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ABSTRACT

A NOVEL HYBRID SCAFFOLD FOR MANAGING
CRITICAL SIZE MANDIBULAR DEFECTS

This study provides a comprehensive approach to managing segmental mandibu-

lar defects. The patient’s computed tomography images were used to design a patient-

specific reconstruction plate. The mandible was reconstructed using virtual surgery,

and new reference parameters were developed using craniometric and anatomical struc-

tures. Topology optimization and light-weighting were performed using the Voronoi

and hollow patterns based on the areas with the most and least forces. The Voronoi

pattern was used for the first time in topology optimization of a reconstruction plate.

Structural analyses were conducted on the final designs. The Voronoi pattern is ad-

vantageous for clinical use, providing stability while using less material. The hollow

design is effective, offering strength, screening for cancer recurrence, and easy removal

after healing. A bioprinted bone scaffold was designed to improve function, healing,

and aesthetics. An 0/90 hybrid scaffold (TCP-PCL enhanced with HA) was designed

and manufactured using additive manufacturing methods. The printed scaffold was

observed under a 40x microscope to assess the printing accuracy. Using a hybrid scaf-

fold that mimics the original defect for a segmental defect is one of the novelties of this

study.

Keywords: Bioprinting, Voronoi, Non-planar 3D Printing, Static Structural Analysis,

FEA (Finite Elemental Analysis), Mandibular Reconstruction, Maxillofacial Segmental

Defects
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ÖZET

KRİTİK BOYUTTAKİ MANDİBÜLER DEFEKTLERİN
YÖNETİMİ İÇİN YENİ BİR HİBRİT DOKU İSKELESİ

Bu çalışmada segmental mandibular defektlerin yönetilmesinde bütünsel bir

yaklaşım geliştirmek amaçlanmaktadır. Segmental mandibular defektlerin rekonstrük-

siyonu multidisipliner bilgi ve pratik gerektiren girift bir problemdir. Plak dizaynı

için hastanın bilgisayarlı tomografi görüntüleri kullanıldı. Sanal cerrahiler ile de-

fekt çıkarıldı ve mandibula rekonstrükte edildi. Mandibulanın sanal rekonstrüksiy-

onunda kranyometrik ve anatomik yapılardan yararlanılarak mevcut literatürde ol-

mayan yeni referans parametreleri geliştirildi. Hastaya özel rekonstrüksiyon plağı tasar-

landı. Çiğneme kuvvetlerine göre plak üzerinde en çok ve en az kuvvet binen alanların

belirlenmesi için sonlu elemanlar analizi yürütüldü. Analiz sonuçlarına göre, voronoi ve

boş paternlerden faydalanılarak topoloji optimizasyonu ve hafifletme yapıldı. Voronoi

paterni mandibuler rekosntrüksiyon plağında topoloji optimizasyonu amacıyla ilk defa

kullanıldı. Voronoi paterninin, plak imalatında hem yapısal stabilite sağlaması hem

de malzeme kullanımını azaltması açısından faydalı olabileceği görüldü. Boşaltılmış

dizaynın ise rekürrent kanserlerin izlenmesi, yeterli statik dayanım ve iyilişme son-

rası çıkarılabilme şeklinde klinikte kullanılabilecek potansiyel özelliklere sahip olduğu

görüldü. Tedavi sürecini geliştirmek amacıyla, biyobasım ile üretilmek üzere bir kemik

doku iskelesi tasarlandı. 0/90 şeklindeki hibrit doku iskelesi (HA ile geliştirilmiş TCP-

PCL) tasarlandı ve eklemeli imalat yöntemleri ile basıldı. Baskı doğruluğunu değer-

lendirmek için basılan doku iskelesi 40x mikroskop altında incelenlendi. Bu çalışmanın

yenliklerinden birisi de segmental defekt için orijinal defektin şeklini taklit eden hibrit

iskele kullanılmasıdır.

Anahtar Sözcükler: Biyobasım, Voronoi, Düzlemsel Olmayan üç boyutlu baskı,

Sonlu Elemanlar Analizi), Mandibular Rekonstrüksiyon, Maksillofasiyal Segmental De-

fektler
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1. INTRODUCTION

Trauma, cancer-related tissue, or organ losses have constituted severe health and

economic issues throughout history and today. Due to its complexity, managing and

reconstructing maxillofacial injuries and deformities need multidisciplinary knowledge

and practice. [8–14]

The term tissue engineering appeared after the first successful kidney trans-

plantation in 1954. [15] There are still two major options for managing organ or tissue

loss: transplantation or implantation. The main challenges also did not change much:

Limited donor supply, defect size, compromised healing, and complex anatomy. [1, 16]

Organ transplantation is a viable option for some cases. Obviously, there are draw-

backs, such as the need for a donor, immune response, and so on. Implantation is

also a significant option for managing tissue defects. The idea of mimicking the native

tissues in the scaffold implantation goes back to the 1990s. Langer and Vacanty laid

the foundations of the contemporary scaffolds. Figure 1.1 Scaffold concepts have been

improved significantly, from bioinert to biocompatible and lastly to bioactive implants,

throughout the years. [17, 18] There were also improvements in designing and manu-

facturing complex scaffolds. Additive manufacturing techniques have emerged as the

need for specific designs for each tissue engineering application. In the last decade,

the bioprinting concept was proposed by Atala and Murphy. [19] A schematic illus-

tration summarizes the process. [6] Figure 1.7 Lastly, Miranov and Ozbolat described

bioprinting as follows:

"Computer-aided transfer process for simultaneous writing of living cells and

biomaterials with a prescribed layer-by-layer stacking organization to fabricate bioengi-

neered constructs for tissue engineering, regenerative medicine, or other biological stud-

ies" [20]

Restoring the mandible is challenging among the craniofacial tissues due to its
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complex anatomy and physiology. The size and site of the defect is crucial. Also, if the

surrounding tissue is included, the choice of treatment might alter majorly. Although

no single classification system exists in the literature, an example is given to compre-

hend the issue. [2] Figure 1.2 for a clearer understanding of the subject. The mandible

can move in three axes and six degrees of freedom, which makes masticatory move-

ments unique. [3] Figure 1.3 The temporomandibular joint and masticatory muscles

are responsible for these movements. Masticatory muscles differ in many ways, such

as fiber type, diameter, and so on. Some muscles have intricate microstructures and

tiny diameters, making them difficult to reconstruct. Therefore, after many reconstruc-

tion operations, physicians depend on physiotherapy to regain masticatory function.

In addition, the literature on function loss and the life quality of patients after large

reconstruction operations is strangely limited, and some of the existing studies rely on

subjective information such as patient surveys. [14,21–25]
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Figure 1.1 An illustration describing the first biomimetic scaffold definition [1].
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Figure 1.2 A table illustrating classification for segmental mandibular defects [2].

Figure 1.3 An illustration showing the 6 degrees of freedom for mandibular movement [3].
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1.1 Management Strategies For Mandibular Segmental Defects

Currently, there are a few options for managing segmental mandibular defects:

Free-flap: Free-flap can be defined as transferring a patient’s body part from its

original site to the recipient site. A fibula free-flap is considered "the golden standard"

in many literature cases. Depending on the defect site, defect size, and whether the

soft tissue is included, the surgeon chooses a suitable donor site. Figure 1.4 An FFF

has a high clinical success rate, and it can integrate the defect site without causing an

immune response and can be adjusted depending on need. However, the drawbacks

are still present, such as morbidity, requiring additional surgery, and so on. [2, 26–32]

(a) (b)

Figure 1.4 Different donor site options depending on the defect (a), an illustration reconstruction with
a free flap (b) [2].

Induced Membrane/Masquelet Technique: The induced membrane tech-

nique, also known as the Masquelet Technique, consists of two stages. In the first stage,

a spacer (often PMMA) is placed into the resection area to allow the development of a

membrane around it and increase vascularisation for the second step. After the mem-

brane is formed, the spacer is removed, and the desired bone graft is placed into the

surgical area. Figure 1.5 Although it is mainly used in long bones, the induced mem-

brane technique has been shown to be effective in reconstructing mandibular defects
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in the literature. It is considered to be a relatively safe approach. However, there are

potential complications such as failure of healing, infection, fracture of the bone graft,

and so on. [4, 33–36]

Figure 1.5 A schematic table illustrates the Induced Membrane Technique [4].

Distraction Osteogenesis: Distraction osteogenesis is a surgical procedure

with multiple steps. Firstly, an osteotomy has been made to split the bone. Following

that, a separator device is set up. The edges of the bone stay in contact for a while, and

with the aid of the distractor device, they separate. This causes new bone formation

through the gap. Figure 1.6 After the desired bone level is achieved, the device is

removed. The advantages of this process can be summed up as follows. There is no

need for a bone graft. Hence, any complications related to graft do not happen. For

instance, there is no need for additional surgery to harvest the graft. It also provides

soft tissue formation. Despite its potential, there are limitations and complications

related to distraction osteogenesis. Failure of the fixations or device, malunion of the

bones and relapse, infections, and possible nerve damage and psychosocial effects on

patients. [5, 37–40]

Natural, Synthetic, and Hybrid Scaffolds: Using scaffolds might be an

option for some cases. Additional surgery might not be available, and the defect might
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be too small to use a free-flap. The physician might want to combine the scaffold with

other techniques for a more patient-specific solution, and so on. [41–45]

Natural scaffolds are produced from biological sources derived from animals or

plants. They offer a relatively higher biocompatibility and a better environment for cell

attachment. The drawback is often the poor mechanical properties. Plus, managing

the degradation rate might be challenging. [43,45]

Synthetic scaffolds are often chosen for their superior mechanical properties to

withstand the forces, tailorable physical and chemical properties suitable for various

cases, and ease of manufacturing. The cell proliferation rates and biocompatibility are

not their strong point, however. They are often made of polymers, ceramics, and so

on. [46–50]

Hybrid scaffolds have emerged from the need and idea of concurrently hav-

ing the advantages of synthetic and natural scaffolds. Since the native bone is com-

posed of organic and inorganic components, the idea of fabricating hybrid scaffolds

with organic and inorganic components has become widespread lately. Hydroxyapatite

(Ca10(PO4)6(OH)2), a crystallized form of tricalcium phosphate, majorly forms the

inorganic component of the bone. On the other hand, organic components of the bone

are mostly composed of Type I collagen fibers. Different teams around the globe used

various material choices based on this base idea. Table 1.1 illustrates different material

compositions used in designing hybrid bone scaffolds in the literature. [43,46,51–72]

The choice of the material impacts the healing and cell proliferation. However,

the material properties do not constitute the whole issue. The design of the scaffold is

equally significant as the choice of material for this issue. Due to the limited budget,

this study focused solely on the design process rather than both processes.
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Figure 1.6 Illustration of the distraction osteogenesis process [5].

Figure 1.7 A schematic diagram depicts the bioprinting process [6].
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2. METHODOLOGY

2.1 Retrieving Radiographic Data and Segmentation

A CT scan of the head and neck region of a patient with diagnosed odontogenic

myxoma was used for this project, with the patient’s consent. Digital Imaging and

Communications in Medicine (DICOM) files were imported to the ITK-SNAP 3.02, an

open-source segmentation software, to segment the mandible. [73] "Active Contour"

function was used for segmentation. According to the literature, suitable thresholding

values were used for segmental and trabecular bone. [74] Figure 2.1 depicts the process.

After segmenting the mandible, the segmentations imported to the Materialise Mimics

25.0 ® cortical and trabecular regions of the bone were separated with a boolean

operation. The resulting segmentations were exported in STL format.

Figure 2.1 Segmentation process utilizing ITK-SNAP.
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2.2 Model Design

For the plate design, Materialise 3-Matic 17.0 ® was used. STL files were im-

ported. The defect area was removed (Figure2.2), and a mirroring operation was

performed, taking into account anatomical landmarks such as Fovea Pyterigoidea,

Condylion Laterale, Condylion Mediale, Spina Mentalis, and Protuberantia Mentalis

to ensure the new model was in the correct position in the spacial plane. Novel referen-

tial entities were introduced to standardize the virtual reconstruction of the mandible.

(Figure 2.3, 2.4, Table 2.1) Also, an outer line was followed through Margo Poste-

rior Rami Mandibulae, Angulus Mandibulae, and Basis Mandibulae to ensure that the

continuity of the bone was protected in the design. (Figure 2.4) The original and the

new model depicted in Figure 2.5. Figure 2.6 shows the superimposed view of the two

models. Since most of the scaffolds do not have the required force-bearing properties,

the task of enduring the forces was assigned to the reconstruction plate. A base design

for the reconstruction plate was created in the Materialise 3-Matic 17.0 ® selecting

and offsetting the suitable area. While there is no consensus on the ideal thicknesses

of the mandibular reconstruction plates in the literature, there are cases reported that

surgeons use mostly 2-2.5 mm thick reconstruction plates for internal rigid fixation. [75]

In this study, the thickness was adjusted to 2.5 mm. On the lingual side, the border

of the reconstruction plate was positioned below the mylohyoid line, allowing the plate

to carry the scaffold without obstructing the way of reconstructing muscles during op-

eration. Aiming to reduce the stress shielding effect, the borders of the plate were

elongated medially and distally. Screws with a diameter of 2.8 mm and a length of 7.5

and 10 mm were created for fixation. Figure 2.7 outlines the design process. Figure

2.8 shows the base model used for topology optimization and lightweight, plus the first

model for FEA Analysis.
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Table 2.1 The definition of referential entities.

Referential Entities Definition
LCM−CM The distance between right

and left condylion mediale
LFP−FP The distance between right

and left fovea pterygoidea
LCL−CL The distance between right

and left condylion laterale
LPM−FP The distance between protuberentia mentalis

and fovea pterygoidea
LSMS−CM The distance between spina mentalis superior

and condylion mediale
LSMI−CL The distance between spina mentalis inferiore and

condylion laterale
CLSMS−SMI Connecting line between spina mentalis

superiore and spina mentalis inferiore
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(a)

(b)

Figure 2.2 Segmentation of the mandible(a), after virtual surgical resection, the defect area has been
removed (b).
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(a)

(b)

Figure 2.3 Anatomical landmarks and referential entities on the original model used in the mirroring
process. Conylion regions, fovea pterygoidea, protuberentia mentalis (a); Spina mentalis regions, and
conylion regions(b).
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(a) (b)

Figure 2.4 Some of the anatomical landmarks that have been used in mirroring (a), the line followed
through Margo Posterior Rami Mandibulae, Angulus Mandibulae, Basis Mandibulae (b).

Figure 2.5 The transition of the model from original to mirrored.
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(a)

(b)

Figure 2.6 The superimposed view of the original and mirrored mandible model. Note how the dental
arc shifted due to the expansion of the neoplasm.
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Figure 2.7 Design process.
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(a)

(b)

Figure 2.8 The first plate design for topology optimization and lightweighting(a), the first model for
FEA Analysis (b).
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2.3 FEA Analysis and Topology Optimization

Designed models were imported to the ANSYS (ANSYS Inc., USA) for static

structural analysis.

Among the other titanium alloys, Ti-6Al-4V stands out for various reasons: It

is easier to manufacture complex structures, as in this study. It has favorable mate-

rial properties such as low density, biocompatibility, high corrosion resistance, and so

on. Combining it with additive manufacturing techniques, superior surface finishings

can be achieved. Plus, it is cheaper than similar titanium alloys with better bio-

compatibility properties, including Ti–6Al–7Nb, and Ti–5Al–2.5Fe. In the literature,

Ti–6Al–7Nb was considered superior. Zhang et al. considered Ti–6Al–7Nb has better

biocompatibility properties for craniofacial defects depending on a conference paper.

Ti–6Al–7Nb was used for cranial implants in rats. Although no inflammatory reactions

were reported, there was also no osseointegration or newly formed bone structure in the

mentioned study. [76–78] Consequently, because of the favorable characteristics men-

tioned above, Ti-6Al-4V is the most commonly used biomedical alloy and is frequently

used in reconstruction surgeries. [77, 79] The material choice for the reconstruction

plate was Ti-6Al-4V in this study.

Material properties given in Table 2.2 were provided from the relevant literature.

[80–83]

Masticatory muscle forces were limited to two major tasks: constrained left

molars and constrained right molars. Table 2.3 shows the muscle force values. Con-

sidering the previous literature, these tasks showed the greatest force in similar seg-

mental mandibular defects. Figure 2.9 illustrates the muscle forces and boundary

conditions. [7, 80, 81, 84] The results of the first analysis are given in Figure 2.10 and

Appendix.
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Table 2.2 Material properties used in the FEA Analysis.

Elastic
Modulus
(GPa)

Poisson’s
Ratio

Yield strength
(MPa)

Young’s
Modulus

Ti-6Al-4V 115 0.323 107 115
Cortical Bone 12 0.3 88 96.2
Trabecular

Bone
1-2 0.3 3.9 96.2

Titanium
Screws

110 0.3 850 116
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Figure 2.9 Boundary conditions, segmented trabecular, and cortical bone are shown on the hollowed
model.
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(a)

(b)

Figure 2.10 The forces when clenching left molars (a), and right molars (b).

2.4 Topology Optimization

According to the first analysis results, the areas with the most stress were de-

tected. Two new designs were developed for different purposes. The first strategy

was hollowing the reconstruction plate for visibility of the defect area for screening

a cancer-recurrence scenario after the surgery without losing the ability to carry the

scaffold. The latter used a specific pattern named "Voronoi" for effectively lightweight

without losing the load-bearing properties. Voronoi tesselation was used for cranial

implants before in the literature because of its customizable character and anisotropic

properties. The cranial plate was customized specifically for the patient, considering

the forces. [85–87] A similar approach was followed in this study. Figure 2.11 shows

the second custom designs. In the topology optimization process in the plate with
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Voronoi pattern, the areas with the most stress were fed with extra points (attractor

points) to increase the material in the region. The areas with the least stress were

fed with fewer points to reduce the material. The points were used to create a 3D

Voronoi tesselation. For the hollowed design, new borders created a line with a 2.5mm

diameter following the outer layer and the stress areas, leaving the middle part open

for screening purposes.

The results of the second analysis showed that both designs are capable of

withstanding the muscular forces when chewing.

Under the task of clenching with left molars, in the hollow design, the most

extreme stress was located on the lingual site. Plus, the titanium screw at the condylar

region(the one far away from the defect) had the most stress. When clenching with

the right molars, the most extreme stress was located closely on the base region of the

mandible. The maximum stress was under the limits of the material; hence, it can be

expected to have potential in real clinical cases.

The plate with Voronoi tesselation showed a more even stress distribution. Max-

imum stress values were far below the material limits at both clenching tasks. Titanium

screws showed similar results comparing the screws with the hollowed plate. It can be

anticipated that the plate with the Voronoi pattern can endure clinical scenarios. The

results of the second analysis are provided in Figure 2.12, Figure 2.13, and in detail in

the Appendix.
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(a)

(b)

Figure 2.11 The hollow plate (a), and Voronoi plate (b).
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(a)

(b)

Figure 2.12 Stress distribution of hollowed design with clenching with left molars (a), and titanium
screws(b).
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(a)

(b)

Figure 2.13 Stress distribution of the Voronoi design with clenching with left molars (a), and titanium
screws(b).
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2.5 Toolpath Planning and Designing Scaffold

The objective of the current study was to create a porous hybrid scaffold that

could be utilized to repair a defect site. To achieve this, the team employed slicing soft-

ware (Ultimaker CURA 4.6.1) and used Figure 2.14 to illustrate the design. The scaf-

fold was manufactured using a commercially available blend of Tricalcium phosphate

(TCP) and Polycaprolactone (PCL), which were then strengthened with a Hydroxya-

patite (HA) dip coating (Bioscaffold Bloocell®). Tricalcium phosphate was chosen as

the inorganic matrix due to its osteoconductive properties, while Polycaprolactone has

been established as an approved material for various biomedical applications. Using the

combination of PCL-TCP on scaffolds has been shown to be more efficient than using

them individually. These scaffolds demonstrated excellent biocompatibility, with favor-

able cell proliferation and adhesion rates. Furthermore, their biodegradability makes

them an ideal candidate for controlled drug delivery applications, as demonstrated in

prior literature. This material combination is clinically significant as it can potentially

be loaded with anti-cancer drugs onto these scaffolds to prevent recurrent cancers. To

fabricate the scaffold, a commercially available 3D bioprinter, Bloocell®, was used,

and Figure 2.15 illustrates the printed scaffold. The nozzle diameter was tuned to

2mm while adjusting the pore size to 400µm to achieve a pore size that is satisfactory

for vascularization and mineral deposition while ensuring that the mechanical proper-

ties of the scaffold were not compromised. After printing, the scaffolds were inspected

under the microscope. The image displayed in Figure 2.16 provides a close-up view of

the scaffold under a x40 zoom. Figure 2.17 shows the integrated image of the defect,

Voronoi Plate, and the scaffold to visualize the planned results.

For future studies, a novel scaffold design was also introduced. The scaffold

design was based on mimicking the mirrored version of the defect area. Rhinoceros

3D, Version 7, and Grasshopper were used to design the scaffold and create a toolpath

planning using PythonScript. A pattern for bone scaffolds in the literature was used to

mimic the fibula. [88] The optimum pore size for bone is specified in the range of 200-

900µm, although there is no consensus. Pores were designed to expand from 250µm

to 900µm from the inside of the scaffold to the outside. Figure 2.18 shows a part of
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(a)

(b)

Figure 2.14 Design process of the scaffold.

the scaffold design for comprehension of the pattern. A gap is also created inside the

graft for various potential uses: Placement of the inferior alveolar nerve during surgery.

Creating a potential reservoir for drugs. Creating a reservoir for the autologous bone

graft to ensure the continuity of the bone might be beneficial for the healing process.

Figure 2.19a Printing the scaffold while protecting the pattern is another challenge due

to the curvature of the angle of the mandible. Non-planar printing techniques might

be beneficial for this issue. Changing the printing diameter during printing might be a

viable strategy. Figure 2.19b illustrates a side view of the scaffold and the tilting axes

to comprehend the basic idea of non-planar printing.
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(a) (b)

Figure 2.15 Printed scaffold with a support structure (a), after removing the support structure(b).

(a) (b)

(c)

Figure 2.16 The scaffold structure under the 40x zoom microscope.
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(a)

(b)

Figure 2.17 The integrated image of the defect, Voronoi Plate, and the scaffold. The plate and the
scaffold mimic the native tissue.
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(a) (b)

Figure 2.18 A part of the scaffold and the printing pattern is visualized (a,b).

(a) (b)

Figure 2.19 The created gap inside the scaffold (a), side view of the scaffold with tilting axes(b).
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3. RESULTS AND DISCUSSION

This thesis presents a novel hybrid scaffold system for managing segmental

mandibular defects by integrating the reconstruction plate and scaffold. The study

focuses on developing patient-specific reconstruction plates through finite elemental

analyses to improve the reconstruction process. In order to enhance the standardiza-

tion of the virtual reconstruction process, a set of novel parameters has been developed

utilizing craniometrics and anatomical landmarks. The first plate was designed with

properties that surpass the masticatory forces. To cater to different requirements, a

hollow design was tailored for screening purposes, while a design based on Voronoi tes-

sellation was tailored for load-bearing purposes, considering the finite element analysis

(FEA) results. This study employs the Voronoi tessellation for the topology optimiza-

tion of mandibular reconstruction plates for the first time. The mass of the human

mandible lacks a standard value, and previous studies report it to be in the range of

90.85g ± 16.08 for wet mandible mass. [89] Based on this range, the mass of the de-

fect was calculated to be 20.3g ± 3.6. Optimization and lightweight techniques were

implemented, resulting in the Voronoi and hollowed designs providing a mass loss of %

37 and % 55.34, respectively, approaching the weight of the original mandible. (Table

3.1 and Figure 3.1) Using Voronoi tessellation might be a promising tool for designing

mandibular reconstruction plates with anisotropic properties. Figure 3.2 illustrates the

graphical abstract of the processes.

For future studies, advanced study models that accurately reflect the complex

three-dimensional masticatory configuration of the mandible and account for biological

factors are required. [90–93] Further mechanical testing of the plates is also essential,

given the limitations of current testing systems. Developing more sophisticated testing

methods that provide accurate and reliable results is crucial.

The study utilized a TCP-PCL hybrid scaffold augmented with HA dipping to

enhance the healing process by using organic and inorganic components, a promising
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Figure 3.1 The chart illustrates the weights of the wet human mandible and designed reconstruction
plates.

Weight (grams) Lightweighting (%)
First Designed Plate 32,1893556 x

Wet Human Mandible 20,3 x
Voronoi Plate 20,210304 37,2143254
Hollow Plate 14,3742504 55,3447091

Table 3.1 The results of the lightweighting process.

approach for promoting tissue regeneration and improving patient outcomes. However,

bone regeneration remains a significant challenge, requiring different material selection,

characterization, and in-vitro studies of scaffolds. Currently, none of the developed

graft or scaffold systems has been able to replicate native bone tissue fully. Numerous

areas require improvement, including the formation of complex-structured scaffolds,

the duration of cell viability and efficacy of cell seeding, poor mechanical properties,

biocompatibility issues, design challenges, and pore sizes and shapes. [90, 94–97]

A novel scaffold design was introduced based on mimicking the mirrored version

of the defect area, using a pattern for bone scaffolds in the literature to mimic the fibula.

Printing the scaffold while protecting the pattern is challenging due to the curvature

of the angle of the mandible. Non-planar printing techniques may be beneficial for this

issue.

Before the clinical implementation of our plate designs and scaffold-plate system,
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Figure 3.2 Graphical abstraction of the processes.

animal studies after in-vitro testing are imperative to evaluate the overall efficacy

of the components. Modulating the pore size between 200-900µm could imbue the

scaffold with increased biomimetic properties. Within this range, larger pore sizes

have been observed to exhibit a positive correlation with increased calcification and

vascularization, thereby targeting the cortical bone region. In comparison, smaller pore

sizes are more suitable for the trabecular bone region. [98,99]

It is worth noting that despite significant progress in the field of tissue engineer-

ing, free tissue flaps continue to be regarded as the gold standard for managing large
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segmental defects. Bioprinting bioactive scaffolds has emerged as a promising strategy

for addressing this issue. However, managing critical-size bone defects is a complex and

multidisciplinary challenge, requiring a multidisciplinary approach for future solutions.
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4. PROSPECTS FOR THE FUTURE

This study has limitations due to budget constraints and the lack of exper-

iments. However, future investigations can potentially address these limitations by

incorporating such aspects in developing bone scaffolds. It is imperative that further

research be conducted to determine the efficacy of Voronoi tessellation and scaffold

design in promoting healing. Non-planar 3D printing methods should be addressed.

Additionally, the effectiveness of drug or graft-loaded scaffolds should be evaluated.

Material characterization is a necessary step to enhance the quality of future work.

Furthermore, prevascularization of bone scaffolds needs further exploration to facili-

tate optimal healing outcomes.
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5. LIST OF PUBLICATIONS PRODUCED FROM THE

THESIS

1. Design of Patient-Specific Mandibular Reconstruction Plates and a Hybrid

Scaffold Computers in Biology and Medicine S.E.Dogan, C.Ozturk, B.Koc February,

2024
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APPENDIX A. SEGMENTATION OF THE TRABECULAR

BONE AND RESULTS OF THE FIRST ANALYSIS

Figure A.1 Segmentation of mandibular trabecular bone.
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(a)

(b)

Figure A.2 Results of the first analysis with constrained left molars. Part 1.
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(a)

(b)

Figure A.3 Results of the first analysis with constrained left molars. Part 2.



42

(a)

(b)

Figure A.4 Results of the first analysis with constrained left molars. Part 3.
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(a)

(b)

Figure A.5 Results of the first analysis with constrained left molars. Part 4.
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(a)

(b)

Figure A.6 Results of the first analysis with constrained right molars. Part 1.
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(a)

(b)

Figure A.7 Results of the first analysis with constrained right molars. Part 2.
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(a)

(b)

Figure A.8 Results of the first analysis with constrained right molars. Part 3.
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(a)

(b)

Figure A.9 Results of the first analysis with constrained right molars. Part 4.
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(a)

(b)

Figure A.10 Results of the analysis of the hollow plate with constrained molars (left). Part 1.
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(a)

(b)

Figure A.11 Results of the analysis of the hollow plate with constrained molars (right). Part 2.
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(a)

(b)

Figure A.12 Results of the analysis of the hollow plate with constrained molars (right). Part 3.
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(a)

(b)

Figure A.13 Results of the analysis of the Voronoi plate with constrained molars (a: left, b: right).
Part 1.



52

(a)

(b)

Figure A.14 Results of the analysis of the Voronoi plate with constrained molars (right). Part 2.
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