. 2017].

p (ton/mm?®) ¢y (mm/s) s Iy n (MPas)
1 x1079 1.45 x10% 1.99 0.11 8.9 x10710

Table 2.6: Material properties which define the brain tissues on FEHM developed by
Garcia-Gonzalez et al. [Garcia-Gonzalez et al. 2017].

p (ton/mm?®) Bulk Modulus (MPa) Gp (MPa) G (MPa) S (s71)
1.04 x107 2190 0.528 0.168 35

Table 2.7:  Material properties PEEK developed by Garcia-Gonzalez et al.
|Garcia-Gonzalez et al. 2017].

Initial elastic properties

E,er (MPa) E; (MPa) v €pa (s71) C
3.2 -3.0 0.4 0.001 0.38
Intermolecular resistance
oro (MPa) m G (K) Oper (K)  « I5;
108 0.69 296 612 1.2 1.0
General properties
p (ton/mm?) C (mJ/mm?K) ag (K1)
1.3 x107? 2.83 x10° 4.6x107°
Network resistance
CR (MP&) XL K
0.4 5.5 0.0
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screws. After, this stress concentration factor, found to have a value of 1.28, was applied
to the surrounding of the screws |Garcia-Gonzalez et al. 2017].

A set of numerical simulations were carried on to study the mechanical response of the
FEHM for an impact velocity varying from 1 m s~! to 7 m s~! including three different
scenarios: a FEHM including a PEEK implant, a FEHM including a HA implant and
a FEHM including no defect. The results were analysed on three different categories:
acceleration-time predictions, critical impact velocity predictions, and TBI predictions.
For this purpose, only the results obtained for critical impact velocity predictions for
the model with a PEEK implant will be reported |Garcia-Gonzalez et al. 2017|.

With regard to the implant failure during an impact, the impact velocity and the
impact location have been considered as variables. So a parametric study was performed
varying both variables along three paths to reach the most common impact scenarios
in fall accidents. These paths are: from parietal bone to vertex, from parietal bone
to occipital bone, and from parietal bone to frontal bone. Fig. 2.25(b) contains the
critical impact velocity that results in implant failure depending on the distance from
the interface for each path |Garcia-Gonzalez et al. 2017].

For all paths, the most critical zone is the interface between implant and bone
where the screws are located, while the weakest path is the parietal-vertex. Amnother
conclusion taken from this study is that the critical impact velocity resulting in implant
failure when the impact occurs far from the peripheral zone is a good indicator of the
material mechanical properties and load-bearing capacity, once the effect of screws can
be neglected |Garcia-Gonzalez et al. 2017|.

2.5 Human Head Model

The base human head model used in this dissertation is YEAHM (YEt Another Head
Model), initially developed by Fernandes et al. [Fernandes et al. 2018] and afterward
ameliorated by Migueis et al. [Migueis et al. 2019], Costa et al. [Costa et al. 2020] and
Barbosa et al. [Barbosa et al. 2020]. The initial model was composed only of a skull,
brain and CSF (Fig. 2.26), while the inclusion of the bridging veins (BV) and superior
sagittal sinus (SSS) being a significant alteration of the enhanced models (Fig. 2.27).

In the original model, the bone that makes up the skull was homogeneous and did not
feature the distinction between cortical bone, trabecular bone or cranial sutures. These
details were only added by Barbosa et al. [Barbosa et al. 2020], increasing significantly
the level of verisimilitude of the model.

The material of the brain was modeled as hyper-viscoelastic, the CSF was considered
to be a hyperelastic material and the SSS and BV were modeled with an elastoplastic
law |Fernandes et al. 2018]|. In the original model, the homogeneous skullbone was
defined as linear elastic model, but in Barbosa et al. [Barbosa et al. 2020] enhanced
model all the bone types were individually defined: the trabecular bone as elastic-plastic
material - Fig. 2.28 shows the stress-strain curve and Table 2.11 the elastic properties
used to define the trabecular bone material model - while cortical bone and cranial
sutures were treated as a quasi-brittle material model - Table 2.11 contains the elastic
properties and Fig. 2.29 and Fig. 2.30 shows the values used with respect to crack
initiation and the behavior of bone tissue after cracking, and the shear retention model,
respectively [Barbosa et al. 2020].
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Figure 2.25: (a) Impact localisation points defined along the three skull paths studied:
(a.1) parietal-vertex; (a.2) parietal-occipital; and (a.3) parietal-frontal. (b) Risk of
fracture as a function of impact velocity and distance to the implant interface along
different paths for PEEK implant [Garcia-Gonzalez et al. 2017].

We

Figure 2.26: Original YEAHM containing the skull, brain and CSF |Fernandes
et al. 2018].

@00

Figure 2.27: New head model containing the skull, brain, CSF, SSS and BV |Barbosa
et al. 2020].
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Table 2.8: Material properties which define the brain (hyper-viscoelastic model)
[Fernandes et al. 2018].

p (ton/mm?) (M Pa) aq Dy (MPa~1) g1 92 71 () T2 (s)
1.04 x107° 0.012 5.0507 0.04 0.5837 0.2387 0.02571 0.0257

Table 2.9: Material properties that define the CSF (hyperelastic model) |[Fernandes
et al. 2018].

p (ton/mm?) C;0 Col D; (MPa™t!)
10 x1077 09 1 0.9

Table 2.10: Material properties which define the BV’s and SSS (elastoplastic) [Barbosa
et al. 2020].

Fracture Stress Strain Displacement
E (MPa) v Strain Triaxiality Rate (s71) at failure
25.72 0.45 0.31875 0.33 135.86 0.05

Table 2.11: Elastic properties of the cortical bone, trabecular bone and sutures [Barbosa
et al. 2020].

Tissue p (ton/mm3) E (MPa) v

Cortical 1.9 x107° 20000  0.21
Trabecular 1.5 x107* 1000 0.05

Sutures 2.1 x107? 15000 0.3
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Figure 2.28: Stress-strain curve used to define trabecular bone |[Barbosa et al. 2020).
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Figure 2.29: Post-failure stress-strain curve for cortical and sutures [Barbosa et al. 2020).
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Figure 2.30: Shear retention model values for cortical and sutures tissues |[Barbosa

et al. 2020].

Pedro Santos

Master Degree
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The boundary conditions of the model include finite-sliding formulation interactions
and kinematic contact between the CSF and the brain and between the CSF and the
skull, with a coefficient of friction for tangential behavior of 0.2 [Fernandes et al. 2018|.

The YEAHM mesh contains a total of 1033976 elements, with 836328 elements
belonging to the brain, 57257 elements to the skull, 98032 to the CSF and 42359
elements for the SSS + BV set. Instead of using the typical C3D4 tetrahedral elements,
second-order C3D10M are used because these elements are more suitable for contact
situations and are more robust in situations of volumetric retention. Furthermore, with
the skull alterations made by Barbosa et al. [Barbosa et al. 2020], the final model which
acts as a start point for this work contemplates 237616 hexahedral elements for the skull,
of which 92300 is for the trabecular bone, 133045 for the cortical bone and 12271 for the
cranial sutures.
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Chapter 3

Implant Material

3.1 Chosen Implant Material

Based on the arguments presented in Chapter 2, Section 2.2, Subsection 2.2.5, the
material chosen for the implant is PEEK. In order to define the material model, a work
presented by Garcia-Gonzalez et al. |Garcia-Gonzalez et al. 2015 was taken into account
and will be explained in this chapter. This material model presents a more complete
and suitable solution to define the material, including damage, dynamic behavior and
interesting thermo mechanical phenomena reported for PEEK. So, unfilled PEEK 450G,
general purpose grade, was the material modeled and associated with the implant.

3.2 Modeling the Behaviour of PEEK 450G

3.2.1 Viscoplasticity

Based on the work developed by Garcia-Gonzalez et al. [Garcia-Gonzalez et al. 2015], the
material model in this work adopts the Jonhson and Cook (JC) model. This approach
is justified by the strain rate and temperature sensitivity of PEEK observed in Fig. 3.1,
which indicates a viscoplastic behavior.

Although JC model is regularly applied to ductile metal alloys, it was already applied
to polymers |Louche et al. 2009]. It is frequently used in finite element codes, including
explicit analysis in Abaqus. The strength model can be described as

-p
(e, &, T) = [A+ B x (g)"] [1 +C x1n (;)] [1—0™] (3.1)
n

where A is the yield strength at quasi-static strain rate, B and n represent the

influence of the strain hardening, m is the temperature sensitivity, Ty is the initial

temperature and T}, is the melting temperature while the first term is the strain hardening

2P, the second one is the strain rate sensitivity & and the third one is related to thermal
softening O, where

T —1Tph

0= g

(3.2)

In order to obtain the temperature increment in adiabatic conditions, the equation
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32 3.Implant Material

p
pxCp

zP
ATE,2,Ty) = / 5,2, T)de (3.3)
15

allows us to do it, with AT being the temperature increment, Ty the room temperature,
B the Quinney-Taylor heat fraction coefficient, p the material density and C), the specific
heat at constant pressure. In this work, the author assumed the Quinney—Taylor heat
fraction coefficient 8 to be constant and equal to 0.9.

As reported by Garcia-Gonzalez et al. |Garcia-Gonzalez et al. 2015|, all these parame-
ters were determined by analyzing the results of the various compressive tests at various
strain rates and temperatures (Fig. 3.1) [Rae et al. 2007| following methodologies
reported for ductile metals and polymers. So, parameters A, B and n were determined by
tests at room temperature, parameter C' was identified by Eq. 3.4 with different strain
rates and null plastic strain (¢ = &,) at room temperature. Thus, the temperature
sensitivity parameter m was determined by Eq. 3.5 for a range of temperatures, varying
from the initial temperature to the melting temperature.

g, — A
C= %74, (3.4)
E
A xIn (g)
1= (A-&-Bz(Ep)”)
m = (3.5)

T-T,
In (T—TSL)

Table 3.1 contains the constants used to define the material behavior, in other words,
the JC parameters. To prove the accuracy of this model, Fig. 3.2 shows the comparison

between the experimental data [Rae et al. 2007| and this JC model |Garcia-Gonzalez
et al. 2015, both at different strain rates and room temperature.

3.2.2 Fracture Model

As reported by Garcia-Gonzalez et al. |Garcia-Gonzalez et al. 2015, the fracture model is
essential to a more robust and complete model, so a fracture model proposed by Johnson
and Cook [Johnson and Cook 1985] was used. This proposal includes strain hardening,
strain rate, temperature and stress triaxiality, a very important factor to define PEEK.
For this model, already employed in ductile metal alloys and semicrystalline polymers,
failure is assumed when a D parameter surpass unity. The evolution of D can be
described as

Table 3.1: Properties used to define the thermoviscoplastic behavior of PEEK 450G at
high strain rates in adiabatic conditions |Garcia-Gonzalez et al. 2015].

Thermoviscoplastic behavior

A (MPa) B (MPa) n  Zg(s71) C m
132 10 1.2 0.001 0.034 0.7
Elasticity Other physical constants

Ey (MPa) v p (ton/mm?3) o] Cp (mJ/ton K) T (K)
3600 0.4 1.3 x1077 0.9 2.18 107 614
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Figure 3.1: Mechanical behavior of PEEK under compression for (a) different strain
rates under room temperature and (b) different temperatures under a strain rate of

0.001 s~! [Rae et al. 2007].
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Figure 3.2: Stress-strain values of PEEK 450G according to experimental data |Rae

et al. 2007] and JC model |

Garcia-Gonzalez et al. 2015].
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34 3.Implant Material

Table 3.2: Fracture constants |Garcia-Gonzalez et al. 2015].

Dl D2 DS D4 D5
0.05 1.2 0.254 0.009 1.0

D@, &\ T)=)_ (3.6)

AEP
E?(ép ,T,0%)

where 2P is an increment of accumulated plastic strain over an integration cycle
and ?Z} is the critical failure strain level |Garcia-Gonzalez et al. 2015|. Since this
type of fracture model leads to an element deletion in Abaqus when an indicated
strain level is reached, the mesh must be very refined in the interest zone in order to
mitigate the negative effect on the numerical results in terms of energy |Garcia-Gonzalez
et al. 2015|. Next, the plastic failure strain E? is dependent on a plastic strain rate & /Eg,
a dimensionless pressure deviatoric stress ratio ¢* and a non dimensional temperature
© |[Garcia-Gonzalez et al. 2015]. Eq. 3.7 shows these dependencies with D; being failure
constants.

-p
E? = [Dl + Doy % exp(D3 X O'*)] |:1 + Dy x In (;>:| [1 + D5 x @] (37)
0

D, assumes a finite strain to fracture even at very high values of stress triaxiality.

Garcia-Gonzélez et al. |Garcia-Gonzalez et al. 2015] indicated a value of D; = 0.5. On

the other hand, Dy and D3 are determined based on experimental data [Rae et al. 2007|

of tensile tests of unnotched specimens of PEEK 450G at strain rate equal to 0.001 s™1

and room temperature. The constants Dy and D5 are determined based on experimental

data of uniaxial tests [Sobieraj and Rimnac 2012| of unnotched specimens of PEEK 450G

at different strain rates and temperatures. Table 3.2 contains the values of the fracture
constants.
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Chapter 4

Methodology

4.1 Skull Defect Creation and New Mesh

First of all, the head model previously mentioned was used and manipulated with
the software Hypermesh (Altair, USA) in order to obtain the skull model after the
craniectomy. The option was to create a large skull defect with approximately 50 cm?
at the parietal zone to reproduce a plausible situation. Then, nodes were selected,
performing an approximated contour of the implant at the desired skull location, and
used to create a spline surface which acted as a start point to obtain the skull defect
and the implant.

Once this surface was completed, it was used to create the defect in the skull to
place the implant. The skull elements intersecting this surface along the thickness were
deleted (Fig. 4.1) and then, in order to smooth the skull defect contour, the border
elements were projected to this surface (Fig. 4.2).

Then, the model of the skull was exported to Abaqus and, using the tool Verify
mesh from Abaqus toolbox some elements with extremely low volume (near zero) on
the defect’s border were identified and eliminated, so the analysis could be performed.
Figure 4.3 contains different views over the skull’s final mesh.

Overall, the skull’s new mesh contains a total of 223401 linear hexahedral elements
of type C3D8R, of which 124714 are from cortical bone, 86703 from trabecular bone and
11984 from cranial sutures.

4.2 Implant Geometry and Mesh

The surface obtained previously when creating the hole in the skull was given a thickness
of 4 millimeter, decision made based in previous studies [Marcian et al. 2019|, where the
influence of different thicknesses was evaluated using FEM under three loading scenarios.
The implant thickness contains a chamfer to facilitate the assembly in the skull. For the
reasons mentioned in Chapter 2, Section 2.3, Subsection 2.3.2, 28 holes with 2 millimeter
size were incorporated in the implant.

The process of meshing the implant was performed with the software Hypermesh
(Altair, USA). Firstly, a 2D mesh was created on the exterior surface of the implant
with square elements of approximately 1.2 millimeter size (Fig. 4.4). Next, an offset was
made in order to create 3D elements. This offset consisted of four layers along with the
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36 4.Methodology

Figure 4.1: Initial skull defect, obtained by eliminating elements.

Figure 4.2: Skull defect after border elements have been projected.
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4.Methodology 37

(a) Anterior view. (b) Posterior view.

(c) Lateral view. (d) Cut view of the skull defect.

Figure 4.3: Different views over the skull mesh.
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Figure 4.4: 2D mesh on the exterior surface of the implant.

thickness of the implant, each layer with 1 millimeter size (Fig. 4.5).

Since the geometry is not very complex, linear hexahedral elements were used to
perform the mesh of the implant given the fact that it allows for more accurate results.
Also, reduced integration was employed in order to reduce the computational cost.
Overall, the implant mesh contains a total of 20940 C3D8R elements and 27285 nodes.

4.3 Interaction

4.3.1 Interaction Type

Based on what was assumed on the head model used in this work [Barbosa et al. 2020],
a frictionless general contact between all parts is maintained in this model because the
tangential behavior is not the most relevant in the studies carried on and also to ease
the computational cost.

4.3.2 Fasteners

Based on what was explained previously, the chosen fixation method in this work
was tangential screws, given the fact that allows for a more rigid connection and it’s
aesthetically more suitable. Since modeling the geometry of the screws, their material
properties and their interaction with the other parts is a hard task, the option was
to employ the tool Fasteners from the Abaqus toolbox to represent the effect of the
screws. This tool consists in a mesh-independent connection between surfaces, that
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4.Methodology 39

(a) Exterior surface of the implant mesh. (b) Interior surface of the implant mesh.

Figure 4.5: Different views over the implant mesh.

connects two or more parts by using attachment lines and connectors, that define the
fastener location. These attachment lines are created by projecting the reference point
to the closest surfaces selected. Also, the connection between the connector and the
nodes located nearby is accomplished by coupling the displacement and rotation of the
connector element nodes and the average displacement and rotation of the nodes located
inside a radius of influence. The radius of influence assigned was 1 millimeter.

With regard to the properties of the Fasteners tool, Korolija [Korolija 2012] made a
parametric study to find out the best connector type to be associated to the attachment
lines and the mechanical behavior which best represented titanium screws. So, in
Abaqus, there are different ways to represent the fasteners, such as:

1. Beam elements;

2. Connector elements;
3. Rigid elements;

4. Solid elements;

5. Spring elements.

In the study performed, the author opted for analyzing only beam elements and
connector elements. Beam elements are reported to work well with geometries modeled
with shell elements, but when it comes to solid elements, it can be problematic due to
the lack of rotational degrees of freedom [Korolija 2012|. This happens because both
shell and beam elements have six degrees of freedom (three translational and three
rotational) while solid elements have no rotational degrees of freedom [Korolija 2012].
Also, there are multiple types of connector elements with different characteristics, and
in this study [Korolija 2012| bushing elements were used. Figure 4.6 shows the behavior
of the bushing elements due to secondary bending.

Further, elasto-plastic constitutive behavior was given to the connector element,
based on experiments made by Huth [Huth 1983], assigning force-displacement character-
istics. Tables 4.1 and 4.2 include the values from elastic behavior and plastic behavior,
respectively, defined by Huth’s [Huth 1983] experiment.
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Eushing connector element

Figure 4.6: Behaviour of bushing connector elements due to secondary bending [Korolija
2012].

Table 4.1: Linear elastic constitutive behaviour of the connector elements based on
Huth’s experiments [Huth 1983|.

Applied stiffness
in the load direction [N/mm)]
185051 Rigid

All the other directions

Table 4.2: Plastic constitutive behaviour of the connector elements based on Huth’s
experiments [Huth 1983].

Force (each screw) [N] Relative plastic displacement [mm)]

1000 0.000
2000 0.005
4000 0.020
6000 0.080
9000 0.225
11000 0.400
13000 0.640
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4.Methodology 41

In order to define the number of screws and their diameter, the advices of the InterFiz
technology [Xilloc 2021a] was employed. This technology recommends the use of 5 to 9
screws for a large implant, so, further, in this work, a parametric study will be carried
on in order to find out the best configuration of the screws. Still, Fig. 4.7 shows an
example of the configuration with 9 screws.

RE-7
LTI

Figure 4.7: Position of the screws, represented by the reference points (RPs).

4.4 Head Model + Implant

Once completed the previous steps of creating the skull defect and the implant mesh,
all parts (brain, BVs and SSS, CSF, skull and implant) were assembled on Abaqus in
order to get the model ready for further numerical simulations. This assembly contains
a total of 1208740 elements and can be seen in Figure 4.8.
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(a) Sagittal view. (b) Frontal view. (c) Transverse view.

Figure 4.8: Different cut views of the assembly.
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Chapter 5

Numerical Simulations and
Results

With the aim of testing the load bearing capacity of the model Head + Implant developed
previously, numerical studies were carried out using FEM. All the numerical simulations
were dynamic explicit analysis, which allows solving problems associated with complex
deformable bodies. Theoretically, the computational cost of an increment in explicit
analysis is lower than in implicit analysis, however, time increments in explicit analysis
have to be very small so the stability of the method and reliability of the solution are
maintained.

All the impacts simulated were representative of falls, so a rigid plate, modeled as an
analytical rigid part, was assembled on the model simulating the ground. Also, instead
of defining the velocity on the head model, this was defined as a predefined field on the
rigid plate and the head model had no boundary conditions. Also, a mass of 0.001 tons
was given to the rigid plate. Figure 5.1 shows an image of the assembly containing the
head model and the rigid plate.

5.1 Parametric Study

In order to find out the number of screws that enhance the model, a parametric study
was performed. The presence of screws leads to a stress concentration in the regions
nearby, and an increase in the number of screws along the interface between the implant
and the skull bone can reduce those high stress concentrations, preventing the failure of
both implant and skull bone. However, it is convenient to reduce the number of screws to
the lowest possible to lower the costs, the number of external bodies and the complexity
of the procedure. Also, the displacement of the implant and the relative displacement
between skull and implant are important parameters to take into account, because the
higher the displacement, the higher the risk of inducing brain injuries by direct trauma.

For this purpose, an impact study was selected involving a scenario of a fall from
a bed. As Schulz et al. [Schulz et al. 2008| reported, for an impact load of 4.2 m s~ 1
the normal component to the ground of the head velocity stands between 3.44 m s~!
and 3.86 m s~!. So a velocity of 3.5 m s~! was defined for an impact occurring on the
central zone of the implant. Next, as explained earlier, three criteria were compared:
von Mises stress field on the model, displacement field on the model and maximum
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44 5.Numerical Simulations and Results

Figure 5.1: Assembly containing the head model and the rigid plate.

values of displacement and von Mises stress on both implant and skull bone interfaces.
Finally, the results of the numerical simulations will be analyzed and the model which
best fulfills the already referred parameters will be chosen to further analysis.

As observable in Figures 5.2, 5.3, 5.4, 5.5 and 5.6, which contains the results of
the numerical simulations for the models with 5, 6, 7, 8 and 9 screws respectively, the
maximum values of von Mises stress and displacement are identical in all models except
the one with 5 screws, which has maximum stress much higher in a region nearby a
screw. Also, and as expected, high stresses are verified in the zone where the impact
occurs and, on top of that, the holes situated nearby the impact zone leads to high stress
concentrations near these holes, which is explained by the principles of mechanical of
fracture. Another thing that is implicit in these results is the fact that the maximum von
Mises stresses verified in the model are located in different zones depending on the screws
number: for the models with 5, 6 and 7 screws, the maximum von Mises stress is located
in the implant near the interface between implant and skull while for the models with 8
and 9 screws the maximum von Mises stress is located in the region nearby the impact
zone. This is clear evidence that, as expected, the number of screws is a parameter that
is susceptible of changing significantly the stress field on the regions nearby the interface
between implant and skull. So, the higher the number of screws the lower the stress
concentrations in the interface.

When it comes to the displacement, Figures 5.2, 5.3, 5.4, 5.5 and 5.6 show that it
is impossible to minimize the maximum displacement in the impact zone whatever the
number of screws is in use. This happens because in the region where the implant occurs
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the influence of the screws and the interface contact can be neglected, mainly because
is a very central zone of the implant. However, significant differences are verified when
it comes to the displacement on the interface between implant and skull: the higher the
number of screws the lower the displacement verified in this region.

The graphics of Figures 5.7 and 5.8 exhibits the maximum values of von Mises stress
obtained for the implant and for the skull respectively, for the various models studied.
For the implant, and as mentioned early, the maximum stresses were obtained near the
interface between implant and skull for the cases when 5, 6 and 7 screws were used,
while in the other two cases the maximum von Mises stress was obtained near the
impact region. Recording the material constitutive behavior, the initial yield strength
at a quasi-static strain rate is 132 MPa. So, this stress value was outdated only in the
model with 5 screws, which reinforces the arguments presented earlier.

On the other hand, the values obtained for the skull, all verified on the cortical
layer of the skull, show very similarities between them and are much lower than the ones
verified on the implant. So, it is implicit that, for an impact on the implant central zone,
the modification of the configuration of the screws does not have a significant impact on
the skull.

In short, two critical zones can be identified: the region nearby the impact and the
interface between the implant and skull. Since changing the number of screws does
not modify the behavior of the central zone of the implant, where the impact occurs,
the key for choosing the best option is to take into account the von Mises stress and
displacement near the interface between bone and implant. When it comes to the von
Mises stress, the models with 6, 8 and 9 screws are a preferable solution. However, the
big displacements verified for the model with 6 screws ranging from the central zone to
the interface are a possible explanation for the fact that the stresses are lower in these
regions and make this model unusable. So, since the models with 8 and 9 screws provide
identical solutions and, as mentioned earlier, the lower the number of screws the better,
the model to be used in the further analysis will be the one with 8 screws.

Additionally, the stresses along the interface of bone and implant were subject to
analysis in order to better understand the effect of the screws on stress concentration.
A path was created in the software Abaqus containing a sequence of nodes, as shown in
Figure 5.9.

The graphic of the Figure 5.10 shows the evolution of the von Mises stress along
the path selected. As observable, the regions where the screws are located result almost
always in local maximums, as expected. However, there are other regions in which higher
stress values are registered. This happens mainly because of geometry conditions in the
contact between bone and implant since the mesh is irregular in some parts of the skull’s
defect border.

5.2 Implant’s Protection Capacity Evaluation

Given the fact that the major function of the cranial implant is to restore the skull’s
protective function, it is imperative to evaluate the brain’s integrity after the implant
is subjected to an impact load. Thus, a comparative study was performed taking into
account two scenarios: an impact load on the model with implant and the same impact
load on the same location on the model with an integral skull. The selected impact load
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(b) von Mises stress field.

IJ, Magnitude
+3.298e+00
+3.023e+00
+2.748e+00
+2.4742+00
+2.199e+00
+1.9242+00
+1.649e+00
+1.374e+00
+1.0992400
+5.245e-01
+5.497e-01
+2.748e-01
+0.0002+00

Max: +3.2982+00
MNode: IMPLANT-1.10231

(c) Displacement field.

Figure 5.2: Screws position, von Mises stress field (MPa) and displacement field (mm)
for the model with 5 screws.
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(a) Screws positioning (RP’s).

S, Mises

(&g 75%)
+7.359+401
+6.745e+401
+6.132e401
+5.519e+01
+4.906e+401
+4.293e+401
+3.679e+401
+3.066e+401
+2.453e+01
+1.840e+01
+1.226e401
+6.132e+400
+1.334e-07

Max: +7.359e+01

Elern: IMPLAMT-1.23987
MNode: 7314

(b) von Mises stress field.

U, Magnitude
+3.310e+00
+3.034e+00
+2.758e+00
+2.483e+00
+2.207e+00
+1.931e+00
+1.655e+00
+1.379e+00
+1.103e+00
+8.275e-01
+5.517e-01
+2.758e-01
+0.000e+00
Max: +3.310e+00

Mode: IMPLANT-1,10231

(c) Displacement field.

Figure 5.3: Screws position, von Mises stress field (MPa) and displacement field (mm)
for the model with 6 screws.
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(a) Screws positioning (RP’s).

S, Mises

(Pvg: 75%)
+1.027e+02
+9.412e+01
+38.557e+01
+7.701e+01
+6.845e+01
+5.990e+01
+5.134e+01
+4.278e+01
+3.423e+01
+2.567e+01
+1.711e+01
+8.557e+00
+7.998e-08

Max: +1.027e+02
Elem: IMPLANT-1.8859
Mode: 19718

(b) von Mises stress field.

U, Magnitude
+3.272e+00
+2.999e+00
+2.727e+00
+2.454e+00
+2.181e+00
+1.909e+00
+1.636e+00
+1.363=+00
+1.091e+00
+8.180e-01
+5.453e-01
+2.727e-01
+0.000e+00
Max: +3.272e+00
Node: IMPLANT-1,10231

(c) Displacement field.

Figure 5.4: Screws position, von Mises stress field (MPa) and displacement field (mm)
for the model with 7 screws.
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(a) Screws positioning (RP’s).

5, Mises

(Avg: 75%)
+7.969e+01
+7.305e+01
+6.641e+01
+5.977e+01
+5.313e+01
+4.649e+01
+3.985e+01
+3.320e+01
+2.656e+01
+1.992e401
+1.328e+01
+6.641e+00
+6.491=-08

Max: +7.969e+01
Elermn: IMPLANT-1.17932
Node: 31871

(b) von Mises stress field.

L, Magnitude
+3.317e+00
+3.041e+00
+2.764e+00
+2.488e+00
+2.212e+00
+1.935e+00
+1.659e+00
+1.382e+00
+1.106e+00
+8.293e-01
+5.529e-01
+2.764e-01
+0.000e+00

Max: +3.317e+00

Node: IMPLANT-1.10231

(c¢) Displacement field.

Figure 5.5: Screws position, von Mises stress field (MPa) and displacement field (mm)
for the model with 8 screws.
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(a) Screws positioning (RP’s).

S, Mises

(Awg: 75%)
+8.9%96e+01
+8.246e+01
+7.497e+01
+6.747e+01
+5.997e+01
+5.2482+01
+4.498e+01
+3.748e+01
+2.999e+01
+2.249+01
+1.499e+01
+7.497¢+00
+7.8982-08

Wax: +8.996e+01
Elem: IMPLANT-1.9388
MNode: 21247

(b) von Mises stress field.

U, Magnitude
+3.280e+00
+3.007e+00
+2.734e+00
+2.460e+00
+2.187e+00
+1.914e+00
+1.640e+00
+1.367e+00
+1.093e+00
+8.201e-01
+5.467e-01
+2.734e-01
+0.000e+00
Max: +3.280e+00
Mode: IMPLANT-1.10231

(c¢) Displacement field.

Figure 5.6: Screws position, von Mises stress field (MPa) and displacement field (mm)
for the model with 9 screws.
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Figure 5.7: Maximum von Mises stresses verified on the implant for the various models.
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Figure 5.9: Path along the interface between bone and implant, with its nodes
highlighted in red.
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Figure 5.10: von Mises stress evolution along path describing the implant interface with
skull. The locations of the screws are highlighted by the red bars.

Pedro Santos Master Degree



5.Numerical Simulations and Results 53

Table 5.1: Percentage of brain tissue within the thresholds that match the Criterion 1
definition.

Criterion Definition Model With Implant Model With Integral Skull
Injury 0.29% 5.88%
Minor or No Injury 99.13% 84.28%

Table 5.2: Percentage of brain tissue within the thresholds that match the Criterion 2
definition.

Criterion Definition Model With Implant Model With Integral Skull
Severe Injury (Shear Stress XY) 0.010% 0.018%
Severe Injury (Shear Stress XZ) 0.002% 0.025%
Severe Injury (Shear Stress YZ) 0.001% 0.026%

describes a bicycle accident, which was previously simulated by Fahlstedt et al. [Fahlstedt
et al. 2012]. The author obtained a linear velocity of 5.3 m s~!, with a normal component
to the ground of 4 m s~!, which has served as a reference in this model.

Based on what was discussed on Chapter 2, Section 2.1, Subsection 2.1.2 about TBI
and taking into account the information in Table 2.1, the following parameters will be
evaluated on the brain:

1. Pressure;

2. Shear stress;

3. von Mises stress;
4. Strain.

For each parameter, the deformed shape is shown (with the same contour scale for
both models) in Figures 5.11, 5.12, 5.13, 5.14, 5.15 and 5.16 and the percentage of brain
tissue within the criteria thresholds is presented in Tables 5.1, 5.2, 5.3 and 5.4.

In contrast to what could be expected, the values observed in Tables 5.1, 5.2, 5.3
and 5.4 prove that the model with implant is more effective when it comes to protecting
the brain than the model with an integral skull. To better understand these results, it is
worth remembering that brain injury is a combination of two factors: the deformation
processes due to brain motion and the direct trauma by indentation process on the
skull or implant. In fact, the material properties of both implant and cortical bone are

Table 5.3: Percentage of brain tissue within the thresholds that match the Criteria 3
and 4 definition.

Criterion Definition Model With Implant Model With Integral Skull
50% Probability of Moderate

Neurological Lesions 247% 1.84%

50% Proba@hty of 'Severe 0.01% 0.12%
Neurological Lesions

Axonal Damage 0.40% 0.48%
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=, Pressure

{(Awg: 75%)
+2.856e4+00
+5.000e-01
+2.917e-01
+8.333e-02
-1.250e-01
-3.333e-01
-5.417e-01
-7.500e-01
-9.583e-01
-1.167e+00
-1.375e+00
-1.583e400
-1.792e400
-2.000e+400
-2.992e400

(a) Model with implant.

S, Pressure

(Awvg: 75%)
+1.416e+01
+5.000e-01
+2.917e-01
+8.333e-02
-1.250e-01
-3.333e-01
-5.417e-01
-7.500e-01
-9.583e-01
-1.167e4+00
-1.375e+00
-1.583e+00
-1.792e+00
-2.000e+00
-3.010e+00

(b) Model with integral skull.

Figure 5.11: Pressure on brain for both models (MPa).

Table 5.4: Percentage of brain tissue within the thresholds that match the Criterion 5
definition.

Criterion Definition Model With Implant Model With Integral Skull

Reversible Damage 0.35% 0.49%
Functional Damage 0.001% 0.01%
Axonal Damage 0.001% 0.01%
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Sisdo

(Awvg: 75%)
+4.000e-01
+2.000e-01
+1.490e-07
-2.000e-01
-4, 000=e-01
-5, 000=-01
-8,000e-01
-1.000e+00
-1.200e4+00
-1.,400e+400
-1.600e+400
-1.800e+00
-2.000e4+00

(a) Model with implant.

g, 512

(Awg: 75%)
+4.000e-01
+2.000e-01
+1.490e-07
-2.000e-01
-4.000e-01
-5.000e-01
-2.000e-01
-1.000e+00
-1.200e+00
-1.400e+00
-1.600e+00
-1.800e+00
-2.000e+00

(b) Model with integral skull.

Figure 5.12: Shear stress XY on brain for both models (MPa).
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s, 513

{Avg: 75%)
+2.872e-02
+3.471e-03
-2.178e-02
-4.703Ze-02
-7.228e-02
-9.754e-02
-1.228e-01
-1.480e-01
-1.733e-01
-1.985e-01
-2.238e-01
-2.490e-01
-2.743e-01

(a) Model with implant.

g, 513

(Awvg: 75%)
+2.872e-02
+3.470e-03
-2.178e-02
-4,703e-02
-7.228e-02
-9.753e-02
-1.228e-01
-1.480e-01
-1.733e-01
-1.985e-01
-2.238e-01
-2.490e-01
-2.743e-01

(b) Model with integral skull.

Figure 5.13: Shear stress XZ on brain for both models (MPa).
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S, 523
(Avg: 75%)

+2.612e-02
+9.000e-03
+6.778e-03
+4.556e-03
+2.335e-03
+1.130e-04
-2.109e-03
-4.331e-03
-6.552e-03
-8.774e-03
-1.100e-02
-1.322e-02
-1.544e-02
-1.766e-02

(a) Model with implant.

5, 523

{(Avg: 75%)
+2.9435e-02
+9.000e-03
+6.833e-03
+4.667e-03
+2.500e-03
+3.3335e-04
-1.833e-03
-4, 000e-03
-6.167e-03
-8.333e-03
-1.050e-02
-1.267e-02
-1.483e-02
-1.700e-02
-8.403e-01

(b) Model with integral skull.

Figure 5.14: Shear stress YZ on brain for both models (MPa).
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S, Mises

(g 75%)
+2.286e-01
+1.500e-01
+1.375e-01
+1.250e-01
+1.125e-01
+1.000e-01
+8.750e-02
+7.500e-02
+6.250e-02
+5.000e-02
+3.750e-02
+2.500e-02
+1.250e-02
+1.160e-07

(a) Model with implant.

S, Mises

(Avg: 75%)
+2.164e+00
+1.500e-01
+1.375e-01
+1.250e-01
+1.125e-01
+1.000e-01
+8.750e-02
+7.500e-02
+6.250e-02
+5.000e-02
+3.750e-02
+2.500e-02
+1.250e-02
+1.160e-07

(b) Model with integral skull.

Figure 5.15: von Mises stress on brain for both models (MPa).
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LE, Max. Principal

(Awvg: 75%)
+4.285e-01
+2.500e-01
+2.292e-01
+2.083e-01
+1.875e-01
+1.667e-01
+1.458e-01
+1.250e-01
+1.042e-01
+8.333e-02
+6.250e-02
+4.167e-02
+2.083e-02
+5.264e-07

(a) Model with implant.

LE, Max. Principal

(Avg: 75%)
+8.094e-01
+2.500e-01
+2.292e-01
+2.083e-01
+1.875e-01
+1.667e-01
+1.458e-01
+1.250e-01
+1.042e-01
+8,333e-02
+6.250e-02
+4.167e-02
+2.083e-02
+5.364e-07
+3.378e-07

(b) Model with integral skull.

Figure 5.16: Strain on brain for both models.
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decisive on this matter, because the lower stiffness of the implant material increases
the damping effect and, consequently, decreases brain motion. On contrary, this same
damping effect can cause a traumatic injury on the brain region near the impact zone.
This phenomenon is observed in Figures 5.11, 5.12, 5.13, 5.14, 5.15 and 5.16, where, for
the models with implant, higher values of the parameters are registered on the impact
zone, due to the indentation effect, while for the models with an integral skull the higher
values of the parameters are distributed along the hemisphere. Still, to reinforce this
matter, Figure 5.17 shows the displacements on the brain for the two models, which
makes the argumentation presented earlier even more evident. Also, the parameter
which most differed between the two models was the pressure, which makes it evident
that brain motion influences much more this parameter than the larger deflection of the
implant.
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U, Magnitude
+2.034e+00
+1.865e+00
+1.695e+00
+1.526e+00
+1.356e+00
+1.187e+00
+1.017e+00
+8.476e-01
+6.781e-01
+5.085e-01
+3.290e-01
+1.695e-01
+0,000e+00

(a) Model with implant.

I, Magnitude
+2.034e4+00
+1.864e+00
+1.695e+00
+1.525e+00
+1.256e+00
+1.186e+00
+1.017e+00
+8.475e-01
+6.780e-01
+5.085e-01
+3.390e-01
+1.695e-01
+0.000e4+00

(b) Model with integral skull.

Figure 5.17: Displacement on brain for both models.
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Chapter 6

Conclusions and Future Works

6.1 Conclusion

In this work, a cranial implant was the subject of analysis in terms of mechanical
resistance and brain protection. After the literature review, PEEK proved to be the
best choice as the material to be assigned to the implant. Also, all the assumptions
made with respect to modeling strategies were based on previous validations made by
other authors. The numerical simulations involving the human head and the implant
can be divided into two parts:

1. A parametric study which had the purpose of finding out the best configuration of
fixation screws, in terms of its number, that enhanced the mechanical performance
of the model and the structural integrity of the implant;

2. A comparative study between a model with a cranial implant and a model with
an integral skull in order to evaluate the implant’s capacity to protect the brain
against TBI.

Relatively to the first part of the analysis, the structural integrity of the implant was
maintained in almost all of the configurations, except the one with five screws. Also,
the solution with eight and nine screws proved to be the better ones since it had the
capacity to reduce the von Mises stress and the displacements on the interface between
the implant and skull, one of the critical zone. Also, the evolution of the stress along
the implant interface showed local maximums on the regions nearby the locations of the
screws.

With regard to the second part of the analysis, the model with implant showed a
greater capacity to protect the brain against TBI for all parameters evaluated, since
less percentage of brain tissue was at risk of suffering moderate or severe injuries. This
happened mainly because of the mechanical properties of the implant material when
compared to the cortical bone. Since PEEK has a lower stiffness (resultant of a lower
Young’s Modulus) a damping effect is verified, reducing the brain motion.

Overall, the modeled cranial implant and the options made during the modeling
process proved to have a great result since the main goals of the work were accomplished,
specifically the development of a cranial implant that, when subjected to impact load,
retains its structural integrity and ensures brain protection.
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6.2 Future Works

Since this is an area in constant development, some suggestions for further development
having this work as a reference are presented in this section:

e Modeling the geometry of the screws instead of using fasteners to simulate them:;

e About the second part of the analysis, simulate impacts for a large range of
velocities to find out if a major deflection on the implant is susceptible to generate
more severe injuries on the brain by direct trauma than by brain motion;

e Add a scalp to the YEAHM, since its mechanical properties are likely to change
the head impact biomechanics;

e Add a scaffold structure to the implant in order to promote tissue growth and
formation.
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