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Abstract

Objective: To design and optimize a patient-specific subperiosteal maxillary implant in
3D-printed Yttrium-stabilized Zircon oxide by utilizing topological optimisation (TO) for
assigning lattices to improve osseointegration and load bearing, while reducing the bulk of

the implant.

Materials & Methods: A contrast-based segmented skull model from an anonymized
computed tomography data of a patient was used for this research. A maxillary subperiosteal
implant was initially designed according to the available residual bone. This initial implant
was then processed for TO under different load bearing conditions. Structural modifications
and lattice incorporation were performed according to the TO and the final design underwent

in-silico biomechanical evaluation.

Results: This study resulted in two different types of patient-specific subperiosteal maxillary
implants, a) initial design based on the available bone, b) redesign on the basis of TO and an
osseoconductive lattice. The in-silico tensile test revealed that the Young’s modulus of the
lattice structure incorporated into the implant is 83,3 GPa in contrast to that of the yttrium-
stabilized ceramic bulk material which is 205 GPa. The absolute maximum principal stresses
in the implant were considered, leading to 61,14 MPa in the bulk material and 278,63 MPa in
the lattice, both tolerable by the bulk material and the lattice, suggesting that the redesigned

implant can resist the occlusal forces (125-250 N per abutment).

Conclusion: This thesis showed the potential to use TO to advance the patient-specificity
of a dimensionally customised 3D-printed implant. However, experimental validation of the
proposed workflow is necessary towards a clinical implementation of the proposed implant

design.

v
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Kurzfassung

Ziel: Das Design und die Optimierung eines patientenspezifischen subperiostalen Implantats
fiir die Maxilla aus einer 3D-gedruckten Yttrium-stabilisierten Keramik an derer die Methode
der Topologieoptimierung (TO) fiir die Zuweisung einer Gitterstruktur angewandt wird um
das Implantat beziiglich Osseointegration und Belastbarkeit bei gleichzeitiger Verringerung

der Masse zu verbessern.

Methodik: Fiir diese Studie wurde ein bereits segmentiertes Schiadelmodel aus anonymi-
sierten computertomographischen-Daten eines Patienten verwendet. Ein initiales subpe-
riostales Oberkieferimplantat wurde entsprechend des verfiigharen Restknochens entwor-
fen. Dieses initiale Implantat wurde dann fiir TO unter verschiedenen Belastungsbedin-
gungen aufbereitet. Strukturelle Anderungen und der Einbau von Gitterstrukturen wurden
entsprechend der TO durchgefiihrt, und das endgiiltige Design wurde einer biomechanischen

in-silico-Evaluierung unterzogen.

Ergebnisse: Die durchgefiihrte Studie hat zwei verschiedene Arten von patientenspezifis-
chen subperiostalen Oberkieferimplantaten ergeben: a) ein urspriingliches Design auf der
Grundlage des vorhandenen Knochens und b) ein Redesign auf der Grundlage von TO und
einem osseokonduktiven Gitter. Der In-silico-Zugversuch ergab, dass der Elastizitdtsmodul
des in das Implantat eingebauten Gitters 83,3 GPa betriagt, im Gegensatz zu dem des
Yttrium-stabilisierten keramischen Vollmaterials, das 205 GPa betriagt. Die absoluten maxi-
malen Hauptnormalspannungen im Implantat wurden untersucht und ergaben 61,14 MPa im
Vollmaterial und 278,63 MPa in der Gitterstruktur, die sowohl vom Vollmaterial als auch von
der Gitterstruktur ertragen werden konnen, was darauf hindeutet, dass das neu gestaltete
Implantat den okklusalen Kréften (125-250 N pro Abutment) standhalten kann.

Schlussfolgerungen: In dieser Arbeit wurde das Potenzial der TO zur Verbesserung der
Patientenspezifitat eines individuell gestalteten 3D-gedruckten Implantats aufgezeigt. Eine
experimentelle Validierung des beschriebenen Arbeitsablaufs konnte das vorgeschlagene Im-

plantatdesign jedoch noch verbessern.
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1 Introduction

1.1 Motivation

Dental implants are a well-established treatment of choice for restoring edentulism.[I] As be-
ing prevalent in approximately 352 million cases worldwide, edentulism presents a significant
medical and economical burden.|2, 3] Depending on the pre-existing medical conditions, the
residual ridge and the patients’ desire, the type of dental implant can be selected.[4] Ad-
vances in the manufacturing process of implants, however, with the technology of additive
manufacturing (AM) and improved imaging methods as computed tomography (CT), and
cone-beam computed tomography (CBCT) give the possibility of designing patient-specific
implants.[5] In addition, treatment concepts such as the subperiosteal implant are experienc-
ing a renaissance, as patient-specific use leads to an improved and desirable outcome that
could not be achieved with earlier, conventionally manufactured subperiosteal implants.[6], [7]
This thesis proposes a workflow for designing a patient specific subperiosteal implant for the
maxilla. To improve the design of the individualized implant, it is essential to acquire knowl-
edge of the mechanical stresses in the bone and the implant. Bone is a living tissue that
remodels as a response to external loads, defined by Wolff’s law.[8] Consequently, implants
can lead to an alteration in the internal stresses experienced by the bone. If the implant
absorbs an abnormal high amount of stress, then this could result in a loss of bone mass
in the environment which is only affected by a diminished portion of the stress. This effect
is called stress shielding and may cause mechanical loosening of the implant.[9] To mitigate
this unwanted effect, the implant should be designed in a way that the bone is exposed to a
physiological stress distribution. Therefore, obtaining these stress results directly influence
the design of the implant. To study these stress distributions, the finite element method
(FEM), often used in biomedical applications, can be employed.[10], [IT] The FEM reduces
the complexity of the mechanical problem by dividing it into smaller and simpler elements.
So, instead of acquiring the solution for the mechanical problem for the whole system at
once, the problem is computationally solved for each element.|10]

Another potential improvement to an initial implant design based on FEM considerations
holds the field of topology optimization (TO).[I2] TO draws great attention due to the high
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1 Introduction

potential achievable economical savings for the industry.[13] [14] In addition, TO developed
to a powerful approach under medical implant designers to attain a biomechanically im-
proved product regarding the principle of finding the ideal material distribution at the basis
of the FEM.[I5] TO has also been used for improving a patient specific subperiosteal implant
regarding the macro-structure.[I6] Since the TO method has already been well established
in implant design, the questions arises, if there are other facets to or potential use-cases for
this method.

Osseointegration is also important in the context of implant design. This term refers to the
process of the formation of a structural and functional compound between a living bone
tissue and the surface of an adjacent implant.[I7] It is the result of the bone’s healing pro-
cess, where bone cells attach to the implant surface and result in a solid anchorage.[17] This
process can be promoted by the implant’s macro- and micro-structure[I§|. A lattice, for ex-
ample, which is represented by an arrangement of beams, can promote osseointegration.[19]
Therefore, in this research TO has been applied to identify the regions within the implant
where the bulk material can be substituted by a lattice. This makes the AM-based FEM
and TO-guided implant design precise and tailored to the individual-oral stresses.

While this approach to precision medicine is widely implemented in contemporary implant
dentistry, case reports show only a limited number of materials currently available.[20] 21]
Owing to their excellent corrosion resistance, metal alloys like Ti-6Al-4V have been broadly
used, but, complications in bone mineralization or allergic reactions could occur due to
the possibility of the alloy releasing aluminium and vanadium.[22] Therefore, it is of great
interest to investigate different potential materials for implants. Moreover, biomechanical
improvements for titanium implants are demonstrated in the literature.[22] As high perfor-
mance ceramic implants are well established in total hip arthroplasty (THA) and total knee
arthroplasty (TKA), a potential use case in subperiosteal implant design could arise.[23]
Zirconia ceramics are characterized by a lower risk of fractures as conventional ceramics,
which again could be beneficial.[23] Given this knowledge, a yttrium-stabilized zirconium
ceramic material appears as potential candidate for investigating the stresses occurring in

the implant.

1.2 Edentulism

Edentulism is still an ongoing challenge in the whole world.[24] Tt is a severe form of tooth
loss and defined by the total loss of teeth within the oral cavity, usually accompanied by a
deterioration of the quality of life of the affected person.[3] According to the Global burden
of Disease Study 2019, 3,5 billion people are confronted with an oral condition, with severe

tooth loss and edentulism being prevalent in approximately 352 million cases.|2] This high
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1.2 Edentulism

number of cases go along with a great economic burden as the treatment of oral diseases make
up for about 4,7% of the yearly global health expenditure.[3] Due to profound disparities
in the health care system between developed and developing countries, the latter is facing
a harder challenge to counteract oral diseases.[25] Given a greater health care system, a
downwards trend of edentulous persons in Europe can be identified over the last 30 years,
while numbers in developing countries are still increasing.[26] With 30% of older Europeans,
who are in the age group of 65-74, affected with severe or total loss of their natural teeth,
the potential for improvement is apparent.[27] In the United States of America, about 26%
of adults being in the age group over 65 years have 8 or fewer teeth and about 17% have lost
all of their teeth.[28] 29] Additionally, it can be stated, that older adults in the US, who are
living in poverty, have a minor school education, or are cigarette smokers raise the chance
the chance to loose all their teeth 3 times.[29] A downwards trend towards fewer cases as in

Europe regarding edentulism, however, can be identified.[29]

1.2.1 Causalities and Consequences

The causalities with edentulism are manifold. Studies show a correlation between tooth
loss and obesity and vice versa.[3] It can be stated, that fat tissue promotes various dis-
eases due to the high concentrations of bioactive substances like prototypic adipocytokines,
which are functioning like hormones in the surroundings of fat tissue. Some of these seem
to have a pro-inflammatory effect.[30] Therefore, obese individuals have a higher probability
to be affected by periodontal disease. Periodontitis is an irreversible inflammation of the
oral mucosa, which can be seen as a fundamental cause for tooth loss.[3, BI]. Periodontitis,
however, is preventable by lifelong daily plaque removal and lifestyle changes as e.g. quitting
smoking.[32] Daily tooth brushing is still seen as the most important precaution against pe-
riodontitis, since the gathering of plaque at the oral mucosa introduces an inappropriate and
destructive inflammation of the body.[32] Additionally, it is demonstrated, that periodically
undergone professional oral prophylaxis benefit the oral health which is associated with the
reduction of plaque.[32]

Nevertheless, persons with missing teeth showed a higher likelihood of being obese and
edentulous persons showing even a higher likelihood for it. Since missing teeth influence
an individuals’ mastication, studies showed that affected people would alter there nourish-
ment variety. Consequently, studies demonstrated the effect of missing teeth on the quality
and type of diet. It was reported that edentulism is linked to a lower intake of vegetables,
fruits and dietary fibres.|3] Thus, the integrity of the oral cavity is a major factor regarding
malnutrition.|[33]

A systematic review and meta-analyses provided by Cademartori et al. in 2018 showed a
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1 Introduction

correlation between depression and edentulism in adults and elders.[34] Hence, edentulism
seems to enlarge the chance of following depressive symptoms.[34] Additionally, dental and
oral health in general have an influence on the person’s self-esteem, due to the impact on an
individual’s attractiveness.|[35] Moreover, physical and facial attractiveness take part in hu-
man interactions, therefore, impacts friendships or the outcome of finding a significant other.
The correlation between self-assessment of attractiveness and mental stability or anxiety is
reported.[35]

Another aspect is the influence of education on oral health. A hypothesis about education
being a positive influence on the individuals’ oral health is the enhanced ability to understand
cause and effect relations. Therefore, higher educated people are more likely to maintain
a healthier life, since they would rather choose the healthier option. It was demonstrated,
that every additional year of education result in the decrease of 9% points in the probability
of edentulism.[30]

Since periodontitis can lead to teeth loss, it is apparent to enlighten the risk factors for
periodontitis.[37] One major disease that is linked to this periodontal disease is diabetes
mellitus.[38] Diabetes mellitus is a metabolic disease spectrum associated to the malfunction
of the bodies sugar regulation.[39] Periodontitis and diabetes mellitus have many risk fac-
tors in common, as smoking, alcohol abuse, obesity, lack of physical exercise and high refined
sugar intake. Therefore, both diseases are highly likely to appear in the same individual.
Periodontal diseases is on the other hand a risk factor for deteriorating diabetes mellitus
itself and vice versa, so, they both influence the outcome of the treatment.[39] Another as-
pect of the potential risk of not treated edentulism gives the bone remodeling law by Wollff.
Wolfl’s law states, that bone will remodel its architecture in relation to the forces applied.[§]
Therefore, bone gets stronger, if it is exposed to constant high loads, or even deteriorate if
loaded less or not at all. Consequently, if areas of the jaw or even the complete jaw is not
exposed to loads anymore due to the lack of teeth, these areas are exposed to bone loss,
leading to an alteration of the facial aesthetics.[40)]

In addition, studies have linked edentulism with different serious health conditions, includ-
ing an enhanced risk of developing chronic kidney disease, diabetes and heart conditions like
hypertension[37, 38, 41}, [42]. Hence, it is evident, that tooth loss needs quick and effective

treatment in order to avoid permanent issues.

1.2.2 Curative Treatment for Edentulism

As stated before, edentulism and partial edentulism as well affects the body in different ways.

Despite a single missing tooth will not lead to distinct practical obstacles at the beginning,
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1.2 Edentulism

it is entirely reasonable, however, for the adjacent teeth to start moving towards the opened

space, resulting in the possibility of introducing occlusal problems.[43]

The majority of patients are affected by a partial edentulous condition, meaning, they either
are missing only a single tooth or a small number of teeth.[2] Replacing a missing tooth with
dental implants, partial dentures, dental bridges or a combination of these, relative to the
underlying edentulous pattern present, turned out to be one of the most effective measures for
a patient in order to restore aesthetics and function.[44] It was already stated, that untreated
edentulism is associated with bone loss. An acceptable volume of quality bone, however, is
a prerequisite for a long lasting implant.[45] Additionally, the positioning of the implant
is of great importance, since a misplaced implant can lead to peri-imlpantitis, which is an
inflammation of the implant adjacent mucosa leading to loss of the supporting bone.|22], [46].
Peri-implantitis is the most prevalent cause for a titanium implant to fail.[22] Therefore, it
is essential to choose the correct implant for the proper condition. There is a vast variety
of implants available, and there is a possible classification regarding the implantation site in

the oral cavity[I§]:

Endosseous Implants

Endosseous or endosteal dental implants are intended to be implanted into the alveolar or
basal bone of the maxilla or mandibula, while the implant’s body stays embedded within the
bone.[I8] A prerequisite for the use of endosseous implants is sufficient bone quantity and
quality.[21] This type of implant is designed to be an individual unit, therefore, the clinician
has the possibility to select between different sizes and numbers of units which are placed
in the patient’s jaw in order to guarantee the best treatment result.[I8] State of the art
endosseous implants are provided with a macro-structure to enhance primary stability and
a micro-structure to improve osseointegration.[I8] Present statistics, however, show, that
about 56% of the endosseous implants examined in the study displayed peri-implantitis,

therefore, needed to be ex-planted.[7]

Eposteal and Subperiosteal Implants

The eposteal implant is a type of implant which is placed on top of the remaining jawbone,
while securing the positioning with screws.[18] It is frequently used in cases of severe bone
atrophy, where the use of endosseous implants is not applicable, like for patients of Cawood

and Howell class V-VI bone atrophy.|[7, 47| The subperiosteal implant is a form of eposteal
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implant first introduced in 1942 by the Swedish dentist Dahl, primarily utilized for treating
an edentulous mandible, since the mandible consists of a greater bone density as the maxilla,
hence providing better support for the loads applied|I8, 48].

In the implantation procedure, the operator retracts the oral mucosa and periosteum in
order to expose the basal bone and places the implant subperiosteally, meaning under the
periosteum, with a different number of abutments reaching through the oral mucosa for
attaching the actual implant. Finally the periosteum and the oral mucosa are sutured to
cover the bone and the implant.[I8] Though the mandible consists of greater bone density
as the maxilla, subperiosteal jaw implants can be used for treating both the mandible and
the maxilla.[I8] Associated maxillary bone deterioration, however, is a proven obstacle.[6]
In addition, maintaining a proper bone-implant contact due to gravity is a challenge.[6] In
earlier stages, the treatment of a patient with a subperiosteal implant was very complex,
given the necessity of capturing the true surface of the residual bone with a prior surgery,
inducing significant patient inconvenience.|[2I] Moreover, the accuracy and precision were far
from exact, leading to a potential unexpected outcome.[21]

There have been major advancements in the area of subperiosteal implants: First, the con-
cept of accompanied bone grafting in the mandible to enhance bone formation and osseoin-
tegration was introduced.[6] Bone grafting is a surgical procedure, where bone is cleaved to
encourage bone formation in the context of guided bone regeneration.[45] One consequence
of this technique, however, is the duration of treatment with the potential of complications
during or after surgery, given the procedure’s vast complexity.|21]

Second, the main material for subperiosteal implants used was originally the alloy vitallium,
consisting of 65% cobalt, 30% chromium, 5% molybdenum, and other substances.[6] Today,
grade 3 titanium is used for conventional subperiosteal implants.[6] Other materials like a
hydroxyapatite and collagen nanocomposite-coating for titanium implants, however, appear
to be related to advance osseointegration. [, [49]

Third, the customization aspect due to the innovative possibilities given the technology of
additive manufacturing is conveying new solutions, since shape optimizations can lead to
refined bone-implant contact and improved biomechanical properties particularly for de-
fects of the maxilla.[6] Furthermore, due to major improvements in the digital technology
in medicine, new data gathering methods like CT lead to faster and better results. These

advancements allow the renaissance of this implant concept.[50]

Transosteal Implants

These types of implants permeate the bone completely and are principally designed for the
extremely atrophied mandibula.[I8| Studies report positive results when treating with tran-

sosteal implants, comparison studies between transosteal and endosseous implants, however,
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report significantly a superior outcome for endosseous implants for longer treatments than

1 year.[18]

Zygomatic and Pterygoid Implants

These implant types are placed either in the zygomatic or in the pterygoid processes.[1§]
Usually, both are less in use in routine procedures, zygomatic implants, however, have substi-
tuted the use of conventionally manufactured subperiosteal implants for the severly resorbed
maxilla.[6, 21] The approach for the implantation of a zygomatic implant is to drill a tran-
sosseous path, which is highly risky due to a limited field of vision and possible damages
to adjacent anatomical structures, with minor diversions leading to significant errors.|[I§]
Clinical studies, however, report high success rates.[18] The pterygoid implant is another
approach with drilling a transosseous path finally reaching the pterygoid process of the
sphenoid bone.[I8| The advantage of pterygoid implants is that the transosseous path is in-
tended to be drilled in denser cortical bone to avoid a possible prior bone grafting procedure
for shorter treatments.[I8]

1.3 Anatomy of the Edentulous Maxilla

Since this thesis deals with the design of a subperiosteal maxilla implant, the focus in fol-
lowing text will be laid on this anatomical structure. The maxilla is formed of 2 maxillary
bones, the maxillae, which are fused at the sutura intermaxillaris.|[51] Both maxillae form
the bony basis for the upper face and determine by their shape, size and position mainly the
form of the midface. They participate in the formation of the walls of the orbital and nasal
cavities and in the formation of the palate. They carry the upper row of teeth and, with a
frontal and a zygomatic arch pillar, transfer the masticatory pressure to the cranium.|52]
Edentulous patients, however, suffer from bone atrophy, therefore less bone is available
to transfer the occurring masticatory pressures to the cranium. Hence, for a subperiosteal
implant which only rests on the bone, it is necessary to use the maximum available surface
area. For the edentulous maxilla this is finite space of approximately 24 cm?, since not the
whole surface present may be used for implant.[54] The maxillary surface can be divided into
stress-bearing and relief areas.[54] These anatomical landmarks are visualized in figure [1.1]
There are stress-bearing areas that are supporting structures and may be loaded. These can
be subdivided into primary and secondary stress-bearing areas, with the difference in the

bone structure. The primary stress-bearing area generally consisting of cortical bone which
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1 Introduction

Figure 1.1: Anatomical Landmarks of an edentulous maxilla model. 1: residual alveolar
ridge; 2: hamular notch; 3: fovea palatini; 4: maxillary tuberosity; 5: incisive
papilla; 6: rugae; 7: palatine raphe; 8: hard palate; 9: posterior palate[53]

is less affected by resorption, whereas the secondary areas consist of trabecular bone, that is
more affected by resorptive remodeling.[54] In the Maxilla, the primary stress-bearing areas
are the firm tuberosities and the hard palate on either side of the palatal raphe as well as
the posterior palate, numbers 4, 8 and 9 respectively in figure [[.I} The secondary stress-
bearing areas are the alveolar ridge and the rugae, numbers 1 and 6.[54] Relief areas are
regions which could resorb under pressure or cover fragile structures like nerves, therefore
load should be avoided.[54] These are the incisive papilla which covers the fossa incisiva,
the palatine raphe, which is the fusion line of the maxillae, and the fovea palatini, which
mark the posterior limit, numbers 5, 7 and 3 in figure [L.1, The hamular notch, number 2,
gives a limiting structure as well, so, the implant should not be extended any further to this

point. [53]

1.4 Computer-Aided Implementation of Personalized

Implants

All humans are different in terms of anthropometry and morphology.|5] Additionally, hu-
man tissues consist of various biological structures, like bone, skin, cartilage, etc. which
again differ greatly in relation to their biomechanical properties.[55-H57] Therefore, medicine
is taking great effort in order to take all these differences into account to attain patient-
specific treatment, called individualized /precision medicine.[5] The individualized treatment

is suitable for one target patient, hence, others cannot benefit with the same patient-specific




Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

1.4 Computer-Aided Implementation of Personalized Implants

product to achieve a comparable treatment. The concept of individualized medicine is not
confined to a certain field in medicine, but is already implemented in various medical appli-
cations, for example, the curative treatment of edentulous people with patient specific dental
implants. [7, 58-61]

A possible process chain for individualized medicine is initiated by the image acquisition. 5]
To acquire the patient image data, magnetic resonance imaging (MRI) or CT is commonly
used, with the aim to receive high quality images that allow an exact individual customiza-
tion to the patient’s anatomy. The cross-sectional image data set obtained from CT is
divided into smaller segments. This usually involves converting voxels (spatial data set) into
tetrahedrons, which is called segmentation. In this process, unnecessary information from
the data set is discarded and only the data values of interest are retained. Various algorithms
exist for segmentation, for example, data can be filtered according to their Hounsfield units,
which are values for the attenuation of X-rays in different types of tissue. Ultimately, all of
these algorithms should lead to a 3D anatomical model out of the 2D-images data stack of an
anatomical segment of interest with a data volume less than that of the original data set.[62]
The next step consists of building a computer-aided design (CAD) model of the segmented
images. This CAD model can then be used for various scenarios. In the case of this thesis,
the CAD model was used first to design an patient-specific implant and then to perform a
biomechanical simulation. The CAD helps in producing a patient-specific design that should
minimize the risk of potential complications, as severe osteolysis due to imperfect fit of the
implant to the patient’s anatomy. |3, 6] Furthermore, the stress distribution inside an implant
and the bone can lead to different outcomes of a treatment.[I12] To optimize the outcome, a
biomechanical matched implant leading to physiologic-like stress distributions is necessary.
To this end, numerical computation can be performed that require the reduction of complex-
ity of the biomechanical problem. This can be done by dividing the computational domain
into smaller entities, called finite elements (FEs). Solving the mechanical computation in
these elements and combining the results together (e.g. stress distribution in the implant
and/or bone) allows the designer to understand the biomechanical working condition and
therefore provide a better fit of the implant for the patient’s needs. In addition to analyzing
the stress distribution, major improvements to an initial implant design can also be achieved
by the TO method, which stems from the FEM.[15] [63] Especially in personalized medicine,
due to the implied diversity and complexity in implant design, the benefit of computational
modeling with FE is apparent.[5] The following chapter is dedicated to these two simulation
methods.
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1.4.1 Finite Element Method

The FEM was first used in implant dentistry by Tesk and Widera in 1973.[64] Ever since, it
has become essential in the acquisition of stress distributions.[65] Nowadays, the FEM is the
most used process for calculating stresses of complex structures. [66] Generally, the idea of the
FEM is to approximate the analytical solution to a continuum mechanics problem of a com-
plex body by dividing it into a finite number of elements, which is called discretization.[10]
These problems are formulated by differential equations for each element, which address the
underlying physics and consist of boundary conditions (BCs), that characterize the behaviour
at the boundary. The FE are linked with each other via nodes and the entirety of FEs form
a mesh. The elements can be of numerous dimension, like 1D elements as lines or beams, 2D
elements as plates or 3D elements as tetrahedrons. A visual representation of these elements
can be seen in Figures[T.2a] [T.2b]and [T.2¢. Additionally, the number of nodes assigned to one

element can vary, leading to linear or nonlinear elements. Therefore, the displacement of a

single node can be interpolated by a linear or a nonlinear shape function.[67] Together with
the equilibrium equations, the strain-displacement relations and the constitutive equations,

the displacement of each node is calculated. This relationship can be formulated as

U=F (1.1)

>

where K is the symmetric element stiffness matrix which gives a relationship between the
nodal displacements U and the nodal forces F' and is calculated for each element. To obtain a
response of the complete system, the global stiffness matrix is assembled, which gives a force
displacement relationship for each node. Finally, the stresses and strains can be obtained by
solving the governing equations. In conclusion, complex geometries and complicated loading
cases can be solved by this discretization method. |10, 67]

/

(a) (b) ()

Figure 1.2: Representation of FE shapes (a) 1D line element (b) 2D plane element (c¢) 3D
tetrahedral element

10
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1.4.2 Topological Optimization

The area of TO is a scientific field which first started in the aerospace and automobile indus-
try and got adopted by medical implant designers in the past few decades.[I4] [15] TO offers
an innovative approach for optimizing the mechanical properties of an implant by redesign-
ing the material distribution in a specific domain.|I5] This redesign relies upon the loading
scenarios and BCs are subject to the objective function, which minimizes or maximizes a
physical quantity.|[15] An example for such a physical quantity is the mean compliance, that
represents the inverse of the global stiffness. The FEM is used to discretize the design do-

‘ Initialization L-------»
F
2 2 = S By BB
Finite-Element-Analysis ----> [ ‘-"'lr“};l“-

T4
Yy, Y

T

Optimization Algorithm

I F
Adjustment
of Element Densities [~~~

— T Yes |
< Convergence ' Postprocessing

No

Figure 1.3: Iterative process of the SIMP-Method. [68]

main, whereupon the TO procedure determines whether the element in question has sufficient
stress levels, if not, the element in question is removed to expand overall efficiency.[15] FEM
software tools like Hypermesh (Altair Engineering, Troy, MI) can attain such optimization
results. Typically, in implant design TO can be used for the global layout structure as well
as for the local micro-structure.

From a theoretical point of view, the principle of a TO algorithm bares upon various method-
ologies, such as the variable density method, called solid isotropic material penalization
(SIMP) model.[I5] This method simply distributes material of a structure in a defined space
upon the obtained stress results of the FE analysis.[69] In the SIMP approach, a so-called
design variable x; is assigned to each element, which consists of the material density p; o of
the solid element and the density p; assigned to the element. The design variable represents
the normalized density and is therefore in the range between 0 and 1 as seen in equation

1.2
Pi

Pi0

11



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

1 Introduction

The relationship between the design variable and the elements’ elasticity is described by the
Young’s modulus F, as seen in equation , with Fj;( being the Young’s modulus of the

starting material and F; the reduced Young’s modulus.

8
I

p_ L with p > 1 (1.3)
Eio
The exponent p is the so called penalization exponent which greatly effects the optimization
result. This coefficient leads to easier distinguishable results, since density values of 0,5 can be
avoided.[68] Figure gives a visualization of the iterative SIMP algorithm, which is stopped
if no further improvement to the previous iteration is achieved, hence the optimization has
converged.

For patient specific biomedical applications, TO is successfully implemented for arthorplasty,
maxillofacial surgery, trauma surgery, spine surgery, and dentistry regarding mass reduction
while maintaining its strength. |15l [16], 63] [70, [71]

12



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

1.5 Additive Manufacturing Technology

1.5 Additive Manufacturing Technology

A single unit of a personalized implant can be fabricated by means of rapid prototyping
(RP). RP describes a material AM process in which an object is created through layer-
wise material deposition.[72] A CAD model is divided into numerous cross-sectional slices,
which are assembled layer-by-layer by a 3D printer. This RP process has revolutionized
the manufacturing process and significantly reduced costs and fabrication time for single
item production or low-scale series.[72] Additionally, novel structures and geometries can
be fabricated, which before were impossible by conventional manufacturing techniques. [15]
This leads to the revision of already forgotten designs, such as the subperiosteal implant. [50]
Ergo, the concept of RP can lead to a faster and enhanced treatment.|5]

The term AM formally describes the process of RP. Advancements in the output quality
from these machines, however, manifest in a much stronger correlation to a final product
as to a prototype.[73] Additionally, the term RP doesn’t take the manufacturing principle
into account, since all assembled parts are produced in a layer-wise fashion.[73] Therefore,
a consensus between the majority of standards bodies around the globe has been found by
adopting the term AM for a RP process.[73]

CAD ‘ STL-convert ‘ File transfer - Machine
setup

!

Application - Post-process - Remove - Build

Figure 1.4: General AM workflow of CAD model to physical part in 8 stages.[73]

The basic principle of the AM technology is, that an element is built up by adding material
in layers. Each layer represents a thin cross-section of the element, which is acquired from
the element’s 3D CAD model. By adjusting the layer height, the final product will be finer
or coarser, implying that the AM approach leads to an approximation of the model.[73]

Generally, the workflow of an AM process, as seen in figure [1.4] starts with a software
model that defines the geometry of the part. This part is then converted into a Standard
Triangle Language (STL) file format, which is then sent to a AM machine. After the machine
building parameters like layer thickness, energy source, timings etc. are defined, the building

process can be started. Once the AM machine finished the building job, the new part can

13
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be removed and post-processed. This post-processing may include the removal of potential
support structures, which are needed, e.g. for the building process of overhangs, cleaning or
energy-treatments for enhancing the material properties. Finally, the part is now ready for
use. 73]

As an example for biomedical applications, in dentistry, due to the necessity of customization,
the AM technology has already successfully been utilized and lead to significant changes in
the patients’ treatments. |74 [75] Today, the 2 most prominent AM technologies in the field of
dentistry are stereolithography (SLA), as example for the fabrication of aligners, and direct
metal laser sintering (DMLS), for dental crowns and appliance frames.[76] The SLA process
utilizes the photopolymerization technique, where light-sensitive, liquid resins inside a vat
solidify at a specific wave length. Either a laser, as in the SLA process or a projector as
in the digital light processing (DLP) process can be used. The area exposed to the light
tempers and the next layer can be cured.[76, [77] The DMLS process utilizes a laser beam,
which fuses a metal powder at a precise point, without melting.[73] The next layer of metal
powder is then added to the building platform and so the part can be fabricated layer-by-
layer.[76] Since this process is based on sintering, alloys which contain materials of various
melting points, like the nylon and aluminium composite Alumide, can be employed.|73] This
process is opposed by the selective laser melting (SLM) process, which also utilizes a laser
beam, however fully melts a metal powder at a precise point. This results in well-bonded
and high-density structures, yet higher energy levels are required to completely melt the

metal powder and only one material per print is feasible.[73]

1.5.1 Additive Manufacturing of Ceramic Materials

Another group of materials currently used in dentistry are oxide-ceramics. The material
Zirconia (ZrQs) is already the standard material in implant dentistry for abutments, which
provide the link between the prosthesis and the implant.[78] Due to their high biological
compatibility and long-term durability in abutments, it is of interest to elucidate additional
potential use cases, like the application as subperiosteal implants.

Ceramic oxide materials are either based on the oxide of a single element, as ZrO,, or contain
several cations of different elements (e.g. MgAl,O4, BaTiO3, ZnFe20,) in their crystal
lattice in addition to oxygen ions. These are then referred to as complex oxides or mixed
oxides.[79] Due to it’s bio-compatibility, excellent toughness and strength and white colour,
ZrO has developed into a multipurpose material in dentistry.[22] This excellent toughness
and strength of ZrO, can be achieved by a special alloying strategy.[78] Therefore, rare earth
oxides like Yttrium (Y903), CaO or MgO are added to ZrO; in order to stabilize the ZrOs

in it’s tetragonal phase at room temperature. |78, [79] Usually, ZrO, presents as a monoclinic

14
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1.5 Additive Manufacturing Technology

structure at room temperature. At about 1170°C it undergoes a phase transformation to
the tetragonal crystal system and at around 2370°C ZrO, will transform to cubic.[80] The
phase transformation form the monoclinic to the tetragonal phase is coupled to a volumetric
shrinkage of approximately 3% as a result of the denser packing.[78] Hence, to stabilize the
ZrOs in it’s tetragonal phase is of great importance, since the possibility of a stress induced
phase transformation from tetragonal to monoclinic arises, which is in the opposite way
associated with an increase in volume. This increase in volume has the potential to lower

the tensile stresses within the object, leading to higher tolerable external stresses.|[78]

A possible technology which allows the AM process of an Y,Os3-stabilized ZrO, object is
the lithography-based ceramic manufacturing (LCM) technique.[81], [82] The LCM process is
based on the DLP process, were a ceramic powder is dissolved in a photopolymeric resin. A
light engine then cures the requested area and again builds the part in a layer-wise fashion.
The result is a green part with low strength which is composed of the ceramic particles and
an organic photopolymer. This green part then undergoes post-processing, which consists
of debinding (removal of the photopolymeric matrix) and sintering.[81] Sintering is a heat
treatment below the powder’s absolute melting point over a specified period of time, which

allows the particles to join together and form a dense body of high strength.|79]

1.5.2 Fracture of Ceramics

The understanding of stress concentrations, especially in long-bearing applications like im-
plants, is essential.[73] Ceramics are mostly composed of ionic or covalent bonds, which
induce high hardness and inherent brittleness at ambient temperatures, however, this causes
that stress concentrations cannot be relaxed by plastic deformation.[83] In ceramics, fracture
generally originates from small defects that represent discontinuities in the microstructure.
The strength then relies on the size of the largest flaw in a component.[83] The fracture itself
is caused by the principal tensile stresses in the component, producing a crack path almost
perpendicular to the load direction.[83] Therefore, an overload may result into catastrophic
failure.[83] This makes the need for biomechanical deliberations apparent.

Mechanical tests, however, are more difficult for ceramic materials than for ductile materi-
als, as any malalignment of the test samples can lead to severe problems. These cannot be
compensated by small amounts of plastic deformation, leading to the requirement of very
sophisticated test setups.[83] Consequently, a FEA could serve as guide for finding stress
concentrations leading to an enhanced design to reduce the need of mechanically testing
several different specimens.

Additionally, in the AM process, several material issues, like porosity, delamination or cracks,
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can arise, which, regarding the almost complete absence of plastic deformation in ceram-
ics, should be addressed.[73, [83] Moreover, local thickness differences caused by material
buildup could introduce stress concentrations in the sintering process, and therefore should
be avoided. [73]

1.6 Research Question and Hypothesis

The aim of this thesis was to design and optimize a patient-specific subperiosteal implant.
The implant is thought to be made out of a Yttrium-stabilized Zircon oxide by utilizing
TO for assigning lattice in potential areas of the implant. Real patient image data with
present pathologies was utilized under physiological loading conditions. Since the implant
should incorporate a lattice structure to promote osseointegration, the method of TO was
used to define areas for potential sites where a lattice may be added. Hence, this thesis
addressed the question if a Yttrium-stabilized Zircon oxide can be implemented for the design
of subperiosteal implants for edentulous patients. Furthermore, it was investigated if the
method of TO can comprehensibly be utilized for deciding the locations of an osseointegration

promoting lattice?
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the Implant

The design process was performed in 5 steps, as seen in figure 2.1} and consisted of 2 models,
an initial model without topological optimization and a redesigned model that was evaluated
according to the same boundary conditions and loading cases as the initial model taking
into account the results of TO. Both models were meshed for the simulation in order to
achieve high quality results with perfect bonding between all different parts. Following
image segmentation from an anonymized patient’s CT, an initial implant design matching
the patient’s anatomy was performed using Materialise 3-matic 15.0. The second step was
the preparation of the implant to fulfill perfect bonding between mesh elements in Materialise
3-matic 15.0 together with Autodesk Meshmixer 3.5. The third step was the TO process and
FE simulation with Altair HyperWorks 2021 Student Edition and the fourth step was the
redesign of the implant with Materialise 3-matic 15.0 and Autodesk Meshmizer 3.5. Finally,
the fifth and final step was the numerical evaluation of stress fields using FE simulation with
Altair HyperWorks 2021 Student Edition. Any software commands specified in this thesis
are indicated by the typewriter font.

1 Initial Design of

Implant
2 Model
Preperation
3 Topology
" | Optimization
a Implant
Redesign

Evaluation of

5 Redesign

Figure 2.1: Flowchart of the 5 step workflow utilized in this thesis.
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2.1 Initial Design of the Subperiosteal Implant

Generally, the treatment plan for an implant starts with the patient’s medical history, as
comorbidities or specific patient conditions can alter the biomechanical and environmental
stresses of the pathological region of interest.[84] Implant design might be influenced by
knowing if the patient is a smoker, has diabetes or any pathological occlusion like clench-
ing (maximum pressing or clamping of the teeth) or bruxism (involuntary grinding of the
teeth).[85] If any of these diseases occur, this must be tackled beforehand, since e.g. smoking
vastly alters the desired outcome of the treatment and is associated with higher failure rates
and complications.|[86] Pathological occlusion mechanisms like bruxism or clenching will lead
to early implant failure.[87] Following the diagnostics of the patient’s medical history, the
patient’s medical images, e.g. via CT imaging, are interpreted regarding bone quality and
quantity. Additionally, the surrounding soft tissue such as lip profile is of importance, given
the fact that implants are designed in consistence with the prosthesis to avoid significant

impairment of the facial aesthetics.[88]

In this thesis, the used patient’s medical data was anonymized, and the medical history was
supposed not to lead to contraindications to an implant, implying that the analysis of the
medical images could be initiated. The CT scan was performed with settings indicated in
table A segmentation dataset of bone was available (having being previously performed

by thesholding using the Materialise Mimics Innovation Suite software).

Modality CT (Siemens, Erlangen, Germany)
Model Name SOMATOM Force

Software version Syngo CT VB20A

Slice thickness 0,6 mm

Kilovoltage peak (kVp) 100 kV

Exposure time 500 s

X-ray tube current 37 mA

Pixel spacing 0,43 mm x 0,43 mm

Date 31.05.2021

Table 2.1: CT settings.

The segmented bone *.stl file could be opened with Materialise 3-matic 15.0 as shown in
figure 2.2] In this picture, the skull including the maxilla and the mandibula and a part of

the spine of the patient can be seen.

Additionally, on top of the mandibula, fragments of prior implants can be identified. For the
placement and orientation of the abutments it is necessary to find the occlusion plane (OP)

together with the lip plane (LP). The LP is a guidance plane, which is oriented according
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2.1 Initial Design of the Subperiosteal Implant
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Figure 2.2: Maxilla and mandibula of the patient including the skull opened in Materialise
3-matic 15.0

to the profile of the lips. According to Sato et al. 2007, the OP is tilted 6,8°+4°about the
frontal axis, parallel to the Frankfort horizontal (FH) plane and translated according to the
positions of the mandibula and the lips.[89] To horizontally adjust the skull, the FH plane is
needed. It is defined via craniometric points on the skull, in order that the FH plane passes
through the most superior and outer point of the external auditory meatus, which is also
called the Porion point, and through the inferior border of the orbitale.[90] The FH-plane

including the craniometric points marked in yellow can be seen in figure 2.3]

Subsequently, the OP can be found and adjusted together with the patient’s lip profile. The
OP together with a section of the patient’s soft tissue can be seen in figure 2.4al Next, the
LP is needed for the orientation of the abutments|88|, which can be seen in figure

To design the maxilla implant, the bone’s surface needs to be refined and a smaller region of
interest can be considered, since not the whole skull and the spine is needed for the subsequent
design process. The refinement can be done via Remesh — Quality Preserving Reduce
Triangles and the regions which are not needed can be cut via Finish — Trim. The result

can be seen in figure 2.5
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Figure 2.3: Patient’s skull including the FH-plane. FH-plane is passing through the Porion
Point (PP), which is defined by the most superior and outer point of the external
auditory meatus, and the inferior border of the orbitale (IBO).

Figure 2.4: (a) Patient’s skull including a section of the patient’s soft tissue, the FH-plane
and the OP. The OP is adjusted according to the patient’s lips (b) Patient’s skull
including a section of the patient’s soft tissue and the LP.

A prerequisite for the implant design was that an osseointegration promoting material can be
applied to the bone facing part of the implant. Therefore, a 0,5 mm uniform gap, accounting
for this other material between the implant and the maxilla has to be adapted. So, for the

design of the implant the bone is enlarged by a 0,5 mm uniform offset via Design — Offset
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2.1 Initial Design of the Subperiosteal Implant

cm

Figure 2.5: Remeshed and trimmed skull

Figure 2.6: (a) Inferior view of the border of the maxillary implant in green with marked
regions, in which 1, 2 and 3 are relief areas, which must not be loaded. 1:
fossa incisiva; 2: foramen palatinum majus sinister; 3: foramen palatinum majus
dexter; 4,5 and 6: pathological valleys of unknown origin. The green surface was
used for the implant extrusion (b) Anterior inferior view of extruded border of
the maxillary implant by 2,5 mm

— Uniform Offset. Now the border of the implant can be drawn via Curve — Create
Curve. This function allows to draw a smooth curve that is attached to the bone’s surface.

As already mentioned, the maxilla consists of stress and relief areas, meaning, areas which
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can be loaded and areas that must not be loaded. So, the implant’s border is drawn according
to these stress and relief areas. The border can be seen in figure [2.6a]

Number 1 in figure marks the fossa incisiva, which is an anatomical region and the
opening of the canalis incisivus posterior to the incisors that gives passage for a vascular
nerve cord. The foramina palatina majoria, marked with numbers 2 and 3, give way for the
passing of the descending palatine vessels and greater palatine nerve. The numbers 4, 5 and
6 mark regions of pathological valleys of unknown origin(possible prior implant locations),
with the difference to 1,2 and 3 that these regions may be loaded. Hence, the border area
can be copied and separated to a new part and then extruded across 2,5 mm via the function

Design — Offset — Uniform Offset.

In figure 2.6b] the bone and the extruded border as new part can be seen from an anterior
inferior perspective. The part still has sharp edges which need to be smoothened. Addi-
tionally, the surface has many valleys, which are undesired. So, to create a smooth surface,
guiding lines were added with which a new surface was built. Thus, the rough surface was
deleted and the new built surface was added to the part. A close-up section of the part
before and after the described operation can be seen in figures and

Thereafter, 6 abutments, which carry the actual dental prosthesis, each with a geometry
shown in figure were added according to predefined locations on the maxilla. The
abutments were aligned according to the LP and the OP, which can be seen in figure 2.8b]
There you can see the implant from a medial view with an offsetted LP and OP in order to

visualize the alignment of the abutments.

The implant is supposed to be mounted onto the bone via two 2 mm titanium screws.
Hence, two screw holes were added and the implant’s surface around the screw holes were
flattened.

The implant’s design process was performed together with physicians, who described the
implant requirements and evaluated iteratively the implant’s design. As an example for
this iterative process, the implant’s medial protrusion, as marked by an arrow in figure
[2.9a] was found to be unprofitable since it may introduce stress onto the sutura palatina
mediana, which is undesired. So, the implant was altered according to this considerations.

The implant in the exact position on the maxilla can be seen from an inferior view in figure

[2.9D] and isolated in figure [2.10}
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Figure 2.7: Section of the implant to visualize the smooth surface and border with a triangle
edge length of 0,2 mm, (a) before smoothing, and (b) after smoothing,.

Figure 2.8: (a) Isolated abutment with the caudal surface at the top. (b) Medial view of
a section of the implant with an offsetted LP towards the abutments and an
offsetted OP to visualize the alignment of the abutments.

Figure 2.9: (a) Inferior view of the implant with an arrow which marks a medial protrusion
that should be avoided and (b) the final implant without the protrusion.
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Figure 2.10: The implant used for the optimization.
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2.2 Model Preparation

2.2 Model Preparation

The material used for the implant is a Yttrium-stabilized Zircon oxide, named LithaCon 3Y
210 (Lithoz GmbH, Vienna, Austria). A design prerequisite for the additive manufacturing
of this ceramic material is to avoid large bulk material accumulations, which could lead
to failure in the manufacturing post processing.[91] Additionally, osseointegration would be
facilitated by a lattice structure.[I9] Therefore, a topological optimization was proposed to
find implante regions that allow a lattice structure geometry, implicitly leading to a reduction

of material accumulation.

The individual parts need to be prepared for the FE analysis in order to obtain a perfect
bonding between all components. This means all components have a perfect node to node
connection, that allows a linear FE analysis. Otherwise, the concept of contact needs to be
addressed which would lead to a kinematic nonlinearity, thus if possible, it should be avoided
due to increasing computational complexity and time.[92] These alterations were performed
with Materialise 3-matic 15.0 if not stated differently.

First, the bone’s area of interest was further narrowed via Finish — Trim, since not every
part of the bone is needed for the FE simulation. Then, the bone and the implant were
remeshed with a 1 mm triangle edge length and the option Preserve Surface Contours was
active. Two 2 mm screw elements were added to the model and via Design — Boolean
Subtraction the screw holes in the bone appended. Next, the component of the osseointe-
gration layer is built, which was done by filling the 0,5 mm large space between the implant’s
and the bone’s surface. In building this additional layer, 2 levels of osseointegration were
simulated, one for complete osseointegration (100%) and one for partial osseointegration
(30%). This was done by adjusting the Young’s modulus of the layer according to the per-
centage of the total bone’s Young’s modulus. To build this part, the maxillary surface and
the implant’s contact surface were marked by Mark — Triangle, separated to a new part
and then in Meshmixer closed to a single shell. The osseointegration layer can be seen in
figure 2.1Ta] Via the command Boolean Subtraction perfect bonding accompanied by a
uniform mesh cannot be established, therefore, the screws’ used for the FE analysis needed to
be built via the surfaces of the adjacent parts, which were the implant, the osseointegration
layer and the bone. Analogous to building the osseointegration layer, the triangles building
up the screw holes of the individual parts were marked, separated to a new part, normals

inverted and merged to a single, closed surface. A screw modeled after this workflow can be

seen in figure 2.110]
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Figure 2.11: (a) 0,5 mm thick osseointegration layer and (b) screw prepared for the FE
analysis, with 1 mm triangle edge length.

Finally, a 4 node tetrahedron volume mesh via Remesh — Create Volume Mesh can be
created and the components can be exported as *. FEM files. The model assembly with all

participating components are displayed in figure 2.12]

] 1 2 3 4 5 & 7 Ll

Figure 2.12: Model with individual components: the maxilla in the colour beige, the osseoin-
tegration layer in yellow, the implant in grey, the screws in grey. Additionally,
the abutments were marked with numbers.
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2.3 Topology Optimization

The *.FEM files of the components can now be imported into Altair HyperWorks 2021
Student Edition with the implemented reader OptiStruct. All parts were imported with 0
errors. First, perfect bonding between the all components was established by the command
Faces — Find Equivalence. This command connects meshes by merging coincident nodes.
2597 equivalent nodes were found and equalised. These nodes highlighted on the cranial part
of the implant can be seen in figure

Figure 2.13: (a) 2597 marked equivalent nodes between the bone, the implant, the osseoin-
tegration layer and the screws (b) Visualization of the elements, which failed
the tet collapse command.

To improve the tetrahedral element quality, the tet collapse value of all elements can be
checked and compared to a preset threshold value via Tool — Check Element Quality.
This threshold value was chosen according to the Altair HyperWorks software manual and
set to 0,1.[93] This value is computed for each tetrahedron 4 times. It is calculated by the
distance from each of the four nodes of a tetrahedron to the opposite surface of each node.
These 4 resulting distances are then divided by the square root of the surface area of their
opposite side respectively. The minimal value obtained is normalize and output. This value
is 1 for a perfect tetrahedron and diverges to 0 for a totally collapsed element.[93] Here,
35 elements were marked as to be below the threshold value of 0,1. These elements can be
seen in figure [2.130] These elements need to be remeshed in order to improve the model.
Therefore, the tetrahedrons next to these elements were displayed via Find — Adjacent
Elements. Then the failed elements together with the adjacent elements were remeshed via
the command 3D — Remesh — Tetra Remesh. The subsequent element quality check showed
all elements were above the threshold value of 0,1. The mesh can be seen as acceptable and
ready for the simulation. A list of the mesh properties are listed in table with the

components implant design and implant non-design are explained later in this thesis.
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Component Nodes Elements
Bone 64335 360535
Implant Design 12478 65914
Implant Non-Design 2274 9767
Osseointegration layer 2455 6716
Screw right 150 500
Screw left 94 278

Table 2.2: FE mesh properties used for the simulation.

Thereafter, the linear elastic, isotropic material properties were assigned and the values are
recorded in table 2.3] The Young’s modulus of compact bone is in the range of 13,7 to 14,8
GPa and trabecular bone of 1,85 to 7,9 GPa.[94] 05| Here, the maxilla was assumed to be of
uniform bone throughout of 9 GPa, which is in the range of present literature.[96] Then, 6
rigid body elements (RBEs) at the caudal surface of each abutment were defined. The RBE
function is used to define a reference node by linking the degree of freedom (DOF) of two or
more nodes together. These reference nodes will serve later as the load application points at

each abutment.

Young’s Modulus

Ultimate Strength

Screw TiAl6V4

111 87

1000 [100]

Component i CPa i MPa Poisson’s Ratio
Bone 9 200 [97] 0,3 [96]
Implant LithaCon 3Y 210 | 205 [98)] 940 98] 0,31 [99]
Osseointegration 30% 2,7 0,3
Osseointegration 100% 9 0,3

0,34 [87]

Table 2.3: Material properties used for the finite element simulation.

Conditions at the boundary of the computational domain has to be specified in terms of
assigned displacement and/or forces. In this thesis, two different boundary condition ap-
proaches for gathering the resulting stresses in the implant could have been taken. One
approach is to obtain the occurring forces during mastication via the possible forces that
jaw muscles can generate, or the other way would be to use measured biting forces. Since
there is no consensus in the literature about the magnitude of the muscle forces, the path of
using measured biting forces was adopted. [T0THIT3]

Hence, four load collectors, which collect and organize loads, were defined. One for the
single point constraints (SPCs), which restricts the movement of chosen nodes, and three
for the loading scenarios, which are listed in table Literature also presents great vari-
ation in the occlusion forces, therefore an average value during physiological mastication
was chosen. [4] [16] 18], 87, T14-118] The loading scenarios should reproduce three individual
chewing locations. One, referred to as molar right, which applies a force of 225 N on the

reference node of abutment 1.2 and 1.3 corresponding to the patient chewing on the right
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side. One, loading case incisor, which applies a force of 150 N on the reference node of
abutment 1.1 and 2.1. The third loading scenario is called molar left, there a force of 225
N acts on the reference node of abutment 2.2 and 2.3. The orientation of the force vector

perpendicular to the OP, lead to a force vector as seen in equation

Abutment
Load Step 1.1 1.2 1.3 2.1 2.2 2.3
Molar Right 0 225 225 0 0 0
Incisor 150 0 0 150 0 0
Molar Left 0 0 0 0 225 225

Table 2.4: Force magnitudes in N for each load step applied to each abutment in the direction
of the force vector seen in equation (abutment numbers according to figure
. The force application point for each abutment is a reference node built of
a RBE for each abutment.

fo
i
b/ X Fosfce

Figure 2.14: Visualization of the model in Altair HyperWorks 2021. Force vectors in the
direction perpendicular to the OP. Green: molar right, abutment 1.2 and 1.3;
teal: incisor, abutment 1.1 and 2.1; pink: molar left, abutment 2.2 and 2.3.

Figure [2.14] gives a visual representation of the FE model. The image shows the individual
components, the SPCs as blue triangles on top and on the side of the bone and the 6
parallel force vectors. With these loading scenarios, 3 linear static load steps at 2 levels of

osseointegration were simulated.

29



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub
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A prerequisite and unchangeable requirement for the implant were the abutments’ and screw
holes’ locations and geometries. Therefore, the abutments and some elements adjacent to the
screw holes were split from the original component via Tool — Organize to a new implant
component, called Implant Non-Design, whereas the rest of the implant is called Implant
Design. The implant non-design component cannot be altered by the TO solver and the
implant design component can be. That new non-design component was addressed with the
same material parameters as the original implant component.

A stress constraint, which gives the solver the BC of an element cannot overshoot a defined
threshold stress value, was considered. This was set to 235 MPa, with the consideration
of the ultimate strength of the material being 940 MPa, leading to a safety factor of 4.[98)]
Finally, two optimization responses, one constraint and one objective were defined. For
the optimization responses, a volume fraction response type applied to the implant design
region and a compliance response type for the whole model was chosen. The optimization
constraint was connected to the volume fraction response type with an upper bound option
of 30%, meaning only 30% of the material should remain. The objective was to minimize
the compliance and each load step was calculated individually. All required parameters were

defined and the optimization was initiated.

2.3.1 Results of the Optimization

The optimization was run 6 times with OptiStruct, twice for each load step, one for 30%
osseointegration and one for 100% osseointegration. The solver spatially distributed material
corresponding to the objective. This can be seen in figures [2.15] [2.16|and [2.17] which display
different perspectives of the contour plot of the final iteration in HyperView. Each of these

figures are built up in the same way. In the upper row the results with 100% osseointegration
and in the lower row the 30% osseointegration results were depicted, in the left column the
loading case molar right, in the middle column the incisor and in the right column the molar
left loading case. As the contour plots graphically visualize the optimization results, they
indicate the elements’ density with different colours. Additionally, a certain threshold value

can be set to exclude elements of lower density, leading to so called iso surfaces. These iso

surfaces with a threshold value of 80% are displayed in figures [2.18] 2.19 and [2.20, meaning

only elements with at least 80% element density are visible. Finally, these iso surfaces were

extracted and exported as *.stl files.
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Figure 2.15: Isometric view of the results, colors indicate the calculated element density. In
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the upper row the different load cases with an osseointegration layer of 100%,
starting with the molar right load case on the top left, the incisor load case in
the middle and the molar left load case on the top right. In the lower row the
corresponding images with an osseointegration shell of 30% Young’s modulus of
bone are visualized.

Figure 2.16: Bottom view of the results, colors indicate the calculated element density. In

the upper row you can see the different load cases with an osseointegration shell
of 100%, starting with the molar right load case on the top left, the incisor load
case in the middle and the molar left load case on the top right. In the lower
row you can see the corresponding images with an osseointegration shell of 30%
Young’s modulus of bone.
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Figure 2.17: Top view of the results, colors indicate the calculated element density. In the
upper row you can see the different load cases with an osseointegration shell of
100%, starting with the molar right load case on the top left, the incisor load
case in the middle and the molar left load case on the top right. In the lower
row you can see the corresponding images with an osseointegration shell of 30%
Young’s modulus of bone.
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Figure 2.18: Isometric view of the iso surfaces, colors indicate the calculated element density.
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Figure 2.19: Bottom view of the iso surfaces, colors indicate the calculated element density.
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Figure 2.20: Top view of the iso surfaces, colors indicate the calculated element density.
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2 Initial Design and Optimization of the Implant

2.3.2 Analysis and Considerations

The contour plots in figures [2.15] [2.16] and [2.17] show the material distribution results over

the implant. The contrast between the results in the top row to the bottom row was hardly

distinguishable, leading to the interpretation that the difference between the 30% and the
100% osseointegration layer was only marginal. As the thickness of the osseointegration layer
is only 0,5 mm, the minor variation in the simulation results were reasonable.

The loading case molar right in figure lead to an increased element density on the right
wing of the implant directed towards the right titanium screw. Additionally, a beam like
area of increased element density in the middle originating around the abutment 1.1 towards
the abutment 2.3 was identifiable. The screws have a higher Young’s modulus than the bone,
therefore, they will absorb loads, so, the result is plausible.

The loading case incisors lead to a contour with elements of high density originate from
abutments 1.1 and 2.1 and lead towards the screws. Analogous to previous argumentation,
the result was justifiable.

In the loading case molar left, the solver suggested high dense elements around the loaded
abutments 2.2 and 2.3 continuing towards the screws. Since the implant was asymmetrical,
the outcome between the loading case molar right and molar left were asymmetrical.

A significant difference between the top and the bottom view in all loading scenarios was
distinguishable. The solver proposed more material for areas adjacent to the peristeum,
which was favorable for the intended bone augmentation design with an osseointegration
promoting lattice structure at the implant-bone interface.

Since the abutments and the area around the screw holes were defined as non-design regions,
the solver did not reduce the density from the maximum. Nevertheless, since it is advanta-
geous for the manufacturing process to design hollow abutments in order to reduce possible

temperature stresses during sintering, this was taken into account in the redesign step.
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Redesign

This chapter addresses the fourth and fifth step in the design process, as depicted in figure
2.1, To redesign the implant, the iso surfaces of the individual load scenarios of the 100%
osseointegration model with a threshold value of 0,8 were extracted and together with the
initial implant model imported into Autodesk Meshmixer 3.5. Then, the iso surfaces were
merged and used as template for the redesign. The merged iso plots are visible in figure [3.1]
The merged iso plots together with the initial implant is shown in figure 3.2 with the iso
surfaces in turquoise and the initial model in grey color.

The surface of the initial model was duplicated and an offset of 0,5 mm towards the inside of
the implant applied followed by inverting the surface shell to build an implant with uniform
thickness of 0,5 mm, which is feasible to manufacture by the 3D-printer with a tolerance of
0,1 mm. Next, the model was split horizontally in half into a top and bottom part. The
bottom part was used for the redesign process. This part is in contact with the periosteum
and needs to be a closed uniform surface to reduce blood accumulation or possibilities of
infection after surgery. Therefore, the implant was redesigned by adding material to the
inner surface of the bottom part via Sculpt — Brushes, so the redesigned implant would
match the iso surface template. The redesigned model can be seen in figure |3.3

The final step was to add a lattice structure to the model. Since the volume of the implant
should stay the same, the whole initial implant was converted into lattice and then combined
with the rebuilt model. This should ensure that the redesigned implant still has a curvature
at its cranial surface matching the maxilla bone. The geometry of the lattice structure was
chosen taking into account the possibility of bone ingrowth into a lattice structure and the
manufacturability of the 3D printer. The minimum size of a pore required for a cell to
grow into a lattice is at least 0,3 mm.[I19] Therefore, a Voronoi-based lattice was built in
Materialise 3-matic 15.0 via Lattice — Voronoi Based Lattice with 0,4 mm target pore
radius and 0,4 mm thickness and converted to mesh with an organic factor of 1,2. This
lattice has a porosity of 57,3%. Lastly, the lattice and the rebuilt model were merged via

Boolean Union. An isometric, bottom and top view of the redesigned implant can be seen
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3 Implant Redesign and Evaluation of Redesign

in figure [3.4] and With this redesign, a mass reduction of 13,08% together with

an increase of the surface area of 208,71% was achieved.

em

[+] 1 4 5

Figure 3.1: Iso plots of the 3 load conditions merged into 1 model in Autodesk Meshmixer
3.5.

Figure 3.2: Extracted iso surfaces of 3 different load conditions in blue overlaying the trans-
parent initial implant in 3 views. These blue iso surfaces were used as template
for the redesign.

Figure 3.3: Rebuilt model according to the iso surface template. Material from the initial
model was either added or removed with a continuous 0,5 mm thick outer surface
shell in contact with the periosteum.
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with a pore radius and thickness of 0,4 mm.
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Figure 3.4: Isometric view of the redesign with added lattice structure. Voronoi based lattice
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Figure 3.5: (a) Bottom view and (b) top view of the redesigned implant.
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3 Implant Redesign and Evaluation of Redesign

3.1 Young's Modulus and Stress Magnification Factor

To test if the redesigned part will withstand the predefined loading conditions, a new simu-
lation model was created. This model was built analogously to the initial model described in
chapter 2.2 The lattice structure, however, was shaped as continuous body with a reduced
Young’s modulus. This Young’s modulus was calculated by an in-silico tensile test. There-
fore, a cube of 1 cm edge length was built as CAD model. Then, converted into a Voronoi
based lattice with 0,4 mm target pore radius and 0,4 mm thickness and converted to a mesh
with an organic factor of 1,2 as used in the redesigned implant (Figure. This lattice cube
was then imported into Altair HyperWorks. The lattice cube contained of 41130 nodes and
148125 tetrahedrons. Two reference nodes, one on top and one on the bottom of the cube,
were established by linking the DOF of all top and all bottom surface nodes respectively.
These reference nodes were then constrained in all 6 DOFs and the top reference node was
loaded with an enforced displacement of 0,1 mm in positive z-direction. The resulting
force on the reference node was output and visualized in figure [3.7al This figure illustrates
the lattice cube and a spider web like structure on top, which is the representation of the
RBE, connecting all chosen nodes and resulting in a single reference node in the center.

The resulting force in z-direction was 83310 N. This force is needed to derive the effective
Young’s modulus F.g for the lattice structure. Equation gives the mathematical formu-
lation of a linear elastic spring with stiffness ¢, force F' and displacement u.[120] For every
elastic system, an equivalent spring stiffness ceq, can be computed.|121] A 1D solution can
be obtained by equation 3.3} This equivalent spring stiffness can be used to compute Eog
of the lattice structure, with A being the area and [ the height of the used structure, hence
A =100 mm? and [ = 10 mm. Inserting the equivalent spring stiffness Cequ from equation
into equation [3.1] gives equation and so the effective Young’s modulus. The Young’s
modulus of a porous material behaves according to a power law formulated in equation [3.6]
with Ejy being the Young’s modulus of the bulk material, p the porosity, p. the porosity at
which the Young’s modulus becomes zero and k a parameter describing the morphology of
the pores.[122] Since F.q has already been computed and Ey and p are known, the k — factor
of the power law can be computed by choosing p. = 1, hence k = 1,1278 for this lattice as
equation displays. Figure [3.8| shows a graph of the computed power law with obtained

k — factor.

F,=cu=28,331-10*N (3.2)
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in Materialise 3-matic 15.0. Voronoi
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Figure 3.7: Simulation model of the lattice cube. (a) Nodal forces in Z-direction with the
maximum force at a reference node at the top (b) absolute maximal principle

tensile stress distribution
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(3.7)

Because of the complex geometry of a lattice structure, it may have experience a different

stress distribution as the equivalent continuous body. The stresses obtained by a simulation

of a lattice modeled as continuous body could in reality be higher as derived by this approx-

imation. Therefore, the stresses need to be magnified by a factor. To obtain this factor, the

resulting stresses in the simulation of the lattice cube can be compared to an average stress.

This average stress on,;q resulting from the force F, was calculated in equation The

maximum absolute principal stresses of the lattice cube are displayed in figure [3.7b] A ratio
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3.1 Young’s Modulus and Stress Magnification Factor

Power Law with k=1,1278
250

200
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100

Effective Young's Modulus in GPa

50

0
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79 82 85 88 91 94 97 100
Porosity in %
Figure 3.8: Plot of the power law according to equation from 0% porosity to 100% poros-
ity.

of max t0 omiq can be interpreted as stress magnification factor r. This factor implies, that
the maximum stress in a lattice structure can be r —times higher as displayed by the homog-
enized model. Consequently, the stress results obtained by the simulation of the redesigned
implant must be multiplied for areas in which lattice is present by r. Figures and
show a statistical representation of the absolute maximal principle stresses inside the lattice
cube. The presence of a long tail in the distribution and of outliers can be observed. The
roughness of the mesh in relation to the cube’s size could a possible explanation be, since

the cube consists of tetrahedrons of edge length 0,3 mm in a volume of 100mm?3.

So, the maximum occurring stress could have been erroneously selected. With defining the
3 highest stress values as outliers, the maximum stress is turning to Gma.x = 8, 53 - 103MPa,

hence the new stress magnification factor is r,.,, = 10,24, as seen in equation .

F,
Oumia = — = 833 MPa (3.8)
Omax 8530
new — = — 10, 24 3.9
" oo 833 (3:9)
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3 Implant Redesign and Evaluation of Redesign

Figure 3.9: (a) Box plot of the absolute maximal principle stresses obtained from a lattice
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structure to visualize potential outliers and (b) histogram of the same results
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3.2 Model and Stress Evaluation

3.2 Model and Stress Evaluation

As mentioned before, the implant was prepared for the simulation analogously to what has
been described in chapter [2.2] The preparation, however, was more time-consuming due to
the more complex geometry and the many undercuts present, as in the hollow abutments.
The redesigned implant without a lattice structure (Figure was remeshed with a 1
mm target triangle edge length. The cranial surface was extracted to a new part. Then,
the cranial surface of the initial implant, that was already remeshed, was extracted to the
new part. These 2 surfaces build up the boundary of the lattice component. By carefully
adjusting the mesh of the new part, a closed surface was created. The model of the redesign
can be seen in figures [3.10al [3.10b] [3.11al [3.11b] and [3.12] Finally, a 4 node tetrahedron
element volume mesh for all components could be created which lead to mesh properties

listed in table B.11

Component Nodes Elements
Bone 64555 362178
Implant 8277 36314
Implant Lattice 5131 21515
Osseointegration layer 2806 7843
Screw right 172 597
Screw left 112 494

Table 3.1: FE mesh properties used for the second simulation.

The model was again imported into Altair HyperWorks 2021 Student Edition as .fem file.
Perfect bonding was again achieved between all components leading to 4872 equivalent nodes.
The lattice component was assigned with the effective Young’s modulus of 83,3 GPa. The

loading scenarios and force directions were equivalent to the previously used conditions

(Table [2.4).
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3 Implant Redesign and Evaluation of Redesign

Figure 3.10: (a) Complete simulation model. Blue: implant bulk material; Orange: lattice
structure; Grey: the osseointegration layer and the screws; Beige: the bone,
and (b) isolated implant model

Figure 3.11: (a) Isometric view of the implant model (b) Isometric view of the lattice model
as full body of reduced Young’s modulus

Figure 3.12: Top view of the implant FEA model. Blue: Implant, Orange: Lattice model as
full body of reduced Young’s modulus.
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3.3 Simulation Outcome of the Redesigned Implant

3.3 Simulation Outcome of the Redesigned Implant

In chapter [2.3.2) the minor differences between the osseointegration layers were apparent,
therefore only one scenario with 100% osseointegration was evaluated. In total, 3 different
loading cases (Table were simulated and figures |3.13] [3.14al, [3.14b}, [3.15al, [3.15b} (3.16a]
and give the results. The absolute maximal principal tensile stresses were considered

as the relevant output. The figures also show the implant and the lattice structure indepen-
dently, to better evaluate the maximal stresses acting on the lattice portion of the implant.
As marked in the figures, on the left side loading case molar right, in the middle incisor and
on the right side molar left is displayed. The maximum stress in the implant were present
in loading case molar right with 61,14 MPa. The maximum stress in the lattice structure

occurred likewise in loading case molar right and amounted to 27,21 MPa.
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Figure 3.13: Tilted view of the absolute maximum principal stresses of the redesign, colors
indicate the calculated element stress in MPa
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3.3 Simulation Outcome of the Redesigned Implant
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Figure 3.14: Isometric view of the absolute maximal principal stress distribution. (a) the
whole implant (b) the lattice structure, colors indicate the calculated element
stress in MPa
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3 Implant Redesign and Evaluation of Redesign
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Figure 3.15: Bottom view of the absolute maximal principal stress distribution. (a) the whole
implant (b) the lattice structure, colors indicate the calculated element stress
in MPa
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3.3 Simulation Outcome of the Redesigned Implant
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Figure 3.16: Top view of the absolute maximal principal stress distribution. (a) the whole
implant (b) the lattice structure, colors indicate the calculated element stress

in MPa
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3 Implant Redesign and Evaluation of Redesign

3.4 Result Interpretation

Figure [3.13] gives an isometric view of the positive absolute maximum principal stresses of
the redesigned part, which are the critical stresses for a ceramic material. 3 red areas are
clearly visible which depict a stress concentration at the crossover of the abutment to the
implant body. Since the abutments are oriented in order to be aligned with the lips, the
occurring mastication forces which are perpendicular to the OP, introduce bending stresses.
The maximum occurring stress in the bulk portion of the implant was 61,14 MPa in loading
case molar right, hence, well below the ultimate strength of 940 MPa, tolerable by the ce-
ramic material.[98] These areas of stress concentrations, however, could be even optimized
by creating a smoother transition from the abutment to the implant body by e.g. increasing
the radius.

The inferior view in figure and the superior view in show no additional stress
concentrations.

Figures [3.14b], [3.150] and [3.16D)] give the corresponding perspective with the isolated lattice

structure to evaluate the internal stresses. These must be multiplied by the obtained stress

magnification factor rpe, = 10,24 in response to chapter [3.1]

The maximum principal stress occurring in the lattice is arising in the loading scenario molar
right, leading to 27,21 MPa. Multiplying this stress value with 7., lead to 278,63 MPa,
which is still below the ultimate strength by a factor 3,4, thus suggesting that the lattice
would resist this load. Generally, the stresses in the lattice structure are rather small between
-64,12 MPa to 27,21 MPa, and they are relatively even in the bone-implant interface. The
red areas indicating stress concentration are supposedly resulting from poor contact interac-
tions between the bulk material and the lattice component, so these values can be considered
unreliable. Since a conventional bulk subperiosteal implant only rests on the bone, osseoin-
tegration won’t be encouraged by this surface contact as with an endosseous implants.[123]
The almost even stress distribution over the whole implant bone interface together with
the osseointegration promoting lattice, however, could lead to major improvements in the

treatments outcome.
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4 Discussion & Conclusion

This thesis establishes a workflow for an additively manufactured patient-specific subpe-
riosteal implant, where the implant design is guided by FEM and TO. The resulting implant
has an optimized lattice structure replacing the bulk material for better bone augmentation
and load bearing. The material considered in this approach was yttrium-stabilized zirconium

as a potential subperiosteal implant material.

Discussion

This study showed a potential workflow for designing a single piece subperiosteal implant
for the maxilla with integrated abutments. Usually, subperiosteal implants are designed in
a way, that at least two surgeries, a first operation for the placement of the implant onto
the bone, followed by a second operation for placing of the abutments are needed.[4] This
research introduces a single surgery design, that increases the patient’s convenience while re-
ducing the treatment costs. Additionally, the proposed implant design workflow is based on
patient’s medical imaging data (CT) ensuring a perfect fit, which is fundamental to eliminate
potential osteolysis.[6] Earlier research showed the potential of using AlO, ceramic material
for a subperiosteal implant design including transmucosal abutments. On the one hand, they
did not include a patient specific design and on the other hand did not design the implant
as single piece for the whole maxilla.[124] Moreover, this study enlightened the potential
of a yttrium-stabilized zirconia for the use in subperiosteal implants. A major advantage
of a Yttrium-stabilized Zirconium to an AlO, ceramic material is a heavily increased crack
resistance, wherefore Yttria-stabilized Zirconia are already adopted in dental, knee, or hip
prostheses, however, research which utilize this material for subperiosteal implants was not
found.[I25] The present study suggest, that the yttrium-stabilized zirconium can withstand
the applied loads, thus encouraging further studies, since the feasibility was shown.

With the method of TO, the reduction of weight and material was successfully realized. Fur-
thermore, TO was implemented to obtain comprehensible results for determining locations,

which may host a osseointegration promoting lattice structure, which to our knowledge has

o1



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4 Discussion & Conclusion

not been done before. Therefore, bone augmentation in edentulous patients can be based on

a TO-guided design.

The proposed research faces some limitations in terms of design and simulation. The design
of the subperiosteal implant for the maxilla was realized according to the pathological max-
illa of an edentulous patient. Since the locations of the abutments were already predefined
by the physicians, the FEA performed could have given insights in the stress distributions in
the bone, and therefore, could suggest a better positioning of the abutments. Additionally, it
can be questioned, if 6 abutments are necessary, since on the one hand the occurring stresses
in the abutments are easily tolerable in the physiological loading conditions by the material
and on the other hand different designs as the "All-on-4" concept, which utilizes 4 abut-
ments, are implemented with other materials such as titanium.[126] Another design aspect
can be taken into account, which is a potential bridge between abutments 1.3 and 2.3. This
bridge, especially in the case of a patient with a heavily resorbed ridge, could lead to a more
favourable stress distribution, due to an extension of the available surface area. In addition,
the manufacturing consideration may favor this bridge design, since the post processing step
sintering of an implant with such a bridge could lead to less contortions. Both the current
design and other design considerations, however, need to be experimentally analyzed.

The optimization starts with the model preparation by meshing the different components
which took part in the FEA. A convergence study for the mesh should typically be done,
it however was not performed due to licence limitations of the student-edition of the FE-
software. Since the aim of this thesis was to test the potential of the method of TO for
repeatably and comprehensibly discover locations for lattices, the level of detail applied was
therefore sufficient. The obtained output clearly showed understandable and interpretable
results, and therefore, an increase of resolution was probably not necessary.

More complex loading scenarios could provide additional insight into the design and op-
timization. The complexity of the loading cases could be increased by adding potential
moment loading to the abutments as well as expanding the simulation with an added dental
prosthesis. This could lead to a more realistic simulation model, however, accompanied by
a drastic increase of computational complexity. Another way to achieve a more realistic
simulation environment could be to differentiate the bone tissue into cancellous and com-
pact bone, also here increasing the complexity of the simulation model. In this thesis, the
maxilla was assumed to be of uniform isotropic bone throughout, though in reality bone is
anisotropic.[127] This simplification was in correlation with literature.|96]

The method of TO successfully lead to a design of minimal mass, which then was expanded
by a lattice. This lattice filled the void to the original implant, since a reduced volume
is not desired, given that the implant also serves the purpose of building up the maxillary
bone. Which type of lattice and which dimensions the lattice is built of that leads to the

best outcome regarding osseointegration has to be studied in further work. The stress anal-
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ysis showed potential for the ceramic material, since all occurring stresses are theoretically
tolerable. Finally it has to be mentioned, that a computational evaluation alone cannot com-
pensate for physical testing, unless the simulation environment is completely validated. [128)]

Therefore, it is recommended that the implant be subjected to various physical tests.

Conclusion

This thesis showed the potential to use finite element simulation combined to topological
optimization to design and analyze subperiosteal implants made of a yttrium-stabilized zir-
conium oxide. In particular, topological optimization can be used for systematically and
comprehensibly finding potential areas in which lattice structures or even material with
different mechanical properties may be included in an implant design. Computational ap-
proaches alone cannot be used and experimental data towards the assessment of the overall
implant stability and the influence of lattice on osseointegration are sill considered to be

necessary to validate the computational findings of this thesis.
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