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All the scaffolds had a constant porosity of 80%. Also, three materials (Ti alloys, Mg, 

and PLA) were assigned for each model of scaffolds. Therefore, in this work, a total 

amount of twelve models was developed. Then, the models were investigated under 

biomechanical loads using finite element analysis. The von Mises stress in the 

scaffolds and contact surfaces with host bone was calculated to show the scaffold's 

performance under such loading. The analysis results showed that the pressure in the 

scaffold and its contact surface with the spongy bone are directly related to its stiffness. 

The highest stress was in the models with titanium and the lowest for the models with 

polymer material. There was no such relationship for stress at the contact surface of 

cortical bone with the scaffolds. Stress in these three areas showed significant 
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fluctuation with the change of scaffold architecture. The maximum von Mises stress 

in the scaffold was calculated in the models with cubic body center architecture. For 

both bone contact surfaces, the maximum von Mises stress appeared in models with 

Rhombicuboctahedron. The results of this study shed more light on the correct choice 

of scaffolds for orthopedic applications. 

 

Key Words : Mandibular defect, Scaffold, Tissue engineering, Finite element 

analysis. 
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ÖZET 

 

Yüksek Lisans Tezi 

 

İSKLE MIMARISI VE MALZEMESININ MANDIBULA KONAK KEMIĞI 

ILE TEMAS YÜZEYLERINDE GERILIME YIĞIMINA ETKISI; SONLU 

ELEMAN ANALIZI 

 

Ammar Hussen Farag IDRES 

 

Karabük Üniversitesi 

Lisansüstü Eğitim Enstitüsü  

Biyomedikal Mühendisliği Bölümü 

 

Tez Danışmanı: 

Dr.Öğr.Üyesi Daver ALİ 

Ocak 2022, 44 sayfa 

 

Doku mühendisliği tarafından geliştirilen iskeleler kullanılarak hasarlı kemiğin 

onarımı ve doldurulması ortopedik cerrahide ileri bir tedavi yöntemidir. İskeleler, 

trabeküler kemik yapısını taklit eden gözenekli malzemelerdir. İskeleler mimari ve 

malzeme açısından çok çeşitlidir. Bu çeşitlilik bazen hasarlı kemiği tedavi etmek için 

uygun iskeleyi seçmeyi zor bir süreç haline getirmektedir. Kemiğin yapısı çeşitli 

bölgelerinde farklı olması nedeniyle konak kemiğin ihtiyaçlarına uygun iskele seçimi 

daha da karmaşık hale gelmektedir. Bu nedenle iskelelerin mimarileri ve seçilen 

malzemenin onların biyomekanik yükler altında davranışlarını doku mühendisleri 

tarafından incelenmektedir. Bu çalışmada, bir çene kemiğindeki oluşan boşluğu 

doldurmak için octet, octahedron, cubic body center, and Rhombicuboctahedron 

mimariye sahio dört farklı iskele tasarlandı. Tasarımlanan tüm iskeleler, %80'lik sabit 

gözenekliliğe sahiptirler. Ayrıca, her bir iskele modeli için üç farklı malzeme (Ti 
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alaşımları, Mg ve PLA) seçilmiştir. Böylece, bu çalışmada toplam on iki model 

geliştirilmiştir. Daha sonra modeller, sonlu elemanlar analizi kullanılarak 

biyomekanik yükler altında incelenmiştir. İskelelerdeki ve konak kemikle temas 

yüzeylerindeki von Mises gerilmesi hesaplanmıştır. Analiz sonuçları, iskele ve 

süngerimsi kemiğin temas yüzeyinde meydana gelen gerilmenin iskele sertliği ile 

doğrudan ilişkili olduğunu göstermiştir. En yüksek gerilim titanium iskele modellerde, 

en düşük gerilim ise polimer malzemeli modellerde hesaplanmıştır. Kortikal kemiğin 

iskelelerle temas yüzeyindeki gerilme için böyle bir ilişki bulunmamıştır. Bu üç farklı 

bölgedeki gerilme, iskele mimarisinin değişmesiyle önemli dalgalanmalar 

göstermiştir. İskele mimari açısından maksimum von Mises gerilme kübik gövde 

merkezli mimarisine sahip modellerde hesaplanmıştır. Her iki kemik temas yüzeyi için 

maksimum von Mises gerilmesi, Rhombicuboctahedron'lu modellerde ortaya çıktı. Bu 

çalışmanın sonuçları, ortopedik uygulamalar için doğru iskele seçimine yönelik 

yenilikler katmıştır. 

 

Anahtar Sözcükler : Alt Çene Kemği, İskele, Doku Mühendisliği, Sonlu elemanlar 

analizi. 

Bilim Kodu : 92504 
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CHAPTER 1 

 

INTRODUCTION 

 

Only witches could tell somebody who lost his leg bone that she can replace it with a 

new one, but that is unfortunately not real at all. A century ago, nobody would believe 

that if somebody told you the same thing.  

 

After decades of research in medical history, many attempts have been made to heal 

the loss of body organs [1]. Tissue engineering has made a significant improvement to 

treat whether xenotransplantation or donating organs from other people. However, 

allotransplantation and xenotransplantation are not available enough to satisfy the 

massive demand for organs worldwide [2].   

 

Recently, thanks to three-dimensional (3D) additive manufacturing methods and 

significant advances in tissue engineering, synthetic materials were developed to 

replace and heal damaged organs [2]. Many studies showed that using a 3D scaffold 

is a good alternative instead of transplantation [3–5]. 

 

1.1 PROBLEM STATEMENT 

 

Designing and selecting a proper scaffold for bone defects is acritical in tissue 

engineering. Because bone tissue is rigid and bears mechanical loads, developing an 

alternative implant that can perform its functions requires the consideration of many 

parameters. One of the bones that can damage due to old age, illness, or accident is the 

mandibular bone. Mandible bone plays a vital role in the body's digestion system. Bite 

force can vary between 40-400 N during feeding food [6].  Also, the mandibular bone 

moves when it speaks, and this causes tensions in its structure. Therefore, selecting a 

suitable implant that can help a patient to achieve his/her healthy eating mechanism is 

essential. Bioceramics such as hydroxyapatite and tricalcium phosphate are good 
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candidates for filling mandibular bone defects [7]. Recently porous scaffolds with 

regular architectures and controllable mechanical properties got more attention as bone 

replacement implants thanks to their more biocompatible characteristics [8,9]. Some 

studies investigated filling mandible bone defects using porous scaffolds [10,11]. 

Scaffolds are materials with porosity that help bone regeneration spatially when the 

bone defect is significantly large [12].  

 

Scaffolds' mechanical and biological behavior depends on their architecture, porosity, 

and materials. For example, increasing the porosity of scaffolds improves cells' 

bioactivity within them but causes decreasing in their strength under biomechanical 

loads [13].  As a main mechanical property, scaffolds' effective elastic modulus should 

be considered because a low elasticity cannot tolerate biomechanics loads, and an 

excessively high elastic modulus can cause the undesirable stress-shielding 

phenomenon. Then, selecting a proper scaffold with enough strength and avoiding 

stress shielding phenomena is a challenge in bone tissue engineering [14]. In this study, 

we used a mandible bone with a defect to investigate the effect of scaffolds architecture 

and material on the stress distribution at bone-scaffold contact sites using finite 

element method.    

 

1.2  OBJECTIVES  

 

The objectives of this thesis are  

1.  This study uses a mandible bone model with a fixed defect size in the 

symphysis area.  

2.  The defect was filled using four scaffolds with different architecture. 

3. Three different materials were assigned to scaffolds to test the effect of 

scaffolds stiffness on stress distribution in contact surface with host bone.  

4.  A total of twelve models were analyzed numerically in this study.  

 

1.3 SCOPE OF STUDY  

 

The results of this study, with all its limitations, are a step forward in elucidating and 

better understanding the behavior of scaffolds under actual loading conditions. This 
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study paves the way for further studies on selecting and designing more compatible 

scaffolds with host bone. 

 

1.4  RESEARCH QUESTIONS 

 

- How can we use computational simulation in biomechanical problems 

analysis? 

- How do the architecture and material of a scaffold affect the load transmission 

in contact surfaces? 

- How to find the most appropriate scaffold architecture for the mandible bone 

defects replacements?  
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CHAPTER 2 

 

LITERATURE REVIEW 

  

2.1 ANATOMY OF THE MANDIBULAR BONE 

 

Without bones, the human body will not move correctly [2]. In terms of cellular 

structure and functions, it comprises osteoblasts, osteocytes, and osteoclasts, the three 

types of bone cells. Osteoblasts can create bone and generate matrix proteins in a cubic 

body center shape. Osteocytes are cells that maintain the health of bone tissue and 

transport chemicals. Osteoclasts are bone-destroying cells with resorption functions. 

Osteoclasts destroy trabeculae or compact portions during bone production, while 

osteoblasts create new bone tissue [2,15].  

 

Bone is made from two distinguished parts, as shown in figure 2.1. Cortical type for 

the outside layer of the bone is more complex than the density of the bone mass cell. 

These cells are known as the microscopic columns (osteons), which are made up of 

the layers of osteoblasts and osteocytes. The second type is the cancellous bone which 

has the trabecular network with a highly porous ratio that allows blood vessels and 

narrow to pass through. Trabecula is orientated toward the biomechanical pressure 

distribution in bone and is considered the fundamental unit of the cancellous bone 

[11,15–17]. 
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Figure 2.1. The Mandible Bone from above and from the right side Shows the cortical  

                    outside part of the bone and insider spongey part which is the cancellous [17]. 

 

 As shown in figure 2.2, the mandibular bone is simply the lower jaw bone that takes 

the shape U in the human skeletal system. Its end edges join the muscles of the 

mastication (temporomandibular) [2]. The mandibular bone consists of 5 connected 

bone sections, 1, body (Corpus), 2 the symphysis, which is located in the front part of 

the mandibular and connects the two sides of the right and left part of the mandibular,3 

alveolar bones, which are located under the teeth. Its job is to sustain the teeth during 

chewing [17]. 

 

 

Figure 2.2. Anatomy of the Mandibular Bone  [17]. 
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Anatomy of the mandible showing Symphysis, Body, Ramus, Condyle,                                                                                                                              

Coronoid and Alveolar Process with Teeth (fıgure 2.2) [17]. 

 

It is well known that the bones cannot be moved by themselves. There must be muscles 

to help them out to make the jawing process. There are three groups of the attached 

mandibular muscles [18].  

 

Masticatory muscles consist of four muscles (figure 2.2). 

1. MP Medial Pterygoid, helps for closing the mandible (figure 2.3, 2.4) 

2. lateral Pterygoid, helps for opening the mandible 

3. Masseter helps for closing the mandible 

4. Temporalis, helps for closing the mandible 

 

                  

Figure 2.3. Mandibular Masseter Muscle Superfical [2]. 
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Figure 2.4. For Masseter Muscles and 2 for Temporalis Muscles [19]. 

 

Sprahyoid muscles have a critical role in some functions of the opening process of the 

mouth and swallowing mylohyoid, hyoglossus, genioglossus, digastric muscles. 

Muscles connected to the mandible and taking action for the facial expression are 

buccinators, depressors, anguli oris, and mentalis [20]. 

 

As mentioned above, the mandible consists of two bone surfaces: the cortical bone and 

the cancellous bone. Cortical bone is stiff and dense, but the thickness depends on the 

area, and in some sites, there is only cortical bone. The cancellous bone or the marrow 

is surrounded by cortical bone has a spongy and porous structure. The alveolar 

processes as part of ramus are good examples of the cancellous [17]. 

 

Mandible bone attaches to the skull through mastication muscles and the 

temporomandibular joints. This muscle and joint attachment combination keeps 

mandible bone in its proper positions and ables people to speak and chew. The 

temporomandibular upper and lower joint spaces are split by the articular cartilage, 

which is for the collagen fibrils capsule [15,17, 20, 21] 
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The muscles mentioned above, and joints control the movement of the bone. Mainly 

two types of movement in the mandible can be observed. The first movement is 

rotation which is about a hinge for the first 20 mm then followed by a translation, 

which is primarily influenced by the action of the lateral pterygoid muscle drawing the 

whole condyle to the front and out of the glenoid fossa onto a portion of the temporal 

bone's zygomatic process. Due to the articular eminence, a projection on the condyle 

restricts the forward mobility of the joint [15, 17, 20, 21]. 

 

2.2 BIOMECHANICAL OF THE MANDIBLE 

 

The mandible is a bone that simultaneously experiences tensile and compression loading. 

An area of tension exists on the alveolar region of the mandible during function, while a 

domain of compression exists on the lower part of the bone’s edges [17, 19]. 

 

The mandible bends in a sagittal plane when the mastication muscles contract; this is 

caused by the vertical component of the muscle forces happening along the sagittal plane, 

joint response forces, and chewing motion reaction forces. The result is a stretching zone 

at the lower boundary and a compression zone at the alveolar portion (figure 2.5) [17]. 

 

 

Figure 2.5. Torsion, Transverse Benning and Sagittal Bending [21]. 
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2.3 HISTORY OF MANDIBULAR RECONSTRUCTION 

 

From 1860 onwards, orthopedists began mandibular repair with early applications of 

bone grafts from various bones for small or large defects [22]. In surgical treatment, 

using a bone graft is a popular method for fusions, fracture repair, and the rebuilding 

of skeletal defects. The translation of bone from a member to another site in the same 

patient is known as autologous transplant  [23]. Also, restoring a fractured mandible 

bone with a prosthetic appliance and metal materials was common in orthopedics 

applications [24, 25]. Other scientists suggested celluloid silver and hard rubber 

materials instead of metal plates [21]. With some emerging failures in the earlier 

materials, new materials such as Vitallium, stainless steel, and titanium were suggested 

for such applications [26, 27]. 

 

Scientists from  World War II, such as Blocker and Stout, have emphasized the 

advantages of autografts, such as the tibial, rib, and iliac, which effectively reconstruct 

the mandible [28]. Wersal et al. looked at the use of split-rib grafts for mandible 

rebuilding following Blocker and Stout's study’s results [29]. 

 

In 1986, (SOFF) or Scapular used the osteocutaneous free flap method in head and 

neck bones treatment  [30]. Followed by, in the same year, the method was used by 

Hidalog and David A to transfer the fıbular autograft for the mandible restoration [31]. 

 

Therefore, defects in mandibular area are summarized as 

1- Bone defects [21]. 

2- Soft Tissue such as skin or muscles [32]. 

3- Composite defects with bone and soft tissue [20]. 

 

2.4 METHODS FOR MANDIBULAR RECONSTRUCTION 

 

A patient with mandibular defects who needs restoration is always looking for three 

things to recover and return to normal. Firstly, and more importantly, eating and 

talking without disturbances or extraordinary difficulties. Secondly, maintaining the 

ability to breathe throughout the airways during different activities and conditions. 
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Thirdly, the face esthetics and appearance without any abnormalities. Therefore, it is 

recommended to check if the restoration will aim to achieve these goals [21]. 

 

Based on position and extent, mandibular defects are categorized into three types: 

frontal mandible, posterior mandible, and ramus/condyle abnormalities. The 

assortment of mandible defects was introduced by Jewer et al. and then updated by 

Boyd et al. Defects in the center of the jaw bone are called ‘’C’’, for side parts without 

the condyle are referred to as ‘’L’’ and with condyle is referred as H. For defects in 

two or three places, the name goes as ‘’C, L, H, LC, HC, LCL, HCL’’ and HH 

(Figure2,6) [33,34]. 

 

 

 

Figure 2.6. HCL Mandibular defects classification [34]. 

 

Generally, for a successful bone replacement or grafting, there are prerequisites such as 

proper and right fixation, blood supplilabity to the area, healthy bone tissue surrounding 

the transplantation, and contact between the affected bone area and the graft [35]. 
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2.4.1 Mandibular Reconstruction Plates and Screws 

 

One of the most famous and popular ways to rejoin a fractured bone is the plates and 

screws system. These plates and screws are primarily made from metals such as 

Stainless steel, Vitallium, and Titanium [36].The plate and screw fixation helps defected 

bone heal by forming a vascularized new bone tissue through the damaged bone and gaps 

(Figure 2.7). 

 

 

 

Figure 2.7. Mandibular Reconstruction Progras by Plates and Screws [37].  

 

2.4.2 Non-Vascularized Bone Grafting 

 

This type of bone defect treatment option is preferred for minor defects, provided that 

they do not lose any soft tissue or in tiny amounts. It is done by harvesting the donor 

bone to be replaced in the defected area of the mandible [29].  

 

The donor site could be as following; 

 

2.4.2.1 Iliac Bone Reconstruction 

 

Bone restoring by using iliac bone is mainly used for cancellous bone defects. The 

harvested cancellous bone is an excellent platform for implantation [38]. 
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2.4.2.2 Costochondral Rib 

 

Mandibular condyle decfects can be replaced by costochondral graft for children and 

teenagers [39]. However, sometimes the replaced bone shows an undesired excessive 

growth [40].The rib and iliac crest are popular non-vascularized bone transplant donor 

sites. Thus, the rib can be used as a split rib transplant or a full rib graft [24, 29]. 

 

2.4.3 Vascularized Free Flaps 

 

In this method, the vascularized bone is replaced without any interaction in the healing 

process within the host bone. There are now many donor locations for vascular bone 

flaps and soft tissue. In an ideal situation, the donor bone must be long enough to fill 

the gap while being wide and tall enough to support endosteal implants and endure the 

mastication loads when eating. The vascularized free flaps reconstruction method is 

more effective in biomechanical loads transfer [17]. 

 

2.4.3.1 Donor bones as free Flaps  

 

Fibular free flap 

 

A fibular free flap is recognized as the most donatable bone in the body for mandible 

reconstruction due to the following reason; 

1- This bone blood network is available from endosteal and periosteal branches 

which allow surgeons to osteotomies the bone as segment location [17]. 

2- Approximately the length of the fıbular is 25 cm which is for sure longer the 

donor site of the mandibular in contrast [17, 31, 41, 42]. 

3- Supply the cortical bone which is needed for repairing abnormalities across the 

midline section [17]. 
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Radial Forearm Free Flap RFFF 

 

It provides for a thin and pliable amount of skin. The length that this bone cover is between 

10 – 12 cm which is 40% of both need to be cured [43]. 

 

Scapula Free Flap 

 

One single flap can cover a reconstructıon defect of 11- 14 cm including the subscapular 

artery [44].  

 

The Pectoralis Major Myocutaneous Flap (PM) 

 

The PM flap is taken mfro  the Pectrolis Myocutaneous region of the body to replace the 

lower third of the face and neck. It plays a useful role for the floor of the mouth which is 

caused generally by traumatic defects [45]. 

 

Iliac Crest Free Flap 

 

This bone has many features to be implanted due to its high value of cancellous bone with 

enough height and thickness. As for the illiace crest, it is chosen for usage because it from 

resemblance to the hemi mandible opening osteomies in the iliac bone enables reliable 

anterior mandibular defect restoration [46]. 

 

2.4.4 Modular Endoprosthesis Replacement 

 

This approach focuses on removing the diseased part of the bone with artificial fixation 

that remains as a bone supporter with a modular system that combines components to 

allow flexıbility long-term applications (fıgure 2.8)  [47]. 

 

An endoprosthesis is mainly a metallic part inserted into the mandibular evacuated 

region. To accelerate implant and host bone joining, a bioceramic cement coating on 

the implant and bone contact region also would be helpful.  Screw fixing is not required 

because the implant length is adjustable and can fit the bone gap. Meanwhile, a locking 

system links the implant segments together [48]. 
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Using modular endoprosthesis for restoring an alloplastic mandibular is considered a 

unique way [49,50]. However, there were a few particular hurdles to overcome while 

using this reconstructive approach on the mandible bone because the mandible is a 

curved bone with teardrop shape cross-sections [50].  

 

Figure 2.8. a) Modular endoprosthesis replacement illustration, 

                                     b) Endoprosthesis before implanting.  

 

2.4.5 Scaffolds and Tissue Engineering  

 

Microvascular bone flaps, both vascularized and non-vascularized with all the 

advantages, show some drawbacks. The donor site availability is rare and limited 

compared to defect size and number. Also, the donated bones' form does not satisfy 

the needed geometry and morphology, leading to an unpleasant appearance in the 

patient's face after the operation. Moreover, the setback that arises from the donor sites 

due to the loss of bone is another side effect. These disadvantages have led scientists 

to look for alternatives for bone flap methods [31, 41 ,45, 46].  

 

A 

B  
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Scaffolds are the latest generation of materials and structures recommended in 

orthopedics to treat bone failure, [15] as shown in the steps in figure 2.9. 

 

 

 

Figure 2.9. Mandible repaired by scaffold tissue engineering [11]. 

 

2.4.5.1 3D Scaffolds  

 

Using synthetic scaffolds enables us to design and control the replacement implant size 

and mechanical properties to fit the host bone requirements. Bone can be grown in the 

defective site without failure risks (figure 2.9) [11]. This material has an assistive role 

in tissue growth factors and accelerates bone healing for cases where the defect size is 

big enough to prevent the reunion of separated segments. As previously discussed, 

scaffolds are porous structures that can cause cell proliferation and differentiation 

within their microchannels. On the other hand, they control the biomechanic forces 

properly so that the damaged part does not experience extra stress. They also form the 

primary form of damaged bone [51,52]. 
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Fluid flow dynamics in porous scaffolds play an important role in tissue engineering 

for transferring essential materials to cells and controlling the biocompatibility of 

scaffolds. Properties such as permeability and wall shear stress due to fluid flow 

determine the biological behavior of scaffolds. Bioactivity depends on the release of 

oxygen and other nutrients through the porous medium, and shear stress due to fluid 

flow is recognized as the dominant mechanical stimulus for cell differentiation and 

proliferation in scaffolds [12]. 

 

2.4.5.2 Scaffolds Materials and Fabrication Methods  

 

Scaffolds for bone tissue replacement are mainly made from metal, ceramics, and 

polymers or their composites. The techniques can be divided into conventional and 

advanced scaffolds fabrication methods. The traditional techniques include solvent 

casting particulate leaching, melt molding, gas foaming, and freeze-drying processes. 

However, advanced methods such as electrospinning and 3D printing have been 

developed recently [1, 52, 53].  

 

Ceramic Scaffolds 

Hydroxyapatite, calcium phosphates, or composites made of them are ceramics that 

show the closest properties to bone tissue because they contain bioactive elements. 

These materials illustrate effective biological interactions with bone, facilitating fusion 

with bone tissue and fixation of bone to the scaffold. Moreover, silicate bioactive 

glasses such as 45S5 Bioglas® can promote rapid bone formation by releasing critical 

amounts of ions such as Si, Ca, P and Na [54]. This type of scaffold can be 

manufactured using gel casting or robocasting methods. In the gel-casting technique, 

scaffolds with an amorphous morphology are obtained, and in the robocasting process, 

scaffolds with relatively regular architecture can be produced [55]. 

Metal Scaffolds 

 

Metals like titanium (Ti) (and its alloys), 316 L stainless steel, and magnesium are 

widely used for bone implants and scaffolds. Due to their high mechanical properties, 
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biocompatibility, and exceptional corrosion resistance, these metals show promising 

results in producing scaffolds for bone. However, disadvantages like poor bone 

induction ability and high modulus of elasticity relative to the host bone should be 

considered for these types of scaffolds [56]. 

 

Recently, magnesium has been considered a scaffold material for bone healing due to 

its good mechanical resistance and biodegradability. Nevertheless, challenges such as 

controlling the degradation time and rate, also, the non-compliance of its mechanical 

properties with the host bone remain unsolved [57]. 

 

Polymer Materials Scaffolds  

 

Polyglycolic acid (PGA), polylactic acid (PLA), and its copolymers, and polylactic co-

glycolic acid (PLGA) are the most well-known and familiar polymers that are widely 

used for bone replacement applications. For example, PLA is a bio-degradable 

material that is easy and cheap to produce with 3D printers. The obtained structure has 

pores of 0,3 mm, which is very close to human bone pore size [58]. 

 

2.5 ART OF BONE SCAFFOLD DESIGN  

 

Bone is a tissue that can rebuild its defects in conditions when separated bones can 

send signals to each other. This process can take weeks or months for many bone 

fractures without external operation [59, 60]. But, when a major segmental bone defect 

is above a crucial size (roughly 8 mm), the body typically cannot complete the healing 

[61]. Therefore, that empty place needs an external intervention to help the healing 

and rebuilding process in the defected site [64].  

In tissue engineering, the distribution and delivery of essential materials to bone cells 

and the management of the scaffold's biocompatibility depend on fluid flow dynamics 

inside the porous scaffold. For this reason, we need porous material that can provide a 

suitable environment for cell profiliation and differentiation. Designing scaffolds with 

such permeability and suitable mechanical properties to withstand biomechanical 

loads is challenging for tissue engineers [62]. 
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Researchers have tried to produce scaffolds for bone with quite different architectures. 

These two scaffold groups achieve higher porosity rates that meet bone healing 

requirements. The first is group lattice scaffolds and consists of thin rods connected at 

the ends. The other group of scaffolds is defined as Triply Periodic Minimal Surfaces. 

As surfaces with a thin wall thickness, these scaffolds are repeated in the direction of 

the three axes of the coordinate system to form the scaffold structure in the desired 

dimensions (Figure 2.10) [63].  

 

Figure 2.10. Tow typical scaffolds for bone tissue engineering; a) Lattice-based and 

b)  TPMS scaffolds [63]. 

These two groups of scaffolds have been investigated in terms of their biological and 

mechanical behavior. However, only a few studies investigated their performance 

under actual biomechanical loading conditions to the authors' best knowledge. To 

overcome such a gap, in this work, four different scaffolds with lattice structures were 

studied to test their performance in a mandible bone defect under biomechanical loads. 

For the first group, simplicity of design and production can be considered an 

advantage. For the second group, the high ratio of surface to volume is an essential 

parameter in the biocompatibility of scaffolds is regarded as a preponderance. 
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CHAPTER 3 

 

METHODOLOGY 

 

3.1 MATERIALS 

 

3.1.1 MANDIBLE BONE AND CAD MODELS 

 

In this study, the mandible bone 3D model was obtained using computed tomography 

using Dassault Systèmes SOLIDWORKS (2017) software,  the cortical segment use 

designed with a fixed thickness of 1.8 mm [11] separated from cancellous bone section 

and a cube defect with the size of 8.57×8.57×8.57 𝑚𝑚3 in symphysis site and the 

designed scaffolds were replaced the defect. (Figure 3.1).  

 

 

 

Figure 3.1. a) CAD model and its b) exploded view of the parts. 
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3.1.2 SCAFFOLD MODELS  

 

 In this study, the designed scaffolds are in the different architecture of scaffolds 

namely as Octet [64], Octahedron [65], Cubic Body Center [66] and, 

Rhombicuboctahedron [67] with a porosity of 80%.  The CAD model of scaffolds was 

obtained by repeating 4x4x4 along the x, y, and z-axis using their unit cells (Figure 

3.2). A fixed unit cell size for all the scaffold models the rod diameter for Octet, 

Octahedron, Cubic body center, and Rhombicuboctahedron was 300, 440, 390, and 

340 µm, respectively. 

 

 

Figure 3.2. CAD models of the scaffolds and their unitcells; a) Octet 300 µm , b) 

Octahedron 440 µm , c) Cubic Body Center 390 µm  and  

                  d) Rhombicuboctahedron 340 µm.  

 

3.1.3  Finite Element Analysis (FEA) 

 

Designed scaffolds in Dassault Systèmes SOLIDWORKS (2017) were sent to ANSYS 

Workbench (18) to calculate the stress distribution on bone-scaffold contact surfaces. 

The analysis was performed in the elastic region of the material. Also, the material was 

assumed as isotropic and homogeneous. In this study for the cortical and cancellous 

bones, a constant elastic modulus was assigned. For the scaffolds, three different 

material elasticity was applied (Table 3.1). Therefore, a total amount of twelve FEA 
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models were tested. The contact between all the parts was considered as fully bonded 

surfaces [68].  

 

Table 3.1. Material properties for the FEA models.  

 

Material  Young’s Modulus (GPa) Poisson’s Ratio v 

Cortical Bone  15 [69] 0.3 

Cancellous bone  1.5 [70] 0.33 

Ti6A14V Scaffold  110 [71] 0.3 

Mg Scaffold 30 [72] 0.3 

Polymeric Scaffold (PLA) 4 [71] 0.34 

Rigid body  1200 [50] 0.3 

 

3.1.4  Meshing The Models 

 

The FEA models were mesh using tetrahedral elements  [73]. A maximum element 

size of 0.9 mm for the whole of the models was selected. To ensure mesh independence 

of the FEA results a very fine mesh was selected in defect and scaffold surface area 

(Figure 3.3).  

 

 

 

Figure 3.3. Whole model mesh and refined mesh in the scaffold-bone contact area.  
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The mesh statistics for each model are presented in table 3.2. Because of scaffolds 

architecture difference in this study, the mesh number for each model is different.  

 

Table 3.2. Mesh statistics of FEA models 

Scaffold 

model  

Octet Octahedron Cubic Body 

Center (CBC) 

Rhom 

Bicuboctahedron 

(T) 

Element 

Number 

1876483 1883856 1884515 1910998 

 

 

3.1.5 Boundary Condition  

 

The biting and muscle forces direction and magnitude are shown the figure 3.4 and 

table 3.3. Also, the models are fixed from the condyle site on both sides (fıgure 3.4) 

[74]. 

 

 

 

Figure 3.4. The muscle force and bite force in the FEA model.  
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Table 3.3. The applied muscle and bite forces (N) in FEA [75].  

 

Force Ref. X Y Z 

Deep Massester A,B 7.776 127.23 22.68 

Superficial 

Masseter 

D,C 12.873 183.5 12.11 

Medical 

Pterygoid 

F,I 140.38 237.8 -77.3 

Temporalis E,G 0.0064 0.37 -0.13 

Medial Temporal H,J 0.97 5.68 -7.44 

Bitting Force K  100  

 

3.1.6 Eq. von Mises STRESS 

 

The von Mises criterion is adapted from Richard von Mises's German-American 

mathematician (1883-1953). The von-Mises stress criterion (Collision energy theory 

or strain energy theory) is based on the distortion energy in a given material. According 

to this criterion, deterioration occurs when the amount of energy accumulated in a 

particular fabric reaches the energy level at which the same material will flow under 

tension or pressure. In other words, as long as the energy collected under external loads 

in any part remains under the distortion energy per unit volume required to produce 

yielding in the tensile-test sample of the same material, that part is in a safe condition 

for use. In this numerical study, to understand the distribution of stress in the contact 

region, only von Mises' stress was calculated (Equation 3.1). The distortion energy per 

unit volume of isotropic material under tension can be written as [76]: 

 

σvm = √0.5 [(σx − σy)
2
+ (σy − σz)

2
+ (σz − σx)2] + 3[τxy2 + τxz2 + τyz2 ]     ( 3.1) 
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                                     Figure 3.5.  Stress Tensor Element. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1  RESULTS RELIABILITY 

   

To test the FEA result reliability the total deformation of models under the applied 

boundary condition was measured (Figure 4.1).  

 

 

Figure 4.1. The total deformation of the mandible under the muscles and bite force.  

 

The total deformation for all the models approximately was the same for such muscles 

and bite force, and this magnitude is inconsistent with similar works result in the 

literature [77,78].   

 

 

4.2. VON MISES STRESS IN SCAFFOLDS  
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To elucidate the behavior of scaffolds under such biomechanical loading, the von 

Mises stress of them was calculated. For example, the von Mises stress for 

Rhombicuboctahedron-Ti was demonstrated in figure 4.2. 

 

 

 

 Figure 4.2. Von Mises stress contour in Rhombicuboctahedron-Ti n scaffold.  

 

Maximum equallent von Mises stress (max eq. vM. S) for each model was presented 

in figure 4.3. 

 

 

 

Figure 4.3. The calculated max. vM. s (MPa) in the scaffolds.  
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The highest and lowest von Mises stresses were seen for the Ti and polymer-based 

models, respectively, in all four scaffolds with the same architecture, and the mg-based 

models were positioned in the middle of these two. In terms of architectural effect, the 

CBC models showed the highest maximum von Mises stress, and the other three 

models behaved very similarly. According to the results in figure 4.3, among all the 

models the scaffolds with octahedron architecture and PLA material showed the lowest 

von Mises stress.  

 

4.3. EQ. VM. S ON CANCELLOUS BONE CONTACT SURFACE WITH 

SCAFFOLD 

 

Compared to cortical bone, cancellous bone possesses low mechanical properties, and 

any stress concentration on it can lead to undesirable consequences. The vM. stress on 

the contact surface between cancellous bone and scaffold for all the models were 

calculated.  For example, the vM.s distribution for the Rhombicuboctahedron Ti model 

was demonstrated in figure 4.4. 

 

 

 

Figure 4.4. vM.s distribution in cancellous bone contact surface in 

Rhombicuboctahedron-Ti model. 
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To show the effect of scaffold architecture, as well as the assigned material stiffness 

on the contact region, stress the maximum von Miss stress for all models, was 

presented in figure 4.5. 

 

 

 

Figure 4.5. The max. vM. s (MPa) in cancellous bone contact surface with scaffold. 

 

As can be seen, the maximum vM.s obtained on the surfaces varies with the scaffold 

architecture and assigned material. In all the four architecture groups, the highest vM.s 

belong to Ti scaffold models and the lowest emerged in models with PLA selected 

material. From an architectural point of view, the greatest effect of changing the 

scaffold material on stress can be seen for the octahedron model, so that by changing 

the scaffold material from Ti to PLA, the vM.s was reduced by half. In general, with 

decreasing scaffold stiffness, stress at cancellous bone contact surfaces reduced for all 

the models.  

 

4.4. vM.S ON CORTICAL BONE CONTACT SURFACE WITH SCAFFOLD 

 

Although compared to cancellous the cortical bone is a stronger material, stress 

accumulation can damage its structure and can delay the healing process. Therefore, 

in scaffold implantation, it should be given enough attention to avoid such undesirable 

situations. To probe stress distribution on the cortical bone surface, for example, the 
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vM.S contour for Rhombicuboctahedron-Ti was demonstrated in figure 4.6. The vM.s 

fluctuated between 0.2- 6.82 MPa on the contact region for such a model. 

 

 

 

Figure 4.6. vM.s contour in cortical bone and scaffold contact area for the 

Rhombicuboctahedron-Ti model.  

 

Also, to observe the effect of architecture and scaffolding material on the stress of the 

contact surfaces, the maximum stress for all models was shown in figure 4.7. 

 

 

 

Figure 4.7.The max. vM. s on the cortical bone contact surface with scaffold for 

all the models. 
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For the models with octahedron and Rhombicuboctahedron a decreased scaffold 

stiffness the maximum vM.s stress increased. For two other groups (Octet and CBC) 

of the scaffold, such a trend cannot be seen. In other words, for the recent two groups, 

the maximum vM.s first decreases with changing the material from Ti to Mg, but after 

changing it to PLA, we observe a jumping in maximum vM.s value. Therefore, at least 

for scaffolds with octahedron and CBC architecture, finding a predictable stress 

attitude versus material rigidity is difficult. 

 

4.2 DISCUSSION  

 

Indeed, stress shielding eraises from the mismatch in stiffness between scaffolds and 

host bone that causes an undesirable load transfer between surfaces in implanting sites 

[79]. Therefore, designing and finding scaffolds that can proportionately transmit 

biomechanical forces is challenging for tissue engineers. In scaffolds, the stiffness is a 

function of architecture and selected material [80,81]. Because experimental studies 

are expensive and time-consuming, engineers use computer simulations to obtain 

mechanically optimized scaffolds to minimize side effects like stress concentration. 

This study modeled four scaffolds with different architectures to replace a mandible 

bone defect. We also studied the effect of materials selected for scaffolds on stress 

shielding using three different materials. Before dealing with the accumulation of 

stress at the contact surfaces, it would be better to examine the magnitude of stress that 

happend in the scaffold's structure to make sure that the scaffold remains in the elastic 

region under such loading conditions. Therefore, examining the stress map in the 

scaffold helps us determine whether the scaffold can withstand such loads. For 

example, the eq.vM.s for four different scaffold architecture with Ti alloy material was 

illustrated in figure 4.8. As seen, the maximum stress up to 42% can vary by changing 

the architecture of the scaffold. Although the max.eq.vM.s for all four scaffolds 

occurred in the area of contact with the cortical bone, it should be noted that its point 

is located entirely in different unit-cell for all of them. It can be concluded that the 

max.eq.vM.s zone is the same for all the models, but its exact location varies from a 

scaffold to scaffold. 
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Figure 4.8. vM.s contour for scaffolds with Ti alloy material. a) Octet, b) 

Octahedron, c) Cubic body center, and d) Rhombicuboctahedron. 

 

 For a titanium specimen made by selective laser melting, which is the predominant 

method in manufacturing metal scaffolds, a yield strength of about 1000 MPa is 

reported [13]. Therefore, we can be sure that the resulting vM.s stress on the scaffolds 

will not cause yield. We can also extend this to this study's magnesium and polymer-

based scaffolds. The yield strengths of magnesium and polymer are reported to be 

about 200 and 50 MPa [79,80], respectively, and figure 4.8 shows that the max.eq.vM.s 

are still below such magnitudes in the last two scaffold groups. It can be concluded 

that in this study, all the scaffold models will remain in the elastic zone. Therefore, at 

least for the load used in this study, the scaffolds material does not determine whether 

it yields or not. 

 

Let's further discuss the stress on the contact surfaces of the cancellous bone, which is 

weaker than the cortical bone, and the possibility of damage at the contact region with 

the scaffold is relatively high. Figure 4.8 showed us that the highest vM.s stress 

occurred in models with titanium scaffold. Therefore, the vM.s contour for the above 



32 

models is shown in figure 4.9. to understand stress distribution modality through the 

contact surfaces. 

 

 

 

Figure 4.9. vM.s contour on cancellous bone contact surface for the models with Ti 

alloy scaffolds. a) Octet, b) Octahedron, c) Cubic body center, and d) 

Rhombicuboctahedron. 

 

As shown in figure 4.9, the stress changes from one model to another can be doubled. 

And this shows the importance of choosing a proper scaffold architecture for such 

orthopedic applications. According to the results given in Figure 4.9 and also the yield 

stress of 3.5 MPa for the cancellous bone [81], it is quite clear that at least under the 

loading modeled in this study, the cancellous bone will remain undamaged. 

 

Although the cortical bone is relatively strong, it has a thin thickness in the mandible 

that may lose its endurance if stress concentrates in it. Therefore, it is necessary to 

discuss the distribution of stress on the cortical bone and scaffolds contagt regions.  
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Figure 4.10. vM.s contour on cortical bone contact surface for the models with Ti 

alloy scaffolds. a) Octet, b) Octahedron, c) Cubic body center body 

center and d) Rhombicuboctahedron. 

 

Figure 4.10 shows the distribution of vM.s in the contact area of the scaffold with the 

cortical bone. According to the vM.s contour, its maximum value can be up to twice 

in one model compared to another. This is a reaffirmation of the importance and role 

of scaffolds architecture in transferring load in orthopedic implantation using scaffold 

structures. Unlike the above two cases (vM.s on scaffolds and cancellous bone 

surfaces), figure 4.9 shows almost no significant relationship between scaffolding 

material and the amount of stress calculated on the surface of cortical bone. It isn't easy 

to find a logical explanation for such a result. Still, it can be said that because the 

scaffold is in contact through a smaller area in cortical bone compared to cancellous 

bone the biomechanical force caused the greater stress. 

 

The scaffolds being contacted to the mandible bone from five faces (Figure 3.1) worths 

nothing significant. The contact surface area for scaffolds octet, octahedron, cubic 

body center, and Rhombicuboctahedron is 126.85, 16.02, 121.35, and 101 is 126.85, 

16.02, 121.35 and 101 𝑚𝑚2, respectively. As can be seen, the octahedron scaffold has 

the lowest contact surface area. Relative higher vM.s in the cancellous bone surface 
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containing this scaffold (figure 4.4) can be justified. But the influence of sharpness of 

scaffolds corners can also be a parameter that should be investigated in future studies.
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CHAPTER 5 

 

SUMMARY 

 

This theoretical study investigated the force transmission modality between the 

scaffold and the host bone with computer simulation. We used four different scaffold 

architectures that are widely used in the literature. The results of this work can be 

summarized as follows: 

 

- To the authors' best knowledge, this is the first numerical study to analyze the effect 

of scaffolds architecture and material on stress distribution within contact region at 

a defected mandible bone, which shed more light on the design and chose suitable 

scaffolds for similar clinical applications.  

 

 -  The magnitude of the stress in the scaffold's structure was more related to its 

material than its architecture. There was less stress on the scaffolds and cancellous 

bone surface with softer scaffolds. Minor stress for such scaffolds doesn't mean 

anything because the success of a scaffold depends on other parameters such as 

fatigue failures. Therefore, investigating the effect of fatigue stress during bone 

treatment requires more experimental and theoretical studies. 

 

-    The calculated stresses in cancellous bone and scaffolding did not show a significant 

relationship with the type of scaffolds architecture. However, in terms of stress 

shielding in cancellous bone, the scaffold with Rhombicuboctahedron architecture 

caused less stress than the other three in cancellous bone and had better 

performance. 

 

-  For the calculated stresses on the cortical bone, almost neither of the two 

architectural parameters of the material and the scaffold showed a trend. This can 

be explained by the low contact surface of the scaffold with that bone compared to 
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the spongy bone. It seems that in this bone, the magnitude of stress that happens at 

the surfaces in contact with the scaffold is determined by other parameters such as 

the sharpness of the scaffold. 

 

 - With all limitations of this study, it is inferred from the results that the force 

transmission conditions in the scaffold contact area with the host bone depend on a 

combination of factors. Future studies should examine all these parameters where 

stress shielding is an undesired phenomenon in implantation. 
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