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Finite Element Analysis-Based Pre-operative Planning 

Applications of Tooth, Tibia, and Femur Bones 

 

Abstract 

In pre-operative planning or training, 3D modeling and subject-specific bone model 

can be utilized to facilitate challenging surgical operations. Due to the development of 

3D printing and simulations, this procedure has become more effective and feasible. 

Additionally, finite element analysis (FEA) can converge the results of mechanical 

analysis, making the creation of bone models and various medical equipment faster 

and more reliable. However, the impact of simulations and mechanical testing on 

models is still disputed. Therefore, in this study, the analysis including two different 

types of fractures, femoral head and medial malleolar was performed using 3D printed 

and artificial bones. In addition, in the orthodontic treatment, the miniscrews used for 

anchorage control were simulated to determine the most efficient application methods. 

The study goes into substantial detail on all the different tools required, the method to 

follow, and any issues that may arise. 

Using interactive medical imaging control system software, a CT scan of a patient's 

lower abdomen and a DVT scan of another patient's head were transformed into 3D 

images. The femur, mandible, and teeth were segmented using Mimics. The models of 

the femur were produced using a 3D printer, also it was imported to the FEA software. 

The compression tests were conducted on the femurs until the fracture occurred. For 

the medial malleolus (MM), the test was repeated by placing two different plates on 
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composite tibia bones. In addition, different miniscrew head designs and lengths were 

created and simulations on the mandible and bone block for different insertion 

scenarios were completed. The correlation between the compression test and 

simulations was evaluated statistically based on the stress, strain, displacement and 

load-to-failure results. 

The results show that experimental analysis and the CT scan-based FEA were 

compatible both for the stress distributions and the strain values as predicted by the 

models (R2=0.99). In the MM study, it was determined significant differences between 

the two plates. In the miniscrew study, the minimum and maximum stresses were 

calculated as 18.61 MPa and 37.11 MPa at 6 mm and 10 mm lengths, respectively. 

According to the insertion angles, the lowest stress was observed at 60°, while the 

highest stress was found at -15°. In the designs of miniscrew, the bracket head 

generated the lowest von Mises stress of 5.67 MPa. On the other hand, the button head 

had the highest von Mises stress, at 22.4 MPa. 

The prescribed process flow and all tools could be used in clinical settings for the pre-

planning of the surgeries and also as an educational tool in the biomedical engineering 

field. Moreover, it was determined that the use of longer miniscrews increased the 

stress on the mandible. Since the need for low stress is substantial for the primary 

stability of the miniscrew, this study demonstrated that the bracket head miniscrew is 

the optimal head design.  

 

Keywords: Anchorage control, 3D printing, femoral head fractures, finite element 

analysis, medial malleolus fractures, miniscrew, patient-specific modeling 
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Sonlu Elemanlar Analizi Tabanlı Diş, Kaval ve Uyluk 

Kemiklerinin Ameliyat Öncesi Planlama Uygulamaları 

 

Öz 

Ameliyat öncesi planlama veya eğitimde, zorlu cerrahi operasyonları kolaylaştırmak 

için 3D modelleme ve kişiye özgü kemik modeli kullanılabilir. Bu prosedür, 3D baskı 

ve simülasyonların gelişmesi nedeniyle daha etkili ve uygulanabilir hale geldi. Bunun 

yanında, sonlu elemanlar analizi (SEA) mekanik analiz sonuçlarına yakınsayarak 

kemik modellerinin ve çeşitli tıbbi ekipmanların oluşturulmasını daha hızlı ve daha 

güvenilir hale getirebilir. Fakat, simülasyonların ve mekanik testlerin modeller 

üzerindeki etkisi hala tartışmalıdır. Bu sebeple bu çalışmada femur başı ve medial 

malleol olmak üzere iki farklı kırığı içeren analiz 3B baskılı ve yapay kemikler 

kullanılarak gerçekleştirilmiştir. Bununla beraber ortodontik tedavide ankraj kontrolü 

için kullanılan minividalar, en verimli uygulama yöntemleri belirlemek için simüle 

edilmiştir. Çalışma, gerekli tüm farklı araçlar, izlenecek yöntem ve ortaya çıkabilecek 

sorunlar hakkında önemli ayrıntılara girmektedir. 

İnteraktif tıbbi görüntüleme kontrol sistem yazılımı kullanılarak, bir hastanın alt karın 

bölgesinin BT taraması ve başka bir hastanın kafasının DVT taraması 3 boyutlu 

görüntülere dönüştürüldü. Femur, mandibula ve dişler Mimics kullanılarak bölümlere 

ayrıldı. Femur modelleri 3B yazıcı kullanılarak üretildi, ayrıca SEA yazılımına 

aktarıldı. Basma testleri, femurlar üzerinde kırık oluşana kadar uygulandı. Medial 

malleolus (MM) için kompozit tibia kemikleri üzerine iki farklı plak yerleştirilerek test 



vi 

 

tekrarlandı. Bunun yanında farklı minivida baş tasarımları ve uzunlukları oluşturulmuş 

ve farklı yerleştirme senaryoları için mandibula ve kemik bloğu üzerinde 

simülasyonlar tamamlanmıştır. Basma testi ve simülasyonlar arasındaki korelasyon, 

stres, gerinim, yer değiştirme ve başarısızlık yükü sonuçlarına göre istatistiksel olarak 

değerlendirildi. 

Deneysel analizin ve BT taramasına dayalı SEA'nın, modellerin öngördüğü gibi hem 

gerilim dağılımları hem de gerinim değerleri için uyumlu olduğunu sonuçlar 

göstermektedir (R2=0.99). MM çalışmasında iki plak arasında önemli farklılıklar tespit 

edilmiştir. Minivida çalışmasında ise minimum ve maksimum gerilmeler sırasıyla 6 

mm ve 10 mm uzunluklarda 18,61 MPa ve 37,11 MPa olarak hesaplanmıştır. 

Yerleştirme açılarına göre en düşük gerilme 60°'de, en yüksek gerilme -15°'de 

görülmüştür. Minivida tasarımlarında, braket başı 5,67 MPa ile en düşük von Mises 

gerilimini oluşturmuştur. Diğer yandan, düğme başı 22,4 MPa ile en yüksek von Mises 

gerilimine sahipti. 

Öngörülen süreç akışı ve tüm araçlar, klinik ortamlarda ameliyat öncesi planlama için 

ve ayrıca biyomedikal mühendisliği alanında bir eğitim aracı olarak kullanılabilir. 

Buna ek olarak daha uzun minivida kullanımının mandibula üzerindeki stresi arttırdığı 

belirlendi. Minividanın birincil stabilitesi için düşük gerilim ihtiyacı önemli 

olduğundan, bu çalışma braket başlı mini vidanın en uygun kafa tasarımı olduğunu 

göstermiştir. 

 

Anahtar Kelimeler: Ankraj kontrolü, 3B baskı, femur başı kırıkları, sonlu elemanlar 

analizi, medial malleol kırıkları, minivida, hastaya özel modelleme 
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Chapter 1 

Introduction 

1.1 Femoral Head Fractures 

The longest bone of the human body, which is located in legs, is the femur. Since the 

weight of the whole body is shared by both legs, femur plays a crucial role in lower 

body kinetics for load-bearing, especially. In addition, the acetabular bone, a part of 

the pelvis, contacts to the femur bone to transmit the body weight to other bone 

structures including tibia and the fibula. A problem in these bones may affect the lower 

body kinetics of the skeletal system. 

Fractures may result from skeletal issues brought on by osteoporosis, hereditary 

illnesses, severe traumas, and accidents [1]. In particular, fractures of the hip, which 

consists of the femoral head and acetabulum, affect the life quality of patients. Besides, 

these fractures cause severe trauma and lead to increase in the mortality rate [2]. These 

fractures become more common as people age, and their recovery takes longer. In 

Turkey, there were about 24,000 hip fractures overall in 2010; by 2035, that number 

is predicted to rise to 64,000 [3]. By 2050, there will be 6.26 million hip fractures 

yearly due to an aging population worldwide [4]. 

Moreover, the treatment of these fractures requires open surgeries, resulting in severe 

blood loss and intense pain, in general. Planning prior to such operations is necessary 

to increase the success of the surgeries [5]. The pre-operation planning, however, is 

exceedingly challenging. For this purpose, 3D modeling and printing technologies 

may be useful to visualize body parts and give touchable models in detail to physicians. 
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1.2 Medial Malleolar Fractures 

Ankle fractures are frequent injuries, accounting for 17% of all hospitalized fractures 

[6]. It is a condition that can be observed at any age as a result of exposure of the ankle 

to impact, crashing, and falling. Ankle stability is mostly dependent on the medial 

malleolus. The ankle is a joint in which the talus body is bounded by the medial 

malleolus, tibial plafond, and distal fibula, and stability is provided by the strong 

ligaments between these bones [7]. The best fixation technique for these injuries, 

which might involve using a K-wire, tension band, a screw alone, or a variety of plate 

applications, is still debatable [8]. The debate intensifies in vertical shear fractures, 

which happen when a supination adduction force is applied across the medial 

malleolus articular surface [9]. These vertical fractures have been proven to be 

biomechanically better fixed using neutralization plates than with screws [8]. On the 

other hand, compression brought about by screws passing perpendicular to the fracture 

line produces a significant advantage in screw fixation techniques [10]. Surgeons 

created a unique medial malleolus plate with two holes for cannulated compression 

screws and a sliding compression mechanism to combine the benefits of both 

techniques. Therefore, in order to determine the most effective treatment strategy, a 

biomechanical analysis of several plates is required. 

1.3 Additive Manufacturing Technologies 

Additive manufacturing, also known as three-dimensional (3D) printers, is becoming 

more and more widespread and is among the most important elements of the future. 

The prompt development of additive manufacturing technology has been stimulated 

by the demand for increased versatility and the evolution of custom-made goods [11]. 

They offer rapid prototyping, robustness, diversity, user freedom, low electricity 

consumption, and do-your-self. In addition, it is in almost every environment with 

affordable devices and cheap material costs. 3D printing technology in medical 

applications is promoting and is predicted to enhance healthcare [12]. The most 

frequent of these applications is the personalization of medical equipment. Some of 

the benefits this technology brings are productivity, cooperation, and the 

democratization of design and production. In addition, today's 3D printing (3DP) 
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technology offers a significant possibility to assist medical corporations in developing 

more specialized equipment, enabling the rapid manufacture of medical implants, and 

altering how doctors and surgeons approach surgical planning [13]. In terms of 

maximal therapeutic, reduction of cost and more accurate surgical treatment, it has 

been demonstrated that custom-made manufacturing is far more beneficial than ready-

made manufacturing [14].  

3D printers used in the market can be classified according to their working principle. 

The most common among these are Fused Deposition Modeling (FDM), Selective 

Laser Sintering (SLS), Binder Jetting (BJ), and Stereolithography (SLA) [15]. These 

technologies were mentioned in detail in the following sections. 

1.3.1 Fused Deposition Modeling (FDM) 

FDM, also known as Fused Filament Fabrication (FFF), the parts are produced by the 

deposition of the melted material in layers. S. Scott Crump evolved FDM in the late 

1980s, and Stratasys released it around 1990 [16]. This method brings the 

thermoplastic material to certain melting temperatures and converts it to a fluid state. 

The filament is heated to a usable temperature using a heater block [17]. In addition, 

there is a temperature control unit with sensors. A smaller diameter is used to push the 

heated filament out of the nozzle. The fluid material is shaped using the three-axis 

moving mechanisms and the fans are used for fast cooling. The working principle of 

the FDM printer is shown in Figure 1.1. The nozzle moves in X and Y planes using 

two stepper motors. The build platform moves up and down vertically and the shaping 

process occurs. Unlike these, there are different types of printers that have a fixed 

nozzle and a mobile build platform. Printers with different movement combinations 

available in the market are given in Table 1.1. The reason for these movement 

differences is due to the reference coordinate system. Coordinate systems consist of 

three different types: cartesian, delta and polar.  
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Figure 1.1: FFF technology working principle 

 

Table 1.1: Movable XYZ planes concerning coordinate systems in different working 

principles 

Printhead Build Platform 
X, Z Y 
X, Y Z 

X, Y, Z - 
Z X, Y 
X Y, Z 

 

It is possible to describe the software for completing the 3D print process in two 

different ways. These are 3D modeling (computer aided drawing (CAD)) and Slicers 

& 3D Printer Hosts (Computer-aided manufacturing (CAM)) software. In the 3D 

modeling process, the 3D part is drawn using many different CAD software such as 

SolidWorks, Autodesk Inventor, TinkerCAD, FreeCAD, Fusion 360, AutoCAD, 

Catia, Rhino, Siemens NX and etc. Although this software has advantages over each 

other, some of them are commercial and some are free. On the other hand, CAM 

converts CAD drawings into particular instructions for manufacturing devices. The 

software to be used in this process can be listed as Cura, Simplify3D, Slic3r, 
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3DPrterOS, OctoPrint, and AstroPrint. A detailed comparison of all these software is 

shown in Table 1.2. 

 

Table 1.2: CAD and CAM software features [18,19] 

Software Usage Operating 
system File Format (Export/Import)* Pricing** 

SolidWorks Design Windows ACIS, CATIA, DXF/DWG, 
IGES, PARASOLID, STEP, STL 

$1295/ 
Annually 

Autodesk 
Inventor Design Windows 

DWG, DWF, DWFx, IGES, JT, 
OBJ, SAT, STEP, STL, CATIA, 
PARASOLID, Pro/ENGINEER 

$2300/ 
Annually 

TinkerCAD Design Browser STL, OBJ, GLTF, USDZ, SVG Free 

FreeCAD Design MacOS 
Windows 

STEP, IGES, STL, SVG, DXF, 
OBJ, IFC, DAE 

Open 
Source 

Fusion 360 Design MacOS 
Windows 

F3D, IGES, SAT, SMP, STEP, 
FBX, OBJ, STL 

$382/ 
Annually 

Catia Design Windows STL, 3D XML, CATIA, DXF, 
IGES, STEP, VRML 

$12000-
$15000 

Rhino Design MacOS 
Windows 

3DM, 3DS, DWG, IGES, FBX, 
OBJ, TXT, RAW, SLDPRT, 

SLDASM, STEP, STL 
$1075 

Siemens NX Design MacOS 
Windows 

JT, IGES, DXF, DWG, STEP, 
SOLID EDGE, PARASOLID, 

PLMXML, STL 

$6900/ 
Annually 

Cura 
Slicer 

3D Printer 
Host 

MacOS 
Windows STL, OBJ, X3D, 3MF Free 

Simplify3D 
Slicer 

3D Printer 
Host 

MacOS 
Windows 

STL, OBJ, 3MF, GCODE, X3G, 
MAKERBOT, 3W, G3DREM, 

BFB 
$199 

Slic3r 
Slicer 

3D Printer 
Host 

MacOS 
Windows STL, OBJ, AMF Open 

Source 

3DPrinterOS 
Slicer 

3D Printer 
Host 

Browser 
Cloud-
Based 

3DS, 3MF, AMF, OBJ Free 

OctoPrint 
Slicer 

3D Printer 
Host 

Browser 
MacOS 

Windows 
STL, OBJ, 3MF Open 

Source 

AstroPrint 
Slicer 

3D Printer 
Host 

Browser STL, GCODE, X3G Free 

* Not all formats are listed. 

**Additional tools are not included in the prices. May not include maintenance fees. 
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Software may generate file extensions in a variety of forms, but when transferring 

formats between applications, it must support functions like reading and editing.  

Therefore, rapid prototyping (RP) requires software that can process STL files, a 

universal language. The STL file created with CAD software should be converted to 

G-Code format that can be read by 3D printers. There is software from various 

companies in the market for this conversion. Some of this software is compatible for 

many different types of 3D printers. The most popular among these is Cura (Ultimaker 

B.V., ED Utrecht, Netherlands). There are several printing options available with this 

free program that can be utilized with various 3D printers. It has integration with CAD 

software such as SolidWorks, Autodesk Inventor, and Siemens NX within an 

ecosystem. At the same time, it can perform remote printing and queue management, 

real-time monitoring. In addition to Cura, it is accessible in various commercial 

software.  

The most popular materials in FDM are polylactic acid (PLA) and acrylonitrile 

butadiene styrene (ABS), whose thermal and rheological characteristics facilitate the 

production process [20]. In addition, filaments such as nylon, polyetheretherketone 

(PEEK), thermoplastic polyurethanes (TPU), polyethylene terephthalate (PET), 

polycarbonate (PC) and composite are frequently used for FDM devices. Comparison 

of these materials with each other is shown in Table 1.3 in detail.  
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Table 1.3: Comparison of 3DP Material Properties [21,22] 

Materials Pros Cons 
Extruder 

Temperature 
(±10°C) 

Bed 
Temperature 

(±10°C) 

Pricing 
($/kg) 

PLA 

• Easy of 
Printing 

• High Visual 
Quality 

•Biocompatible 

• Low Impact 
Resistance 
• Low Heat 
Resistance 

210-215 60 10-20 

ABS • High Heat 
Resistance 

• Low Elongation 
at break 240-255 110 20 

Nylon 

• High Impact 
Resistance 
• Durable 
•Flexible 

• Low Layer 
Adhesion 

• Low Humidity 
Resistance 

250 90 30-50 

PEEK •Biocompatible 
•High Strength 

• Lack of 
Thermoformabilit

y 
• Complexity 
• High Cost 

400 130 600-
1000 

TPU 

• High 
Elongation at 

break 
• High Impact 

Resistance 
• Excellent 

Resistance to 
Abrasion 

• Difficulty in 
printing 

• Difficult to Post-
process 

220-250 50 30-50 

PET • Easy of 
Printing 

• Low Elongation 
at break 240-270 90-110 20-30 

PC 

• High Heat 
Resistance 

• High Impact 
Resistance 

• Susceptible to 
Scratching 
• High Cost 

250 115 40-60 

 

The preferred material is changed according to the purpose. In medical applications, a 

biocompatible material should be used. Among these materials, PLA, PEEK, PETG 

(Polyethylene terephthalate glycol) stand out with their biocompatibility features [23]. 

Due to their surface roughness, non-toxicity, high level of sterilization, and ease of 

processing, these materials exhibit excellent outcomes in terms of cell adhesion and 

proliferation. 
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FDM uses support material to create complex shaped parts. This feature helps maintain 

the structural integrity of the part until it is reinforced and supports overhanging 

structures throughout the process [24].  Support materials may be readily broken and 

removed from the main part since they can be printed with various infill ratios by 

adjusting the parameters. On the other hand, some printer types can comply with 

soluble support materials differently from the main filament. In this manner, the 

support material dissolves without the need of any physical force by employing 

practical solvents. Both polyvinyl acetate (PVA) and the butenediol vinyl alcohol 

copolymer (BVOH), which is suitable with a wide range of materials, are completely 

soluble in water. High Impact Polystyrene (HIPS), another soluble support material, is 

widely used with ABS, PC. It can be dissolved, but only when d-limonene is used as 

the solvent [25].  

As feeding materials that pass through the nozzle, range from 1.75 mm to 3 mm in 

diameter circular filaments is employed [26]. This diameter varies according to the 

printer. To prevent difficulties with jamming, this must fit with the nozzle on a printer. 

Even though 1.75 mm filament is now quite common, numerous suppliers still make 

3 mm filament. Fast printing, low power requirements, low cost, and high printing 

accuracy are achieved with the thin filament, while low filament bending, low moisture 

absorption, and high extruder flow are obtained with the thick filament [27]. 

As a result, there are many parameters that affect the print quality of FFF technology. 

The most optimal parameter setting varies according to the printer and the material. 

This ends with the end user wasting a lot of filaments to find the best settings. No 

complete solution has yet been found for this problem. The most crucial of these 

parameters are as follows: printer speed, layer thickness, infill density, pattern, build 

orientation, raster angle, nozzle diameter, retraction, cooling, and adhesion type [28]. 

1.3.2 Selective Laser Sintering (SLS) 

SLS is the technique of producing parts by processing CAD models or obtaining data 

from various 3D digitizing systems such as Magnetic Resonance Imaging (MRI), 

Computed Tomography (CT). Powder particles made of thermoplastic materials are 

combined using the guidance of the laser system, which is the infrared heating beam, 

and production is carried out layer by layer [29]. The components of the SLS are 
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described in Figure 1.2. The printing chamber is completely filled with powder so that 

the upper surface is flat and smooth. The powder-filled bed also provides support to 

parts during the printing, thereby, material consumption can be reduced due to the 

reusability of the powder material. In addition, because there is no removal of the 

support material from the part, it saves time compared to other methods and facilitates 

the production of more complex parts. The laser scanner system, enabling very fast 

printing, is selectively directed onto the powder so that a small amount of heat is 

sufficient to melt the plastic powder [30]. When the process of the powders on the 

upper layer is finished, the horizontally moving piston is elevated one layer and the 

upper layer is filled with the new powder by means of a roller. The horizontally moving 

piston is raised one layer once the process of transferring the powders to the top layer 

is complete, and a roller is then used to fill the upper layer with the fresh powder. After 

printing is finished, surplus powder on the component may be quickly removed with a 

compressed air jet or manually, and the powders can then be returned to the chamber 

for further use. The parts can be placed versatilely on top of each other or side by side 

in the build area, so the cost and time per part are low and it provides an advantage in 

mass production. However, since the objects are sintered without finish curing, their 

surface quality is very poor and porous [31]. 

 

 

Figure 1.2: Working principles and components of SLS technology 
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Materials such as polyamide (PA), carbon-filled and aluminum-filled PA, polystyrene 

(PS), thermoplastic elastomers (TPE), polypropylene (PP), PC, PEEK, stainless steel, 

cobalt, glasses, and ceramic can be utilized in SLS technology [32]. Since powders 

should have an average particle size diameter of between 45 μm and 90 μm, it is not 

possible to employ powders of every material in this procedure [33]. Although the 

choice of materials varies according to the application, in biomedical applications, 

materials such as PEEK, polyethylene (PE), Ultra-high-molecular-weight 

polyethylene (UHMWPE), and Ti6AlV4 alloy are popular due to their biocompatible 

properties [34]. Especially with the capability of serial production, it comes to the 

forefront of preoperative planning applications by providing surgeons with experience 

to facilitate surgery procedures [35]. This improves communication between the 

patient and the doctor and allows for the simulation of surgery by creating bone models 

that are suited for the patient's bone morphology. In addition, for complex defects such 

as craniofacial, tumoral and etc. occurring in any part of the person, custom-made 

models can be implanted as biocompatible and indistinguishable from the original. 

Another area of usage is the production of porous 3D scaffolds that provide a suitable 

environment for tissue regeneration [36]. Conditions such as attachment, 

interconnectivity, nutrition, and waste change necessary for the life of cells can be 

performed with high porosity and non-toxic materials. 

On the other hand, it's important to consider the drawbacks of SLS technology, such 

as shrinkage, warping, and powder removal [37]. The high temperature that occurs 

during printing causes warping and shrinkage on the part. Therefore, the dimensional 

accuracy of a printed part is approximately ±0.3% according to an original model [38]. 

Escape holes are necessary to get the unsintered powder out of the part's enclosed 

section. 

1.3.3 Binder Jetting (BJ) 

BJ is a printing technology, similar to SLS technology but not requiring heat, in which 

a binder is used to glue powder particles instead of a laser [39]. The part is produced 

by selectively joining the powders with the binder sprayed on the layer by the inkjet 

head. The working principle of the BJ method is shown in Figure 1.3. The inkjet 

system works by spraying droplets that accumulate and can be refilled in a printing 
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device. The piston descends when the printing on the upper layer is finished, and 

rollers are used to sweep the unbound powders to the top layer. Since the build 

chamber is filled with powder material, support structures are not needed, however, 

powder escape holes should be in the model design for removing the unsintered 

powder in enclosed cavities. Escape holes can be single or multiple on a model, but if 

a single hole is preferred, it should not be less than about 5 mm for easy discharge 

[40]. On the other hand, if it is desired to be a more reinforced structure, this cavity 

can be printed with special infill patterns or powder trapped inside without escape 

holes. However, unlike FDM technology, the software cannot make these patterns 

automatically, instead, the end-user should draw support patterns on a model. Post-

processing in BJ is one of the biggest drawbacks in that it takes a long time and is 

challenging [39]. Because an air pump is used to remove excess powder remaining on 

the part, and it must dry to obtain the final part over a specific period of time. In 

addition, the strength of the part sintered with powder particles may not be sufficient, 

so the part is immersed in a container full of binder or epoxy and left to dry again. 

However, the waiting period can be considered reasonable as they usually vary 

between 1-2 hours [41]. 

 

 

Figure 1.3: Principle of operation for BJ technology 
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In the BJ method, the powder bed consists of ceramic-based materials. These materials 

include silicon dioxide (SiO2), silicon nitride (Si3N4), aluminum oxide (Al2O3), barium 

titanate (BaTiO3), silicon carbide (SiC), titanium carbide (TiC), hydroxyapatite (HA), 

calcium phosphates (CP), sulfate hemihydrate ((CaSO4)2H2O) etc [42]. All these 

powder materials typically have particles between 2 and 200 μm in size [43]. Although 

strength, density, flowability, particle size, and shape are all different from one another 

in terms of a material's properties, these ceramic materials have low strength and 

accuracy. However, there are some ways to overcome this disadvantage. Among these, 

it is possible to obtain better prints by making necessary improvements in powder, 

binder, software parameters, printing device, and post-processing [44].  

1.3.4 Stereolithography (SLA) 

These methods make use of resins that are photo-curable and solidify as a result of a 

photochemical reaction [45]. SLA technology is based on the principle of solidifying 

certain areas of the photopolymer resin layer by means of a point UV laser source. The 

resin layer merges with the first layer and the solidifying process continues at 

particular points determined by a computer in order to produce the part. The build 

platform lifts upward at a safe distance after a layer is complete [46]. For every layer, 

these processes are repeated. The entire cross-sectional area of the model is light cured. 

After all layers are complete, the part is removed from the resin pool. The working 

principle is shown in Figure 1.4. In this method, photopolymerization is not 

appropriate for recycling. SLA components cannot be changed back into liquid form. 

In SLA, the support structure is always necessary. Due to the part's orientation having 

an effect on the amount of support structure present, placement becomes essential. The 

support structures must be manually removed after printing because they are printed 

on the same material as the component [47]. Therefore, it is important to pay attention 

to not using any support material in areas where the surface quality should be excellent. 

 



13 

 

 

Figure 1.4: Working principle of SLA technology 

 

1.3.5 Comparison of Printing Technologies 

The utilization of these technologies varies according to the aims, but the factors that 

are often taken into account include material cost and quality, strength, visual quality, 

light and chemical reactions, and biocompatibility. Among these, FDM is most 

commonly encountered because it is a cost-effective technology with both material 

and device prices [48]. However, it has low accuracy and low surface quality compared 

to others. Due to its biocompatible filaments, FDM is superior than others in non-

complex medical manufacturing. On the other hand, they are not preferred because 

their success in elaborate anatomical structures is quite low [49]. In these models, BJ 

and SLA technologies print more successful parts in terms of surface finish. Models 

produced with SLA have higher strength than BJ. For this reason, it would be better to 

use SLA where high strength is required. However, there are losses in the level of 

biofidelity since SLA needs support material. The four different printing technologies 

are thoroughly compared in Table 1.4, along with technical details. 
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Table 1.4: Comparison of popular 3D printers commonly encountered in the market 

[50,51] 

  FDM SLS BJ SLA 

Material Filament Powder Powder Liquid 

Resolution 100-400 μm 20-150 μm 10-150 μm 25-300 μm 

Pros 

Simple prototyping 
and efficient 

Easy post-
processing High resolution Highest resolution, 

accuracy 
Lowest price and 

Low-cost 3D 
machines 

No Support Low-cost parts 
Low material 
consumption, 

reusability of resin 
Usage of all 

thermoplastic 
materials 

A wide range 
of materials 

No support 
structures 

Usage of 
transparent, 

flexible resins 
High strength 
 (20-75 MPa) 

Higher part 
strength 

Multiple 
productions at once Fast prototyping 

Time-resistant parts Complex parts 
in metal 

Best for complex 
parts 

Smooth surface 
finish 

Cons 

Low details 
Porous surface 

and high 
shrinkage 

Limited range of 
materials 

Fragile resin parts 
and expensive 

materials 

Need for support 
structures 

Long time in 
cooling and 
heating up 

Rough surface, 
long drying time 

Sensitive to 
sunlight 

Ability to print 
limited designs 

Toxic gas may 
occur Difficulty of use Need for support 

structures 

Difficulty in 
temperature control Expensive Expensive 3D 

machines No time resistance 

 

1.4 Creating Artificial Bones 

In cases where it is not possible to reach a cadaver, artificial bones are produced with 

similar properties to real bones, creating an opportunity for many studies [52]. These 

studies include educational activities, pre-operative planning, implant testing, and 

other experimental studies. In education studies, it is one of the features that should be 

similar to real bone in terms of surface and cross-sectional details [53]. In addition, 

colored artificial models increase students’ learning abilities because anatomical 

features can be easily distinguished. In pre-operative planning, bones should have 

mechanical properties similar to real bones and be produced in the most consistent to 

the model obtained from the patient's image [54]. In experimental studies, 
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standardization and low variability between specimens have great importance in order 

not to affect the results [55]. For all these purposes, low cost, easy accessibility, and 

quality are among the desirable. However, creating these bones with properties that 

can mimic real bones brings a very high cost. Therefore, it is possible to come across 

the production of artificial bones with different qualities and properties. In order to 

reduce these costs, 3D printers, which have been commonly used in the medical field 

in recent years, are making efforts to produce artificial bones. The detailing of 

commercial and 3D printing artificial bone models is carried out in the following 

sections. 

1.4.1 Commercial Composite Bone Models 

Bone models are used quite frequently because they provide many benefits to 

researchers in the field of orthopedic biomechanics. The difficulty of finding cadavers, 

the need for ethical permissions and the risks of infection have led researchers to 

artificial bone models [56]. In addition, cadaver bones have negative sides such as high 

cost and storage trouble, low bone quality due to usually belonging to the elderly, and 

difficulty in reproducibility of experimental results. However, cadaver bones have 

been utilized for many years for purposes such as orthopaedic research, medical 

education, comparison studies of fracture fixation techniques and surgical procedure 

practice [57]. On the other hand, recently, glass fiber and epoxy mixed bone models 

were produced by the injection moulding method, and it is possible to obtain a model 

very similar to the biomechanical characteristics of human bone. On the other hand, 

through recent advances in material technology, glass fiber and epoxy mixed bone 

models have been produced by the injection moulding method [57]. Therefore, it is 

possible to obtain a model very similar to the biomechanical characteristics of human 

bone. Regarding mechanical properties, its response to bending, axial and torsional 

loads resemble the results of an ideal natural bone [58]. 

Four different generations have emerged in the development process of composite 

bones so far. Although the first-generation models were produced from polyurethane 

foams and reinforced with epoxy, they are quite weak and have many problems such 

as delineation which is observed as a kind of failure under compression load. Second-

generation bones were manufactured with fiberglass fabric reinforced epoxy using the 
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pressure injection method [59]. Unlike the previous generation, flexural stiffness 

results close to natural bone, but there was a manufacturing difficulty in this generation 

as it required hand-workmanship. In the third-generation, an advanced bone model has 

been realized compared to the previous generations, with new materials and 

development in production processes. Instead of handcrafted production, glass fiber-

reinforced epoxy is produced around the polyurethane foam according to the injection-

molded technique [57]. Therefore, models that are high fidelity to the anatomy of the 

bone obtained from an adult were constructed. Furthermore, axial and torsional load 

values were improved according to the second generation. Although the fourth and last 

generation has the same production technique as the third generation, higher stiffness 

values have been achieved with the optimized epoxy material. 

In today's technology, commercial composite bones indicate results close to 

characteristics of human bone and provide a standardized sample, however, they have 

several drawbacks. At the beginning of these, since a particular human bone mold is 

used, the variety of models is inadequate and it is not possible to manufacture a 

custom-made model in serial production [60]. They may not overcome biomechanical 

studies that require a different bone size or shape because they are produced in an 

average size and geometry. Similarly, they cannot be used for the practice of the 

surgery or pre-operative planning processes, as models should be similar to the 

patient's bone anatomy. In addition, high prices per model in advanced commercial 

bones are now challenging researchers because orthopedic studies require large 

amounts of samples for reducing the margin of error, making it based on particular 

assumptions, and providing validity of a study [61]. 

1.4.2 3D Printed Bone Models 

A human bone that is complex-shaped and detailed can be printed uncomplicated and 

cost-effectively with developments in printing technology and filament materials [62]. 

In addition, the scan images of the patient can be appropriately rebuilt in 3D with fast 

prototyping and advanced image processing methods. 3DP models in pre-operative 

planning applications, which have limited time, allow environments where surgeons 

can practice and have experience. Although these models cannot perfectly mimic 

natural bone properties, they can be produced in accordance with the patient's bone 
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geometry [63]. Strength properties according to different 3D printer material types and 

artificial composite bones are shown in Table 1.5. 

 

Table 1.5: Tensile and compressive properties of natural and artificial bones [59,64–

68] 

Bone Samples Tensile 
Strength 

Tensile 
Elastic 

Modulus 

Compressive 
Strength 

Compressive 
Elastic 

Modulus 

2nd-Generation 172 Mpa 18.6 Gpa 275 Mpa 14.2 Gpa 

3rd-Generation 90 Mpa 12.4 Gpa 120 Mpa 7.6 Gpa 

4th-Generation 107 Mpa 16 Gpa 154 Mpa 16.6 Gpa 

Cadaver 130 Mpa 17 Gpa 170 Mpa 17 Gpa 

3D Printing (Peek) 110 Mpa 3.6 Gpa 118 Mpa 3.8 Gpa 

3D Printing (Abs) 45 Mpa 2.2 Gpa 55 Mpa 1.5 Gpa 

3D Printing (Pla) 70 Mpa 3.2 Gpa 60 Mpa 1.8 Gpa 

3D Printing (Sla Resin) 84 Mpa 3.4 Gpa 72 Mpa 3.4 Gpa 
3D Printing (Sls Pa-
Aluminum Filled) 48 Mpa 3.8 Gpa - - 

3D Printing (Metal 
Ti6al4v) 900 Mpa 110 Gpa - - 

 

Depending on the application, the use of different bone materials has advantages and 

shortcomings relative to each other. According to Table 1.5, the strength 

characteristics of the fourth-generation composite bones are quite similar to those of 

the cadaver bone. The first reason is that the production method is more suitable and 

they are produced with more than one different material. Because a human bone 

consists of two tissues with different properties, cortical and trabecular. Cortical bone 

forms the outer surface of a bone that has high stiffness for interior protection, while 

the trabecular bone which has anisotropic material and a highly porous structure is 

usually on the inside [69]. On the other hand, 3D printers are challenging to print 

multiple different materials and many devices are not suitable for this purpose. While 

the chambers are filled with a single material in SLA and SLS, multiple materials can 

be used with more than one nozzle feed in the FDM method. However, this is both 
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time-consuming and increases the possibility for potential disruptions to occur. 

Furthermore, software instability may result from the structures that will be printed 

using which materials. Therefore, it requires to make advanced parameter settings of 

software and fast change of material in the nozzle. Another problem with FDM is that 

multiple materials need different melting temperatures. Temperature changes on the 

nozzle can result in increasing printing times due to the fact that it is quite slow. As a 

result, it is extremely complex to obtain bone printing with more than one material 

with diverse characteristics in a 3D printer. As considered the Table 1.5, results far 

from the mechanical properties of natural bone were obtained in 3D printers. 

Developing the 3D printing material that can most appropriately represent the 

mechanical properties of bone still has technical problems [70]. However, there are 

studies that obtain stiffness and strength close to the mechanical properties of a cortical 

bone [71]. These significant achievements in material technology will pioneer additive 

manufacturing technology for creating subject-specific 3D-printed bone. On the other 

hand, there is no requirement to exactly imitate the mechanical properties of natural 

bone in applications such as educational studies and pre-operative planning. In such 

applications, it is a major concern to obtain convenient bone morphology and geometry 

for fidelity to natural bone. The methods used to construct a comprehensive 3D model 

that can replicate the morphology of human bone are covered in the next section. 

1.5 Imaging Modalities 

Imaging methods are overutilized by medical practitioners for purposes such as 

medical diagnoses and determining treatments, obtaining anthropometric data, and 

performing custom-made production using the information on body shape and size. 

Because imaging techniques allow for quantitative analysis of the images being 

evaluated, they increase the ability of medical professionals to reach an objective 

conclusion quickly [72]. Therefore, it can be diagnosed that is more exact and provided 

treatments that are calculated and precise with noninvasive imaging techniques [73]. 

These methods can be classified as radiology, microscopy, photography, graphics and 

3D reconstruction. In this study, radiology and 3D reconstruction methods will be 

discussed. Radiology includes X-ray (2D Radiography), Magnetic resonance imaging 

(MRI), Computed tomography (CT), Ultrasound, and Positron emission tomography 
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(PET). Since there is no cross-sectional image in Ultrasound and X-ray unlike MRI 

and CT, they cannot be obtained in 3D. Among the 3D reconstruction methods, 3D 

scanning comes to the forefront. With 3D scanning, it is possible to obtain anatomical 

structures with high-precision measurements.  

CT, one of the non-invasive methods, reveals the object's internal details using X-ray 

tubes [74]. Other components of the system consist of a rotary table, an X-ray detector, 

and a data processing unit that performs computation, visualization, and data analysis 

of measurement results. Cross-section images are produced by projecting an item once 

while transmitting a beam of photons into one plane of the object at certain angles [75]. 

X-ray rays interact with the object they pass through and reach the detector with 

attenuation or absorption. The detector and X-ray, which are placed in a rotating ring 

called a gantry, conduct the transmission and collection of photons passing on the 

object from every angle. Gray values obtained from the electron density distribution 

are formed for the scanned object. In order to interpret CT images, the Hounsfield Unit 

(HU), which is a standard scale in radiology, is used by measuring radio density. It 

was determined using a linear attenuation coefficient of the X-ray beam and while 

distilled water is arbitrarily approved as 0 HU, the air is accepted as -1000 HU [76]. 

1.6 3D Reconstruction 

The display of 3D models has advanced greatly in recent years. State-of-the-art 

computer applications that aid in 3D reconstruction and the creation of bio-models 

increases the feasibility of many analyzes [77]. Images obtained in two-dimensions are 

required for the formation of these models. Advanced software, whether commercial 

or free, is needed for the 3D reconstruction of radiological images. Table 1.6 shows 

the most used popular software. Most of the details listed in the table may be found on 

the websites of the respective businesses. The stages from an image file to the 

reconstruction of a 3D model are shown in Figure 1.5. Firstly, the Digital Imaging and 

Communications in Medicine (DICOM) file is opened and the correct orientation is 

selected. In the selection of orientation, it is necessary to pay attention to the placement 

of the sagittal, coronal, and axial planes. Then, the Hounsfield Unit value is determined 

as the threshold to distinguish the interested tissue. Pixels in this selected value range 

are brought together to obtain a 3D voxel image. Unwanted pixels may show up in the 
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image as a result of this operation. Various algorithms with machine learning-based 

auto-segmentation techniques were developed for removing them. These image-

processing algorithms, which are generally encountered in commercial software, make 

it convenient for the user. In addition, it is included in advanced automatic algorithms 

that can segment tissues such as teeth, hearts, and bones. Manual segmentation has 

algorithms such as region-growing and dynamic region-growing, while there are also 

advanced tools in automated segmentation such as Orthopedics (for hips, knees, and 

ankles), Cardiovascular (coronary, heart, heart valve, stent, blood pool, muscle tissue), 

Pulmonary (lungs, airway). These algorithms create a 3D image by combining the 

pixels determined in each mask. Various defects, which can cause problems in the 

rendering step, may emerge on the surface of the 3D image. These distortions can be 

regarded as holes, tunnels, spikes, non-manifold edges, self-intersections, highly 

creased edges, and non-manifold components. As a result of non-fixing these, the 

corrupted STL file will cause problems when transferred to other software. Thus, it 

directly affects the results of the analysis to be used in the printing process or in other 

environments. Elimination of these problems may require additional software that is 

quite practical. Software that improves surface quality such as Geomagic Studio and 

Mesh Doctor have been developed for this purpose [78]. In the final step, the 3D model 

is exported according to the environment to be used. 
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Table 1.6: Properties of both commercial and free software for 3D reconstruction 

[79,80] 

Software Cost Input File 
Format 

Output 
File 

Format 

Image 
Segmantation OS Radiology 

Modality FE Solver 

Amira Avizo 
(Thermo Fisher 

Scientific, 
Berlin, 

Germany) 

Non
-free 

DICOM 
TIFF 
BMP 
JPEG 

STL, IGES 
STEP 

CATIA5 
SURFACE 

Deep Learning 
Windows 

Unix 
MacOS 

CT, MRI 
3D 

Microscopy 
PET 

SPECT 

Mesh 
Processing 

Democratiz 
3D  

(Embodi3D, 
Washington, 

USA) 

Free NRRD STL Threshold 

Online 
Image 

Processin
g 

CT, MRI - 

InVesalius 3 
(Brazil) 

Free 
DICOM, 

TIFF, 
BMP, 

JPEG, PNG 

STL, JPEG 
VTK 

POLYDAT
A, X3D 

Semi-automatic 
Windows 

Linux 
MacOS 

CT, MRI - 

ITK-Snap 
(USA) 

Free DICOM, 
NIfTI 

STL, PNG 
TIFF 

JPEG, VTK 
POLYDAT

A 

Semi-automatic 
Windows 

Linux 
MacOS 

CT, MRI - 

MeVisLab 
(MeVis Medical 

Solutions, 
Bremen, 

Germany) 

Free 
DICOM, 

PNG, JPG, 
BMP, TIFF 

JSON, STL 

Live Wire, Fuzzy 
Connectedness, 

Threshold, 
Manual Contours 
Manual and Semi-

automatic 

Windows 
Linux 

MacOS 
CT, MRI - 

MIMICS 
(Materialize, 

Leuven, 
Belgium) 

Non
-free 

DICOM, 
JPEG, 

TIFF, BMP 

STL 
STEP 
IGES 

Manual, Fully and 
Semi-automatic Windows CT, MRI + 

OsiriX 
(Pixmeo SARL, 

Swiss) 

Non
-free DICOM 

STL, OBJ 
VRML 
RIB, IV 

Region Growing, 
3D VR Bone 

Removal 

Window 
MacOS 
Linux 

CT, MRI - 

Real 3D 
VolviCon 

(South Korea) 
Free 

DICOM, 
VTI, MHD, 

VOL, 
RAW 

STL, PLY 
VRML 
OBJ, IV 

BMP 

Threshold  Windows CT, MRI Mesh 
Processing 

Simpleware 
(Synopsys 

technology, CA, 
USA) 

Non
-free 

DICOM, 
JPEG 

STL 
STEP 
IGES 

CATIA 

Semi-automated, 
Manual 

Windows 
Linux 

CT, MRI 
Micro-CT 
FIB-SEM 

ANSYS 
COMSOL 

Abaqus 
NASTRAN 
LS-DYNA 

Pro Surgical 
3D 

(Stratovan, 
Sacramento, 
CA, USA) 

Free 
DICOM, 

VTK, 
HDR, NII 

STL, PLY Threshold Windows CT, MRI - 

VMTK Lab 
(Orobix, 

Bergamo, Italy) 

Non
-free 

DICOM, 
NRRD, 
NIFTI, 

VTK, STL, 
PVTU 

VTP, STL 

Colliding Fronts, 
Fast Marching, 

Threshold, 
Isosurface, Active 

Tubes 

Windows 
MacOS 
Linux 

CT, MRI Mesh 
Processing 

3D Doctor 
(Able Software, 

MA, USA) 

Non
-free 

DICOM, 
TIFF, GIF, 

PGM, 
RAW 

STL, DXF 
IGES, 3DS 

OBJ 
VRML 

PLY, XYZ 

Fully and Semi-
automatic, 
Interactive 

Windows 
CT, MRI 

PET 
Microscopy 

- 

3DSlicer 
(The Slicer 

Community) 
Free DICOM STL, OBJ 

NRRD 
Fully and Semi-

automatic 

Windows 
MacOS 
Linux 

CT, MRI 
US 

Nuclear 
Medicine 

Microscopy 

- 
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Figure 1.5: The steps to follow for 3D reconstruction up to 3DP 

 

Some of this software is easy to install and interface. However, the flexibility of this 

software is very low and there are only certain operators. Non-free software is more 

complicated and allows you to do more processes. The properties of the software have 

been provided by the websites and have been tried by installing free software. 

1.7 Mechanical Analysis 

The mechanical properties of a material are related to how it responds to an applied 

load. Materials can also be categorized and described in this way using their 

mechanical properties. These properties are calculated to determine how materials 

deform (elongate, compress, bend) or fracture as a function of applied load, time, and 

environmental conditions. Information about the properties of the material such as 

strength, ductility, hardness, impact resistance, and fracture toughness are collected 

through various instruments. Ductility and strength properties such as percent 

elongation, young modulus or modulus of elasticity, yield point, stress, strain, and 

deflections are revealed by the tensile test [81]. In tensile testing, real-time 

measurements of the elongation of the sample are obtained as a specimen is subjected 
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to a continuously increasing uniaxial tensile force. This test, which is quite simple and 

widely available, is performed with a loading apparatus produced by companies such 

as Tinius Olsen (USA), Shimadzu (Japan), ZwickRoell (Germany), and Instron (USA) 

[82]. The capacity of these devices varies from 0.02 N to 2500 kN (tension and 

compression), and the test speed is between 0.001 and 1000 mm/min. One of the most 

important elements of the device is the load cell that performs measurements using 

transducers based on strain gauges. Even when subjected to static and quasistatic 

stresses, they have a high measurement accuracy (~0.5%) and little drift. A tensile 

tester with equipment is shown in Figure 1.6. If there is an auto-calibration of the 

device, it should be performed before starting the test. Then, the sample is placed and 

jammed between the grippers in accordance with horizontal and vertical alignment, 

and the tension that may occur meanwhile should be relieved by fine force adjustment. 

The extensometer, which is one of the most important pieces of equipment of the 

device, can compute the extension of a sample under load with its non-contact high 

measurement accuracy [83]. It performs the measurement by capturing continuous 

images throughout the test on the sample marked with special markers (detecting the 

marker on the sample from the color and texture difference in the image). Acquired 

data can be calculated and reported by the software of the device and graphics such as 

stress-strain curves can be exported in many files format. Tensile, compression, 3- or 

4-point bending (flexural testing), peel, and tear tests can all be carried out using a 

tensile tester, also known as a universal testing machine, in either a single or cycle 

configuration. 
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Figure 1.6: Components of the tensile tester 

 

Five different states of force application can be observed on an object; tensile, 

compression, bending, shearing, and torsion. As a result of this loading, material-

specific properties can be obtained using appropriate test devices. These interactions 

in a sample create two important variables: stress and strain. Stress can be described 

as the ratio of the perpendicular force applied to a sample divided by its initial cross-

sectional area (Eqn. 1.1) [84]. In other words, it is the internal distribution of forces in 

it that compensates the loads applied to it and as a result of a reaction to them. The 

applied force can be uniformly distributed on the object, or on the contrary, it can be 

applied at loads applied from a specific point whose intensity decreases as the distance 

increases. A system's reaction to an applied stress is called “strain”. Strain is the 

proportion of the length change caused by deformation to the specimen's initial length 

(Eqn. 1.2) [84]. As a result, the number becomes unitless. Stress on the vertical axis 

and strain on the horizontal axis are combined to form a single graphic stress/strain 

curve. Data on Young's modulus, elongation, area reduction, tensile strength, yield 

point, and strength may all be accessed using this graph. The relationship between 
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stress and strain initially increases linearly in the tensile test, then reaches the yield 

point. This is called the linear-elastic part of the curve and indicates that no plastic 

deformation has occurred. In the elastic region, the material will return to its original 

shape when the load on the object is removed. The slope of the curve in this region is 

calculated and provides the elastic or Young's modulus properties characteristic for 

each material (Eqn. 1.3). It indicates a measure of the stiffness of a particular material. 

The region after the yield point is called “plastic” and permanent deformation has 

occurred on the specimen. After this point, even if the load is removed, the specimen 

will not return to its original, unstressed status. This point, known as yield strength, is 

specified as the stress needed to create a plastic deformation [85]. At the same time, 

axial strain creates lateral stresses that are opposite and equivalent to each other in two 

directions perpendicularly. These stresses cause strain on the specimen to lengthen 

vertically and shorten horizontally. This ratio, known as Poisson's ratio, is calculated 

by dividing lateral strain by axial strain for a uniaxial stress condition (Eqn. 1.4). This 

value, which is a characteristic feature of each material, varies between 0 and 0.5 

according to the material [86]. The formulas for all the tensile properties mentioned 

above are given in Table 1.7. 

However, there are two different approaches: engineering and true stress/strain. There 

is a shift in cross-sectional area as the material starts to neck against the applied force. 

However, in engineering stress, this time-dependent change in area is neglected and 

the stress is calculated according to the initial area. On the other hand, true stress is 

found to be higher than engineering stress since it is obtained by dividing the force by 

the cross-sectional area that decreases with time (Eqn. 1.5). Similarly, true strain is 

obtained at a lower rate than engineering strain because the change in length will be 

proportional to the current length instead of the initial length (Eqn. 1.6) [87]. However, 

since the difference between true and engineering stress/strain is quite low in the 

elastic region, this difference is negligible. Conversely, the difference in the plastic 

region tends to increase. 

Another important property of materials is ductility, the ability of a material to 

maintain a great permanent deformation under loading until the point of fracture or 

plastically deformed without failure [88]. Ductility can be computed as two variables: 

reduction of area or percent maximum elongation. Reduction of area is described as 
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proportion of the difference between the initial and final cross-sectional areas at failure 

to the initial cross-sectional area (Eqn. 1.7). Elongation, which indicates how much a 

sample flexes or elongates during tensile testing, is the ratio of the difference between 

the initial and final lengths to the initial length (Eqn. 1.8). 

 

Table 1.7: The following formulas are calculated from the data obtained using tensile 

testing 

Engineering 
Stress 𝝈𝝈 = 𝑭𝑭

𝑨𝑨𝟎𝟎
        (1.1) Engineering 

Strain 𝜺𝜺 = 𝑳𝑳−𝑳𝑳𝟎𝟎
𝑳𝑳𝟎𝟎

        (1.2) 

Young’s 
Modulus 𝐸𝐸 = 𝜎𝜎

𝜀𝜀
        (1.3) Poisson's ratio 𝑣𝑣 = −𝜀𝜀𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

𝜀𝜀𝑙𝑙𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙
    (1.4) 

True Stress 𝜎𝜎𝑇𝑇 = 𝜎𝜎𝑒𝑒(1 + 𝜀𝜀𝑒𝑒) (1.5) True Strain 𝜀𝜀𝑇𝑇 = ln(1 + 𝜀𝜀𝑒𝑒) (1.6) 

% Reduction of 
area 

𝐴𝐴𝐴𝐴−𝐴𝐴
𝐴𝐴𝐴𝐴

x 100     (1.7) % Elongation 
𝐿𝐿−𝐿𝐿𝑜𝑜
𝐿𝐿𝑜𝑜

x 100    (1.8) 

 

1.8 Finite Element Method 

The finite element method (FEM) was first stated by Clough in the 1960s. Since then, 

studies on this subject have increased exponentially; thus, there is an innumerable 

number of books, studies, and research available today, and it is still becoming more 

and more popular [89]. The sequence of processes is as follows: physical model, 

mathematical model, numerical model and computer model [90]. In order to apply this 

method, it is necessary to produce mathematical formulations of physical phenomena 

and to perform numerical analyses of these models. In the final step, the physical 

system is simulated by developing computer codes. For all these stages, processes such 

as the laws of physics, linear or nonlinear algebraic equations, differential equations, 

derivations, matrix organization, assumptions, estimations, and calculation tools 

follow each other. Since many problems are complicated to solve in this laborious 

process, they can be obtained as approximate solutions or by simplifying them. 
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FEM is defined as a discretization of complex geometric shapes into a set of finite 

elements (FE) [91]. FEM generates structures called nodes and elements, also called 

the meshing process, using advanced algorithms. This method is possible to use in 

many fields of physics such as static, dynamic, thermal, flow, electromagnetic, and 

acoustic. In all problem types, analysis steps are similar to each other, followed by 

creating the model, determining the material properties, defining the boundary 

conditions, and solving the problem. Table 1.8 is a list of the most widely used FE 

programs available today. 

 

Table 1.8: Commonly available FE software in the market [92] 

Free 

Elmer FEM solver (Center for Science, Espoo, Finland) 
FEBio (The University of Utah, UT, USA) 
FEATool Multiphysics (Precise Simulation Ltd., Wan Chai, Hong Kong) 
Hermes (hp-FEM Group, USA and Czech Republic) 
MFEM (MFEM team, Livermore, CA, USA) 
Range Software (developer by Tomoltys) 

Commercial 

ANSYS (Workbench, PA, USA) 
Abaqus (Dassault Systemes, Valizy-Villacoublay, France) 
Comsol Multiphysics (COMSOL Inc., MA, USA) 
ADINA (ADINA R & D Inc., Watertown, MA, USA) 
Nast (MSC Software, CA, USA) 
Autodesk Simulation (Autodesk, CA, USA) 

 

In order to perform finite element analysis (FEA) correctly, the accuracy of the inputs 

to the system is significant. Thus, the material properties must be accurately entered 

into the system. In the studies, material properties are considered as Young Modulus, 

Poisson ratio, and density. There are several different ways of obtaining Young's 

Modulus and assigning material properties. Material properties are obtained by 

compression-tensile tests and can be given as input to the system. In another method, 

the Young Modulus can be calculated using the data obtained from CT [93]. 

Hounsfield Unit values of pixels are converted to physical density values by using 

previously calculated equations. Then, physical density values are converted into 

apparent density to obtain Young Modulus. Young modulus can be assigned as 
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isotropic, anisotropic or orthotropic. The most realistic results are orthotopically 

assigned, but it is difficult to give input to the system [94]. 

Recently, with the rapid development of technology, both the hardware and software 

features of computers have improved. It is very difficult to follow the latest 

technological systems during this period. However, due to these developments, 

auxiliary systems for doctors increased the success of the surgeons and reduced the 

possibility of revision. As a result, it was possible for the patient to be treated at a lower 

cost and suffer less pain. With the individual analysis of the implants to be used, long-

lasting and successful surgeries can be performed without revision. In this study, 

information about which steps should be taken for finite element analysis of implant 

or bone fractures and which tools should be used is brought together for static analysis. 

Depending on the analysis to be performed, the software that needs to be selected and 

their differences are mentioned in this paper. 
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Chapter 2 

Finite Element Analysis in Orthodontics 

Many analyses involving teeth and bones in the human body have been carried out up 

to the present for purposes such as diagnosing diseases, learning the mechanism of 

fractures, determining the strength of implants or prostheses, and trying new treatment 

methods. Among these studies, the areas where fractures such as hip, knee, elbow, and 

spine have most commonly come to the fore. On the other hand, FEA is frequently 

encountered in the fields of orthodontics and dental surgery in applications such as 

implant analysis, dental implant designs, and temporary anchorage devices. This 

chapter focused on dental applications of finite element analysis. 

Undesirable tooth movement, also known as anchorage control, is one of the important 

factors affecting the outcome of orthodontic treatment. Anchorage in traditional 

orthodontics can be placed in various anatomical regions such as teeth or tooth groups, 

opposing tooth arch, palate and palatal mucosa, parietal and occipital regions of the 

head, nape, jaw tip, and muscles around the mouth. During orthodontic treatment, 

when a force is applied to a tooth or tooth group in accordance with Newton's action-

reaction principle, a force or moment of the same magnitude but opposite direction 

occurs [95]. In traditional orthodontic treatment, a large number of extraoral 

appliances such as “headgear” and various intraoral appliances have been designed to 

provide anchorage control [96,97]. However, patient cooperation is required for the 

use of these appliances, which often leads to loss of anchorage despite the use of 

appliances [96,98].  

Miniscrews are commonly entitled to temporary anchorage devices (TADs). Recently, 

miniscrews, which do not require patient compliance, have been used by researchers 

as absolute anchoring devices in orthodontic treatment [99,100]. Besides, in the 

literature, very successful treatment results have been documented using miniscrews 
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for orthodontic anchorage in various malocclusions [101,102]. The recovery period is 

faster than traditional methods; in addition, surgical procedures are easy, and 

application is simpler. Undesired tooth movements are prevented because force is not 

applied directly to the teeth. Finally, increased patient comfort, minimized risk of 

infection and inexpensive material and application costs combine with the above 

points to demonstrate the many advantages of using miniscrews [103]. On the other 

hand, some complications may be encountered during treatment, such as fracture 

during insertion, removal of the miniscrew, penetration into the sinus cavities, risk of 

inflammation, embedding, pain, bleeding, and allergic reactions [104]. Overall, further 

study is required to clarify the consequences of miniscrews, which are already widely 

used [105]. 

The stability of the miniscrew and the success of treatment are directly related to the 

properties of the specific type of miniscrew used [106]. The success rate in miniscrew 

applications has been reported to be relatively high in the literature. According to a 

2011 study, a high success rate of 87.7% was reported in miniscrew application [107]. 

In another study, the overall failure rate of miniscrew implants was determined to be 

14%; this percentage is thought to be highly acceptable and supports the efficacy of 

the devices in clinical practice [108]. Additionally, a 93% success rate following 

miniscrew insertion led researchers to the conclusion that the device's initial stability 

was significantly influenced by the insertion site and clinical expertise [109]. Also, 

miniscrew design, bone quality, the region where the implant is inserted, placement 

method and angulation, loading duration, and closeness to the tooth roots were also 

observed to impact the stability of miniscrews [110]. Recently, Kuroda et al. 

demonstrated that root proximity is a significant contributor to miniscrew failure [111]. 

Miniscrews can be made smaller to minimize root contact, however doing so fails 

because shorter screws are unable to endure the stresses associated with orthodontic 

treatment. Therefore, it is vital to develop an ideal design for the smallest miniscrew 

sizes that can bear the orthodontic load and to investigate the relationship between the 

orthodontic load and the miniscrew's stress distribution.   

Furthermore, primary stability heavily depends on miniscrew designs [112]. These 

properties comprise material, length, thread dimensions and shapes, pitch width and 

depth, outer-inner diameter, neck length, shape, tip, and head design [113–115]. The 
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many defining features of commercially available miniscrews are shown in Table 2.1. 

Optimal properties should be selected to provide adequate retention, prevent bone loss, 

and enhance osseointegration. Figure 2.1 illustrates a generic representation of the 

geometric characteristics of miniscrews. Manufacturers of miniscrews believe their 

products perform better because they have unique geometric features. Nevertheless, 

each of these characteristics may result in varying levels of force needed, differences 

in adhesive strength, and stress distributions in the bone tissue. On the other hand, it is 

challenging to investigate such characteristics using empirical research since it 

requires specialized knowledge and takes a lot of time. To simulate and analyze the 

aforementioned issues, computational mechanics methods have been constructed. 

 

Table 2.1: General characteristics and dimensions of miniscrews available in the 

market (Dimensions may vary according to different brands) [116,117] 

Miniscrew Properties Description and Dimensions 

Form Tapered, Cylindrical 
Lengths From 4 mm to 15 mm 

Collar Lengths From 1 mm to 3 mm 

Thread shapes Square, V-Shaped, Buttress, Reverse Buttress 
(Symmetrically, Asymmetrically) 

Thread angle From 120° to 150° 
Pitch width From 0.4 mm to 1 mm 
Pitch depth From 0.1 mm to 0.5 mm 

Flank From 250 μm to 400 μm 
Inner (Minor) Diameter From 1 mm to 2.5 mm 
Outer (Major) Diameter From 1.1 mm to 2.5 mm 

Apical Phase Angle From 55° to 58° 
Tip Design Self-Drilling, Self-Tapping 

Head Design Bracket Head, Button Head, Through-Hole Head, 
Mushroom-shaped Head, Cross Head, Circle Head 

Neck From 1 mm to 1.6 mm 
Materials Titanium Alloy (TiA), Stainless Steel (SS) 
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Figure 2.1: Schematic representation of geometry properties of miniscrew ((a) Head 

diameter, (b) head length, (c) collar length, (d) body length, (e) inner diameter, (f) 

outer diameter, (g) length of screw, (h) pitch depth, (i) apical phase angle, (j) pitch 

width, (k) thread angle, (l) flank, (m) thread shapes, (n1) cylindrical miniscrew, (n2) 

tapered miniscrew, (r1) self-drilling, (r2) self-tapping, (p) different types of head 

designs, and (o) miniscrews manufactured with different designed types) 

[116,118,119] 

 

The selection of the appropriate size for a miniscrew depends on the amount of alveolar 

bone in the area in which it is to be inserted, the gingival thickness, and the length of 

the screw head. Miniscrews ranging in length from 6 to 10 mm are inserted into special 

locations in applications, for example, an up to 6 mm long miniscrew in the mandible, 

an 8 mm long miniscrew in the mandible or maxilla, and a 10 mm long one in the 

maxillary or mandibular retromolar region [120]. Studies have shown that the diameter 

and length of the miniscrew are directly linked to its stability, so it is important to pay 

attention to screw selection [121]. Additionally, miniscrews have many application 

placements. The spaces in the alveolar bone between the tooth roots are the most 

crucial use areas. 
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In previous studies, the FEA of the miniscrew was generally carried out by simplifying 

the bone structure. The cortical and cancellous bone structure was designed as a cube, 

a miniscrew was inserted, and different properties were compared. Yushan et al. 

investigated the thread depth and thread pitch of miniscrews on a bone block [122], 

simulating seven different models by changing the thread depth and pitch. They 

determined the most appropriate thread sizes according to the stress and displacement 

values for developing a new type of miniscrew. In another comprehensive study, the 

properties of miniscrews placed in the bone block, including cortex thickness, force 

direction and the size, length and diameter of the miniscrew were analyzed [123]. 

Although there is FEA research evaluating the different properties of the miniscrew, 

the comparison of miniscrew head designs remains unclear. Therefore, in the present 

study, different head designs on the bone block were created in accordance with the 

original dimensions and compared using FEA. 

FEM was used in various studies to compare the different characteristics of miniscrews 

in order to determine the optimal anchoring technique. One of them, Perillo et al., used 

a miniscrew at angles ranging from 30° to 150° with 30° increments to simulate the 

mandible on a simpler bone block [124]. From their simulation, they conclude that 

inserting at a 90° angle results in the least stress on the cortical bone. Only the 

miniscrew's positioning angles and force direction were altered during the 

investigation. Additionally, miniscrew length and insertion angles were investigated 

in another study that assumed the mandibular and maxillary bones to be a bone block 

[125]. Similar to the previous study, they deduced that placing the miniscrew at a 90° 

angulation caused the least stress concentration in the bone. Ammar et al. placed the 

miniscrew on the mandibular in treatment planning for orthodontic tooth movement 

and analyzed stress distributions by simulating the retraction of a single-rooted 

mandibular canine [126]. They demonstrated that the miniscrew placement between 

the roots can be predicted virtually and the optimal treatment planning can be chosen 

under FE loading scenarios for optimizing miniscrew anchorage stability and 

minimizing patient risk. In another study, Fattahi et al. calculated the effects of 

different thread shapes and force directions of miniscrew on stress distributions for 

cortical and cancellous bones [127]. While no relationship could be attained with 

thread shapes, the applied force directions on the head of the miniscrew affected the 

stress results and the lowest stress was obtained at the 90° angulation. Unlike other 
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studies, Liu et al. also investigated the effects of miniscrew on bone quality [128]. In 

addition, parameters of cortical thickness, cancellous bone density, force direction and 

magnitude, miniscrew, and exposed lengths were compared in detail using FEA for 

orthodontic anchorage. According to the simulation results, they concluded that the 

quality of cancellous bone for miniscrew stability is not very critical. Another 

important result of the study should be carefully analyzed the implant location and the 

orientation of the miniscrew in terms of reducing the failure rate. Considering all these 

studies, miniscrew studies were carried out from different viewpoints. However, in 

these studies, the models were simplified and performed on a bone block representing 

the bone. Therefore, there is uncertainty about the effects that the miniscrew may have 

on a model of the real mandibular bone and on the surrounding tissues. In this study, 

patient-specific mandibular bone was modeled using medical 3D image-based 

engineering software, and the effects of force direction applied at a head of miniscrews 

were investigated in different scenarios. In addition, the effects of miniscrew length 

and diameter at different sizes on cortical and trabecular structures were calculated 

using FEA.  
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Chapter 3 

Materials & Methods 

In this section, firstly, the finite element analysis method for femur fractures was 

mentioned. In the following section, the methods used in orthodontics were given 

elaborately. 

3.1 Analysis of Femoral Head Fractures 

The general workflow is as follows; (i) acquiring a 3D medical image, (ii) printing a 

3D model, (iii) analyzing the model using finite element analysis, and (iv) correcting 

the 3D model of the image. 

3.1.1 3D Image Reconstruction 

The lower abdomen of a 24-year-old male person was CT scanned (Sensation 64, 

Siemens, Erlangen, Germany) in the DICOM format. A CT image data was obtained 

with the ethical permission of the Izmir Katip Celebi University’s Education and 

Research Hospital. The individual had no history of bone illness, according to their 

medical records. The scan images were acquired with a slice thickness of 1 mm, 

voltage of 120 kV, a pixel size of 512x512, and a pixel spacing of 0.6426. To 

distinguish between hard tissues and soft tissues, the lower abdomen was segmented 

using MIMICS (v17.0, Materialize, Leuven, Belgium) software. MIMICS is favored 

because it has a wide range of 3D image editing tools and strong radiological image 

processing capabilities. In the segmentation procedure, threshold and region-growing 

algorithms were utilized. The HU of the image, which varied from 0 to 1680, was set 

at 661 as the threshold value. When there is little to no space between soft and hard 

tissues or between the pelvis and the femoral head on the acetabular surface, the 
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region-growing algorithm may occasionally not work as intended. For this reason, in 

the CT scan slices, the pixels adjacent to each other in the reference planes and 

incorrect pixels in each slice were cleaned manually using a multiple slice editing 

procedure. Figure 3.1a displays a three-dimensional image of the lower abdomen 

(separated from the soft tissue). In Figures 3.1b and 3.1c, femoral heads, separated 

from the lower abdomen are shown. As shown in Figures 3.1a, 3.1b, and 3.1c, gaps or 

undesirable roughness might occur in the 3D image. Using the 3-Matic software (v9.0, 

Materialize, Leuven, Belgium), the smoothing and wrapping operators were utilized 

to eliminate unwanted artifacts. Figures 3.1d and 3.1e show the images after these 

operations with 3D models of the proper patient-specific femoral heads. In the final 

stage, the 3D image was converted to STL format to be imported into the printer 

software. 

 

 

Figure 3.1: (a) The 3D image of the lower abdomen removed from soft tissue, (b-c) 

The left and right femoral heads' respective 3D models, (d-e) After editing 

operations, the 3D model of the left and right femoral heads 
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3.1.2 3D Printing of Models 

The models were loaded into the printer build area of the 3DPrint program (v1.01, 3D 

Systems, South Carolina, USA) using the STL file. An SLS-style printer is the 

Projet160 from 3D Systems in South Carolina, USA. SLS-type printers were chosen 

because they do not require support structures to print components with smooth surface 

finishing and fine detail. The material of the printer is a powder, composed of calcium 

sulfate hemihydrate ((CaSO4)2H2O). In order to increase the adhesion of the powder 

particles and avoid cracking, the binder was applied to the powder particles after 

printing. The drying process took two hours to be completed. Figure 3.2 depicts the 

printed femoral head after all these procedures have been finished. Three test 

specimens were printed on the same printer in order to determine the material 

properties. The following printing settings were used to print these parts: 0.1016 mm 

layer thickness, 3 hours and 15 minutes build time, 111.9 ml of binder volume, with 

the total volume of parts 314.87 cm3, and total surface area of 9489.18 cm2. 

 

 

Figure 3.2: Femoral head models printed with BJ technology 
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The dimensions of the right and left femoral heads are shown in Figure 3.3. 

Accordingly, BL and BR stand for left-right femoral head length (FHL) while AL and 

AR stand for the measurement of the vertical diameter of the head (VDH) of the femur. 

The left VDH was determined to be 46.26 mm and the right VDH to be 45.47 mm. 

The measured FHL distances for the left and right were found to be 117.91 mm and 

100.27 mm, respectively. There is a little discrepancy between the right and left FHL 

because of the field of view (FOV) of the CT image that was received from the patient. 

However, instead of comparing the right and left sides, we try to examine each 

structure independently. 

 

 

Figure 3.3: The representative measurements of left and right models, as well as the 

cross-section area of the left femur 

 

For cylindrical specimens, printing parameters were as follows: 15 minutes of printing 

time, 14.7 ml of binder usage, 24.61 cm3 of total volume, 189.26 cm2 of total surface 

area with 0.1016 mm layer thickness. The parts were hardened using around 30 g of 

ColorBond (Allomethadione (C7H9NO3), 3D Systems, Inc., Rock Hill, SC, USA) glue 

once the drying process was complete, and they were then allowed to cure for one day. 
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3.1.3 Compression Testing of Specimens 

The cylindrical specimen for the compression test was manufactured in compliance 

with ISO 5833. SolidWorks (v.2016, SolidWorks Corp., MA, USA), CAD software 

was used to create drawings of the specimens, which had a total length of 12 mm and 

a diameter of 6 mm. Compression tests were carried out at a speed of 1 mm/min since 

the powder material (calcium sulfate hemihydrate) is based on ceramic (Figure 3.4). 

Due to the fact that the components were made using SLS, they have low strengths. 

Therefore, to precisely quantify the rupture and load distributions, the load cell with a 

capacity of 500 N was used. It took approximately 29±3 seconds to complete the 

compression tests. The test findings obtained for use in the finite element analysis 

demonstrate that the test specimen was fractured at the upper stem of the neck area. 

The powder material's elastic modulus was determined to be 347.43 MPa. The Poisson 

ratio was used as 0,19 according to previous studies for FEA [129]. 

 

 

Figure 3.4: The placement of the cylindrical specimen between the compression 

plates and deformation of the specimen at the end of the compression test 
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In a calibrated, authorized biomechanics facility, compression tests were carried out 

using a Shimadzu AG-IC static tester (Shimadzu Corp., Kyoto, Japan). The femoral 

shaft was fixed to the bottom gripper of the device (Figure 3.5a). Until the fracture was 

observed, both models were compressed using a 500 N load cell at a speed of 1 

mm/min. The models were positioned on the test machine vertically with an inclination 

of 20° of valgus. Figures 3.5c and 3.5d depict the cracking route and the 

implementation of the compression test. As a consequence of the test, the failure loads 

for the left and right femur specimens, respectively, were determined to be 252.67 N 

and 351.92 N. We assessed each model independently, but the disparities in the 

outcomes are caused by variations in size, geometry, and moment arms. 

 

Figure 3.5: (a) The left femur placed on the grippers of the Shimadzu universal 

testing machine, (b) Failure of the specimen as a result of testing, (c-d) Fracture path 

after applying load in the left model and the right model, respectively 
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3.1.4 Mechanical Simulation 

For analysis, models were exported. The study was carried out as a static structure 

using the finite element software ANSYS (v16.1, Workbench, PA, USA). According 

to the outcomes of the mechanical tests, the material properties of the model were 

classified as isotropic. Ten node-tetrahedral meshing was performed and it was 

calculated 217673 nodes and 126940 elements for the left femur model, 190714 nodes, 

and 111097 elements for the right femur model. In ANSYS, a mesh convergence study 

was carried out. The mesh was therefore modeled with elements with sizes of 1.5 mm, 

2 mm, 2.5 mm, and 3 mm. Mesh sizes more than 3 mm were not taken into account 

because the findings were 48% bigger than the calculated value. Additionally, there 

was only a 4.3% difference between the stress measurements produced by the 1.5 mm, 

2 mm, and 2.5 mm edge length meshes. As a result, a mesh size with an average edge 

length of 2.5 mm was determined to be appropriate. The mesh image is shown in 

Figures 3.6a and 3.6b. The fixed support on the femoral shaft was chosen as the 

boundary condition. In accordance with the findings of the compression test performed 

using femur samples, loading was applied to the superior of the femoral head. Failure 

load results of the experimental measurements are shown in the Figures 3.6c and 3.6d, 

they were found to be 252.67 N, 351.92 N for the left femur and the right femur, 

respectively. After all inputs were completed, stress distribution, maximum von Mises 

stress, and strain values were calculated in ANSYS. 
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Figure 3.6: The meshing of (a) the left model, (b) the right model, (c-d) The direction 

of the force and fixed support points on the left model and right model, respectively 

 

The Pearson correlation coefficient (r) was calculated to compare the simulation and 

experimental data statistically. In statistics, the strength of the linear relationship 

between two different variables is assessed by the Pearson correlation. While this 

coefficient can be between -1 and 1, 0 indicates that there is no correlation. If the 

results are close to 1, it means there is a positive correlation between the two variables, 

whereas a result of -1 means there is a negative correlation [130]. 

3.2 Biomechanical studies in composite bones 

In this section, instead of bone samples obtained from a 3D printer, studies on 

composite bones were mentioned. Thus, the differences between 3D-printed bone 

samples and commercial bone samples were determined more clearly. 
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3.2.1 Preparation of specimens and the test environment 

We concentrated on medial malleolar fractures in contrast to the prior femur analysis 

since we have available tibia composite bone samples. Fourteen identical synthetic 

third-generation composite polyurethane bone models of the right distal tibia were 

obtained. The same fracture line was achieved with a custom-made osteotomy guide 

in all bone models. A medial malleolus 3.5 mm compression plate and tubular plate 

were inserted into bone models. The biomechanical testing was conducted to 

determine the difference between both plates using Shimadzu AG-IC static tester 

(Figure 3.7). The force/displacement curve and the load-to-failure were calculated. 

The load cell in the test device measures the reaction to the force that occurs as a result 

of the displacement change on the sample over time. In addition, many properties 

related to the material can be obtained from the force-displacement graph. Moreover, 

the load-to-failure can be described as the point where the material reaches the end 

point of deformation under the force or breakage occur. In this study, the failure point 

was acknowledged as a 2 mm displacement from the test's starting position. It was 

defined as a 1 mm/min testing speed in Shimadzu and forces against 0.5 mm, 1 mm, 

1.5 mm, and 2 mm displacement values were recorded. The reason for choosing these 

values is to increase the number of samples in order to analyze the data statistically. 

Since it is generally assumed to fail after about 2 mm of displacement in studies, the 

displacement after this value was not calculated. In addition, it was determined that 

the force on the samples began to decrease as a result of a 2 mm displacement.  
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Figure 3.7: Tibia bone preparation and installation of gripper apparatus for testing 

On the other hand, since the test device did not have the necessary equipment to grip 

the bone models, a gripper was designed compatible with the device. As a result, 

several issues were encountered during the construction of grippers, and various 

solutions were created to address these issues. 

3.2.2 Design of gripper for static tester and solutions to the 

problems encountered 

Although the static tester has the equipment to test many different samples, it does not 

have the necessary tools for special samples. However, the versatility of the fixing 

points of the device provides a suitable environment for many designs (Figure 3.8a). 

Instead of employing metal-based components at this point, the grippers were created 

using a 3D printer. The gripper was drawn using SolidWorks software as shown in 

Figures 3.8b and 3.8c. In the design, it is ensured that the test device is compatible 

with the screwing places and has high durability in order not to undergo any 

deformation during the test. This apparatus consists of fixing points, cementing, and a 

slider mechanism, as shown in Figure 3.8d. Cylindrical hollow pipes were produced 

for easy removal of screws during cementation. In order to apply the force exactly to 



45 

 

the desired points, a sliding mechanism is designed on the gripper that can move the 

bone horizontally. In addition, an inclination ramp was designed to load the bone at an 

appropriate angle (Figure 3.8e). In this study, the tilt angle was determined as 17 

degrees based on previous studies [131]. The part was exported as STL and transferred 

to Simplify3D (v.4.0, Cincinnati, OH, US) software. They were manufactured with 

polylactic acid (PLA) material at 100% infill using the Ultimaker (Ultimaker 2 

Extended +, Ultimaker B.V., Utrecht, Netherlands).  

 

Figure 3.8: (a) Fixing points of the sliding mechanism to the tensile tester, (b-c) 3D 

drawing of the sliding mechanism, (d-e) 3D printing of the mechanism and its 

placement on the tester 
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However, some problems were encountered while printing the parts on the printer. 

One of these problems is that the printing process is frequently interrupted by filament 

breaking during printing. For this reason, a system has been developed that detects 

problems during printing, interrupts the printing process, and informs the user at the 

same time. The flowchart of the system is given in Figure 3.9. 

 

Figure 3.9: Diagram of the error-detecting system 

 

In order to allow vertical movement of the camera, the base part that carries the rails 

was designed with SolidWorks and produced in a 3D printer (Ultimaker 2+ extended, 

Utrecht, Netherlands). The camera configuration was set up to allow the rails to move 

30 cm and rotate 120° in the vertical plane. The vertical movement is performed by 

one of the motors, while the rotational movement is accomplished by the other. 

Arduino Yun with a Wifi connection and Ethernet port was preferred as the control 

unit. To obtain images, an OV7670 camera with 640x480 resolution, 25 angles of 

view, 30 fps image rate, 8-bit data resolution and 2.0 lens aperture was used. The setup 

of the developed system is shown in Figures 3.10a and 3.10b. The acquired images 

were transferred to MATLAB (v.2019a, MA, USA) software in real-time and the 

image processing was carried out. Firstly, the noise on the image was removed by 
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using Gaussian filtering. Because the image was acquired as RGB, color-based 

segmentation methods were utilized. The nozzle was identified by combining object 

and color segmentations since it is black and looks as a triangular. The background in 

the camera's field of view was adjusted to white for removing undesired objects 

(Figure 3.10c). Using edge detection algorithms, the nozzle of the printer, the printing 

bed and the printed part were distinguished. After the segmentation processes, the 

image was first converted to a grayscale to measure the gap between the nozzle and 

the part (Figure 3.10d).  

 

 

Figure 3.10: (a) Installation of a movable camera mechanism, (b) Adapting the 

camera system to the 3D printer, (c) Raw colour image captured from the camera, (d) 

Black and white image with detected edges as a result of image processing 
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Through the use of this system, which involves coding on an Arduino, any printing 

problems are promptly addressed [132]. Another problem is that the filament runs out 

during printing and the printer cannot detect this problem. Because the gripper required 

for the test was printed in large numbers, the filament frequently ran out and the 

printing process was interrupted. For this reason, the weight of the material was 

monitored simultaneously by placing a weight gauge on the filament holder at the back 

of the device. The mechanism to measure the weight of the filament was drawn using 

SolidWorks and produced by the printer (Figure 3.11a). The measuring procedure was 

carried out by using Arduino to process the data from the load cell (Figure 3.11b). In 

the software algorithm, by comparing the weight of the filament with the approximate 

weight of the part to be printed, it is checked whether the existing filament is sufficient. 

If the remaining filament weight is less than the required material weight of the part, 

the system stops working and requests the user to renew the filament (Figure 3.11c). 

A potential filament breaking may be detected by the system, which measures the 

filament's weight in real time, and the printing process can be stopped. The operation 

of the system is shown in Figure 3.11d. 

 

Figure 3.11: (a) 3D drawing of the filament holder mechanism, (b) Calibration of 

load cell with standard weight, (c) Measurement of filament weight with precision 

scale and validation process with the system, (d) Adaptation and operation of all 

parts of the system to the 3D printer 
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3.2.3 Statistical analysis 

In order to determine if there is a statistically significant difference between groups, 

test results for forces at four different displacements were analyzed using the analysis 

software SPSS (v.25, IBM, NY, US). Since there were two groups in this study, an 

independent t-test, also known as the two-sample t-test, was performed. This test 

compares the means between two unrelated groups after ensuring that the variances 

are homogeneous, the variables are normally distributed, and the dependent variable 

is continuous. In this study, the statistical significance level was accepted as 0.05. In 

other words, there is a significant difference between these two groups for loading if 

the p-value is less than 0.05. 

3.3 Analysis of Miniscrews Stability 

In order to analyze the stability of the miniscrews, the design of the miniscrews and 

their implantation methods were investigated. 

3.3.1 The Effect of Miniscrew Head Designs 

Miniscrew models and bone blocks were designed using SolidWorks (v.2016, 

SolidWorks Corp., Waltham, MA, USA). Five distinct miniscrew head designs were 

sketched in their real dimensions: cross head, mushroom head, button head, bracket 

head, and through-hole or circular head (Figure 3.12 [121,133,134]). All miniscrew 

types were accepted as cylindrical in form and sized so that their dimensions were 8 

mm and 1.6 mm in length and diameter, respectively. The screws were not given 

threads in order to simplify the model. The cortical and cancellous structures were 

represented by the two components that made up the bone block. Instead of using 

complicated bone structures, the problem was simplified, and the bone block was 

recreated as a rectangular block in dimension 20x20x2 (WxDxH) for cortical bone and 

20x20x13 (WxDxH) for cancellous bone [123]. Miniscrews were positioned at a 90-

degree angle in the center of the block. The miniscrew cavity on the bone block was 

created using the tool of Boolean subtraction. Contrary to the previous study, this 

analysis was carried out by utilizing the simulation tool in SolidWorks. The contact 
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between the screw and the cortical and cancellous bones was defined as “fully bonded” 

[135]. All materials were assumed to be linearly elastic, homogeneous, and isotropic 

[123]. Elastic Modulus values were assigned to 114 GPa for the miniscrew, 14.7 GPa 

for cortical bone, and 1.5 GPa for cancellous bone. Also, Poisson's Ratios were 

determined as 0.34, 0.3, and 0.3, respectively.  [136–138]. The ideal mesh size was 

found to be 0.5 mm after the mesh convergence study. (Figure 3.12h). In addition to 

the design of the miniscrew, the methods of application also have an effect on stability. 

For this reason, in the next step, different application methods are explained 

elaborately based on the cross head miniscrew design. 

 

Figure 3.12: (a-f) Dimensions and 3D drawings of miniscrew; cross head, mushroom 

head, button head, bracket head, and through-hole head, respectively, (g) Definition 

of boundary conditions, (h) Meshing 
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3.3.2 The Effect of Application of Miniscrew to Mandible in 

Different Ways 

The method to be followed to investigate the effects of different application forms on 

the mandible on the miniscrew’s stability is shown in Figure 3.13. To model the 

mandibular bone, a patient's (17-year-old male) Dental Volumetric Tomography 

(DVT) scan was collected. The Izmir Katip Celebi University's ethics committee 

determined that our study did not require ethical approval (no. 0488, November 18, 

2021). The patient applied to the hospital due to jaw stenosis and has no history of any 

other illnesses. The image was obtained using a NewTom® Panoramic Radiography 

(NT5G, QR Srl, Verona, Italy) with a 0.25 mm pixel spacing, a 704x660 FOV, and a 

0.25 mm slice thickness. As seen in Figure 3.13a, the mandibular bone was extracted 

from the skull in the segmentation process using the Mimics program (v21, 

Materialize, Leuven, Belgium). To segment the hard tissue, a manually calculated 

Hounsfield Unit (HU) value in the range of 575 to 15383 was used. The artifact pixels 

were eliminated using the region-growing method. The teeth on the mandible were 

divided into segments and removed from the alveolar bone. Since it is challenging to 

distinguish between cortical and cancellous bones using radiological imaging, studies 

often involve approximation modeling [128]. The whole mandibular was subjected to 

a ten-pixel (10x0.25 mm) erode procedure in order to differentiate the cortical and 

cancellous bones. Then, cortical bone was created by subtracting the mandibular bone 

from the cancellous bone. 

Cross head miniscrews were drawn in SolidWorks using the schematic of Tomas®-pin 

SD (Ti6Al4V, self-drilling, Dentaurum GmbH & Co. KG, Ispringen, Germany). Three 

separate miniscrews were used in its design, and their dimensions were as follows: 

lengths of 6 mm, 8 mm, and 10 mm; inner diameter of 1.2 mm; outer diameter of 1.6 

mm; pitch width of 0.56 mm; pitch depth of 1.15 mm; and height of gingival collar of 

2 mm (Figure 3.13b). After implementing the miniscrew into the inter radicular gaps 

between the first molar and second premolar at 11 mm from the alveolar crest, 

miniscrew models were imported as STL into Mimics and subtracted from the 

mandible model for grooving (Figure 3.13d) [139]. The miniscrews were not in contact 

with the tooth roots, and four different angles were applied: 45° and 60° from the 
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surface in the direction of the crown, 90° as perpendicular to the surface, and 15° 

inclined towards the root (Figure 3.13c). 

Mesh defects were eliminated by evenly re-meshing the models using the 3-Matic 

software (v13, Materialize, Leuven, Belgium). The ten-node tetrahedral element, 

which is suitable for complicated geometries, is achieved with a meshing size of 0.3 

mm (Figure 3.13e). Table 3.1 displays the models' element and node numbers. The 

same tooth models were employed in all combinations because the alteration of 

conditions had no impact on them. The total number of elements and nodes in the tooth 

model was 575.773 and 987.145, respectively. To remove the artifacts and spikes from 

surfaces, smooth and wrap operations were used in the Geomagic Studio program 

(v12, 3D Systems, Rock Hill, SC, USA). Finally, all models were imported as cdb file 

format to Ansys (v21r1, Workbench, PA, USA) for analysis. 

 

Table 3.1: The number of elements and nodes of the models remeshed according to 

different application variations of all models 

Angles Models 
6 mm 8 mm 10 mm 

#Elements #Nodes #Elements #Nodes #Elements #Nodes 

-15° 
All Bone 121484 213990 122095 214973 123234 216798 

Miniscrew 43028 79594 51260 94619 59092 108876 

45° 
All Bone 122757 215792 122065 214762 122628 215831 

Miniscrew 43115 79711 51188 94531 58867 108597 

60° 
All Bone 122309 215055 122099 214907 123335 216853 

Miniscrew 43037 79605 51158 94477 59030 108792 

90° 
All Bone 121892 214602 121862 214645 123093 216455 

Miniscrew 42968 79546 51216 94591 58946 108700 

 

The material properties to be used in the models are given in Table 3.2, considering 

the literature. It was assumed that the finite element models had isotropic and linear 

elasticity properties. Since the condylar processes on either side of the jaw interact 
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with the temporal bone, they were fixed symmetrically in all directions as given in 

Figure 3.13f. The surfaces on which the force will be applied were defined to the head 

of the miniscrew (Figure 3.13f). Table 3.3 displays the component vector values at 

three distinct angles (30°, 45°, and 60°) parallel to the bone surface in accordance with 

three different power arm lengths (4 mm, 6 mm, and 8 mm, as shown in Figure 3.13g), 

where the force was supplied as 200 gf (≈ 2 N) [140]. Strictly bonded was used to 

describe the connection between the mandibular bone and the miniscrew. The contact 

algorithm for the models in Ansys was selected as the Augmented Lagrange approach. 

 

 

Figure 3.13: Workflow of the FEA process, (a) 3D image segmentation, (b) Drawing 

of miniscrews in CAD software, (c) Angulation relative to the frontal plane, (d) 

Transparent view of miniscrew inserted between teeth, and screw hole after removal 

miniscrew, (e) The meshing of mandible and miniscrew, (f) Force and fixed supports 

surfaces, (g) Force directions according to power arm 
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Table 3.2: Elastic modulus and poisson’s ratio of FE models [126,128] 

3D Model Elastic Modulus (GPa) Poisson’s Rate 

Cortical Bone 14.0 0.30 

Cancellous Bone 1.3 0.30 
Teeth 20.7 0.30 

Miniscrew 113.0 0.30 

 

Table 3.3: Components of forces vector according to angles (N) [141] 

Force Direction x y z 

30° -0.30 1.73 1.00 
45° 0 1.42 1.41 

60° 0.42 1.01 1.68 
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Chapter 4 

Results 

The FE results and experimental results of the femur, tibia, and miniscrew studies are 

provided in detail. For the femur application, both experimental and FE analyses were 

carried out; however, FE analyses were not undertaken for the tibia plate comparison. 

On the other hand, only FE analysis results were given for the miniscrew application.  

The deviation was calculated as the percentage error to assess the difference between 

experimental results and FE simulation results. It was computed by dividing the 

absolute value of the difference between them by the experimental result using the 

following equation [142]: 

𝛿𝛿(%) = �𝜎𝜎𝐹𝐹𝐹𝐹−𝜎𝜎𝐹𝐹𝐸𝐸𝐸𝐸
𝜎𝜎𝐹𝐹𝐸𝐸𝐸𝐸

� 𝑥𝑥100     (4.1) 

where δ is the percentage deviation of experimental results (σEXP) from the FE results 

(σFE). 

4.1 Experimental results of Femur 

The compression test results are given in Figure 4.1 for six cylindrical specimens. It is 

notable that the results of the standardized cylinder samples are very close to each 

other. The large number of samples is used to reduce potential test variations and 

manage the reproducibility of the results. Despite their being a variance across samples 

after the maximum force, the slope of the curve is nearly constant throughout all 

experiments. 
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For the purpose of determining the material properties of 3DP material, the slope on 

the force/displacement graph was computed at the boundaries of the elastic region. By 

choosing two different points on the curve, the tangent angle was obtained according 

to the formula (4.2). The compression tests took about 69.00±15.59 seconds for each 

sample. According to the results of the testing, the printed specimen's density is 2.60 

g/cm3, the average elastic modulus is 347.43±37.34 MPa, the maximum force is 

180.52±12.53 N, and the strain is 0.0385±0.0019. To provide data for the simulation, 

the properties of the 3DP material were computed. 

𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = ∆𝜎𝜎
∆𝜀𝜀

               (4.2) 

 

 

Figure 4.1: (a) The compression test results for six cylindrical specimens and 

calculation of Young's modulus from curves 

 

On the other hand, according to compression results of the printed models, maximum 

stress values were observed as 0.275 MPa and 0.234 MPa for the left and right femurs, 

respectively. 
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4.2 Computational results of Femur 

Using a workstation equipped with 64-bit Windows 8.1, an i7-4712MQ CPU clocked 

at 2.3 GHz, 8 GB of RAM, and a 2 GB video card, the FEA of both models and 3D 

reconstruction were carried out. Since rapid modeling/printing is significant in pre-

operative planning, the time spent during the whole process is shown in Table 4.1. 

 

Table 4.1: Time spent on each process 

Process Time (min) 
3D reconstruction of the model 65 

Pre-printing preparation 18 
Build time 195 

Drying and post-printing processes 90 
Compression test 45 

Defining of FEA inputs 12 
FEA-runtime 3.21 

Total 428.21 

 

Although printing took up the majority of the time, due to printer technology, post-

printing processes took a long time. On the other hand, the modeling process was 

incredibly quick because to the employment of a sophisticated computer and user-

friendly software. 

The simulation showed that the maximum stresses for the right FE femur model and 

the left FE femur model were 0.264 MPa and 0.308 MPa, respectively (Figure 4.2). In 

all models, the stress-strain curve was graphed for simulation and compression testing, 

and the red and blue circles in Figures 4.3 and 4.4 indicate the locations where 

maximum stress values were observed. Additionally, a statistical analysis of the 

correlation between simulation and experiment data in the linear elastic area was 

performed on the same graph. The correlation coefficients (r) for the left model were 

determined to be 0.9987, and those for the right model to be 0.9960. 
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Figure 4.2: (a) The left model's and (b) the right model's stress distributions on the 

FE models 

 

 

Figure 4.3: Comparison of experimental results and simulation results for the left 

model 
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Figure 4.4: Comparison of experimental results and simulation results for the right 

model 

 

4.3 Results of plates in composite bone 

A statistical test was carried out for the forces corresponding to 4 different 

displacement values, which were decided as a result of the compression tests of both 

groups, MP and TP. The independent t-test was used and calculated against each 

displacement value separately in SPSS. The statistical results are given in Table 4.2 

for each displacement. 
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Table 4.2: The statistical comparison of medial malleolar anatomic plate (MP) and 

tubular plate (TP) 

Groups 
Mean Axial Load (N) Mean ± SD 

0.5 mm 1 mm 1.5 mm 2 mm 

MP 55.54±13.22 100.89±33.64 148.97±54.68 192.14±76.89 

TP 30.53±14.78 49.42±21.95 69.38±22.84 95.04±27.97 
Mean 

Difference 25.01 51.47 79.59 97.10 

P-value 0.006 0.005 0.007 0.015 

 

According to all displacement results, a significant difference was observed between 

the two plates. Additionally, Figure 4.5 displays a box plot of the load-to-failure values 

for the two groups. The MP group required twice as much load to achieve a 

displacement as compared to the TP group. 

 

 

Figure 4.5: Boxplots of load-to-failure of two plates 
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Furthermore, the grippers manufactured for this study satisfactorily fixed the 

specimens without any cracking or breakage in all tests. Similarly, any cracking was 

not observed in the tile adhesive surrounding the bone samples during the test. 

The details of the parts of the system developed to prevent printing problems are as 

follows: The first part was printed on the Ultimaker Extended 2+ using 49 g of PLA 

material at a cost of approximately $1 and was completed in 4 hours and 2 minutes. In 

the second part, 71 g of PLA material were used, printed at $1.43 in 6 hours and 56 

minutes. These parts were successfully mounted behind the printer and the weight of 

the filament was tracked (Figure 4.6). 

An example of printing problems encountered is mentioned below. The printing 

process has been started on the printer for printing gripper parts. While the filament 

weight is initially 650 g, it decreases as time progresses. In the 3rd hour of printing, 

the rate of weight reduction slows down due to nozzle clogging. Since there was no 

change in the weight measurement after a predetermined amount of time, the printing 

was halted and the user was expected to intervene. 

 

 

Figure 4.6: Measurement data of filament weight while the printer is running 
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Through another developed system, possible problems that can emerge in the 3D 

printer were prevented such as filament breakage, clogging, and slippage of a part from 

the printer bed. The distance measurement graph obtained in real-time with the image 

processing algorithms during the printing process is shown in Figure 4.7. Each layer's 

nozzle-to-part distance was assessed, and if it was more than the threshold value of 

0.25 mm, printing was halted and the user was warned. During printing, this error 

occurred at the 54th layer number. 

 

 

Figure 4.7: Measurement of the distance between the nozzle and the part according 

to the layer number 

 

4.4 FE results of miniscrew applications 

The finite element results of miniscrew head designs and their application to the 

mandible are given together in this section. Firstly, Table 4.3 shows the analysis results 

for different head designs. The bracket head miniscrew had the lowest stress, whereas 

the button head miniscrew had the highest amount of stress. Compared to the results 

of the cross head and mushroom head, which were almost identical, the through-hole 
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head performed a little worse. The stress distributions of the miniscrews are shown in 

Figure 4.8. 

 

 

Figure 4.8: Stress distributions of Miniscrew head types isolated from bone block 

(cross head, mushroom head, button head, bracket head, through-hole head, 

respectively) 

 

Table 4.3: Analysis results for each model 

Miniscrew Head Designs Cross Mushroom Button Bracket Through-Hole 

Von Mises Stress (MPa) 16.41 17.40 22.40 5.67 13.66 

Total Deformation (mm) 1.02E-03 7.80E-04 8.03E-04 4.26E-04 1.23E-03 

Strain 1.66E-04 1.36E-04 1.45E-04 9.87E-05 1.45E-04 

 

The collar and head sections of the mushroom head, button head, and bracket head 

were the areas with the greatest concentration of stress, despite the fact that stress was 

distributed across the thread components in cross head and through-hole head 

miniscrews. The neck area of the mushroom head and button head had the greatest 

stress value. On the other hand, it was determined that more stress occurs on the bone 

block in the button head compared to the other models. In all models, the stress was 

induced in the upper approximately 2 cm of the bone block, and the highest stress was 
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at the top surface and the intersection with the miniscrew. According to simulation 

results, the bone block's maximum von Mises stresses were 4.25 MPa for the cross 

head, 2.47 MPa for the mushroom head, 3.99 MPa for the button head, 2.49 MPa for 

the bracket head, and 5.80 MPa for the through-hole head. 

According to the results of total deformation, the bracket head had the lowest 

displacement, whereas the through-hole head had the highest displacement. On the 

other hand, there wasn't much of a difference between button head and mushroom head 

miniscrews. The bracket head showed the least strain, as was the case with total 

deformation. However, the highest strain was calculated for the cross head miniscrew. 

The strain values in the button head and through-hole head were found to be almost 

indistinguishable. In Figure 4.9, all analysis results were combined and shown on a 

single figure by adding the colour scale to demonstrate the difference. Accordingly, 

Figures 4.9a to 4.9e show the stress distribution in the bone block by hiding the 

miniscrew. Figures 4.9f to 4.9j indicate deformed miniscrew models with a scale factor 

of approximately 1500. Finally, the strain results of the models are given in Figures 

4.9k to 4.9o. 

 

Figure 4.9: (a-e) Von Mises stress distributions of the miniscrew cavity, (f-j) Total 

deformations of miniscrew head types, (k-o) Equivalent strain results of miniscrew 

head types, for all images, from left to right, cross head, mushroom head, button 

head, bracket head, and through-hole head, respectively 
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Mesh convergence analysis was carried out by reducing mesh sizes from 2 mm to 0.5 

mm. Figure 4.10 displays the outcome of the mesh convergence analysis for the 

mushroom head miniscrew. As a result, the allowable change was reduced below 5% 

with around 239 thousand elements in a 0.5 mm mesh size, and iteration was 

terminated. Additionally, nearly 230 thousand elements were calculated with little 

variation in 0.5 mm after an investigation of all models was completed. Node and 

element numbers for all models are shown in Table 4.4. 

 

 

Figure 4.10: Mesh convergence analysis result for von Mises stress 

 

Table 4.4: Meshing details of all models 

Miniscrew Head 
Designs Cross Mushroom Button Bracket Through-

Hole 

Total nodes 327361 334906 332820 331841 317955 

Total elements 233030 238958 237563 236811 226359 
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Furthermore, the results of the analysis of different insertion methods on the mandible 

are mentioned in the following. In order to understand the impacts of insert angle, 

screw lengths, and force directions associated with the power arm on the mandibular, 

stress distribution and maximum von-Mises stress were determined. Maximum von-

Mises stress results for different miniscrew insertion conditions are shown in Figure 

4.11. Because there are 36 separate FE results in total, each main parameter's results 

are displayed as boxplots. Accordingly, the minimum and maximum stresses were 

determined at 18.61 MPa and 37.11 MPa for 6 mm and 10 mm lengths, respectively. 

On the other hand, the lowest stress was estimated at an insertion angle of 60°, while 

the maximum stress occurred at an angle of -15°. Furthermore, considering the force 

directions, the lowest stress was 60° and the highest stress was 45°. As inspected 

individually according to the miniscrew length, the highest stress at 6 mm was obtained 

as 25.03 MPa at -15° insertion angle and 30° force direction. On the other hand, a 45° 

insertion angle and a 60° force direction resulted in the lowest stress at 10 mm, which 

was measured to be 29.36 MPa. The maximum stress in 8 mm was calculated as 29.93 

MPa with 45° at both insertion and force angles, and the minimum stress was 21.44 

MPa with 60° at both insertion and force angles. 
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Figure 4.11: (a) Von Mises stress results of all models, (b) the graph of mesh 

convergence analysis for three models in different lengths 

 

The stress was more evenly distributed than in other situations in the 10 mm screw 

length with a -15° insertion angle, where the stress is highest. At a screw length of 6 

mm and an insertion angle of 60°, the mandibular surface is least affected by the stress 

distribution. In each case, it was discovered that the neck of the miniscrew was under 

the highest strain. On the other hand, the lowest stress points are towards the tip of the 

miniscrew. In addition, the stress distribution along the ramus on the mandible and the 

stress distributions observed only on miniscrews are shown in Figures 4.12a and 4.12b 
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for each condition, respectively. Moreover, for the convergence of results, sensitivity 

analysis was carried out by meshing them at various sizes ranging from 1 mm to 0.3 

mm (Figure 4.12). Accordingly, FEA software accurately predicted von Mises stress 

at the ninth iteration with a 0.3% error. 

 

 

Figure 4.12: (a) Sagittal view of stress distributions on the mandible according to 

insertion angles and miniscrew lengths, (b) Frontal view of stress distributions of 

miniscrew separated from mandible and teeth models 
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The findings of the statistical analysis carried out to compare each group to itself are 

shown in Table 4.5. Because each group had a normal distribution and homogeneous 

variances, the Tukey test was chosen. As a result, in contrast to the others, a significant 

difference between the miniscrew lengths was observed. According to the Tukey test 

in Table 4.6, there were significant differences in miniscrew lengths between 6 mm 

and 10 mm and 8 mm and 10 mm. On the other hand, no statistically significant 

difference in force directions or insertion angles was calculated. 

 

Table 4.5: Averages of von Mises stress values and statistical analysis results (* 

indicates statistically significant differences and the significant value was 0.05) 

 Variables Mean (MPa) ± SD (MPa) p-value 

Miniscrew 
Lengths 
(mm) 

6 22.99 2.35 
0.001 8 25.32 2.63 

10 33.11 3.35 

Insertion 
Angles (°) 

-15 28.11 5.94 

0.432 
45 27.59 4.66 
60 25.29 4.99 
90 27.57 5.43 

Force 
Directions (°) 

30 28.12 4.86 
0.679 45 27.75 5.33 

60 25.55 5.35 

 

Table 4.6: P-values for each condition (* indicates statistically significant differences 

and the significant value was 0.05) 

Miniscrew Lengths/ 
Force Directions p-value Insertion Angles p-value 

6 mm – 8 mm 0.120 -15° – 45° 0.997 
6 mm – 10 mm 0.001 -15° – 60° 0.674 

8 mm – 10 mm 0.001 -15° – 90° 0.996 
30° – 45° 0.983 45° – 60° 0.793 
30° – 60° 0.453 45° – 90° 1.000 

45° – 60° 0.559 60° – 90° 0.798 
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In this study, simulations were conducted on a computer with the Windows 10 

operating system, an Intel Xeon 3.50 GHz CPU, and 16 GB of RAM. Even though 

each model's computation time was different, they all required around 8 minutes and 

50 seconds. 
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Chapter 5 

Discussion 

In this section, the simulations performed for femoral head fractures and miniscrew 

stability to eliminate the deficiency in the literature and all processes and challenges 

confronted are discussed in detail. Although both simulation and experimental studies 

were carried out for femur fractures, only simulation was performed on miniscrew 

stability due to the lack of a measuring device and the tiny dimensions of miniscrews. 

Firstly, in the femoral head fractures, it was concluded that the FE results were 

remarkably similar to the experimental result. Accordingly, there was a 12.06% 

deviation between the simulation and the compression test for the left model and 

12.90% for the right model. In the following, similar studies in the literature were 

examined and their results were provided. Haider et al. calculated a minimum 9.6% 

and a maximum 14% average error between FEA results and experimental study [143]. 

According to another study using human cadaver femurs, the mean absolute deviation 

between the experimental study and the FEA was determined to be 22% [144]. As a 

consequence, it can be deduced that the deviation rate (≈12%) is comparable to that of 

previous research and even produce better results than some of them. In addition, 

maximum von-Mises stresses were determined in the femoral neck in left-right models 

for the predicted stress distribution by FE simulation (Figures 4.2a and 4.2b). 

Likewise, the femoral neck appeared to be where the fracture first emerged in the 

compression test (Figures 3.5c and 3.5d). 

Moreover, the results' correlation coefficients (R2=0.99) are higher than in prior 

research. Lengsfeld et al. found that the correlation coefficient between three different 

techniques that combine simulation and experimentation ranged from 0.91 to 0.94 

[145]. Similarly, Hambli and Allaoui (2013) reported that the correlation coefficient 

between experimental and FE simulation results in proximal femur fractures was 0.94 
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[146]. Trabelsi et al. (2011) reported a high correlation (R2=0.93) between patient-

specific FE data and experimental results on human femurs, in another study [144]. 

Femur fractures are relatively prevalent, especially in the elderly, and their surgeries 

can be particularly challenging [147]. Technologies that facilitate doctors' 

accountability have been developed and used in the healthcare industry over time 

[148]. This study has demonstrated how 3D printers may speed up a variety of daily 

tasks and deliver effective outcomes in the medical industry. It is also safe to use in 

the training of biomedical engineers and in the field of medical education. The 

democracy of 3D technology and material costs have been decreasing day by day. 

Students and lecturers will therefore be better equipped to comprehend the theory 

thanks to practical instruction [149]. 

The creation of anatomical models using 3D printers and FDM principles has been 

discussed in the literature from many different perspectives [150]. The affordable price 

of FDM printers is one of the causes [151]. However, they need a large number of 

anatomical models because FDM printers take a long time to produce and need support 

structures [152]. On the other hand, BJ, SLA, and SLS technologies may be used to 

print tissue architectures in reality. These methods can produce extremely satisfactory 

outcomes for delicate objects that demand attention to detail. The results of this study 

using BJ powder technology were obtained to be quite accurate, and the finite element 

analysis and experimental results were in agreement. Additionally, it has been 

demonstrated that faster printing is possible, and the cost of components created with 

BJ is fairly comparable to those made with other techniques. While the same models 

took roughly 3 days to print on an Ultimaker 2 Extended, the material cost was 

estimated to be around 370 g with 50% infill. In contrast, 197 g of the material was 

used in the BJ, and the printing process took roughly 3 hours. This time interval is 

about equivalent to one-twenty-fourth of all FDM printing. Considering the cost, 

model printing with FDM is roughly $22.5, including energy costs, whereas printing 

with BJ cost a total of $26. BJ has significantly faster printing times than FDM but is 

slightly more expensive overall. The printing duration is crucial for preoperative 

planning because patients should wait as little as possible [153].  
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One of the study's limitations is that bone phantoms can only be printed using the same 

powder material in Projet160, which results in the production of cortical and trabecular 

structures with identical material properties. However, by separating these 

components, high-resolution printing of the model can solve this problem. Through 

the use of a quite low layer thickness (0.1 mm) and a powder-filled printer bed, this 

printing technique may produce porous structures suitable for the 3D model of the 

femur bones [154]. The smaller layer thickness is feasible with the most recent SLS or 

BJ printers. Table 1.4 lists different powder technologies with resolutions that range 

between 10 and 150 µm [155]. In addition, because the BJ technique doesn't require 

support structures and the excess powders can be recycled, it also reduces wasteful 

material usage. On the other hand, compared to FDM, the main drawback of the 

powder technique is the part's weak mechanical strength. Depending on the material, 

FDM methods range in strength from 20 to 75 MPa (Table 1.4), BJ prints' strengths 

can reach up to 48 MPa after being impregnated with a specific binder made of 

polyester resins [156]. However, 3D models, which have a high strength, are not 

necessary for the aforementioned uses. In addition, compared to other printer 

technologies, because we are unable to use an SLA printer, a cost and time analysis 

could not be conducted. 

Producing a 3D image for the segmentation of CT images is quite simple using the 

free software in Table 1.6. The segmentation procedure, however, may vary depending 

on the CT equipment, the Hounsfield Unit (HU), the bone structure, etc. The threshold 

algorithm considers the HU value to be a level value, and the best value can be either 

indiscriminately or automatically determined [157]. Sometimes this value may not 

comprise hard tissue, and sometimes soft tissues may be contained. It is challenging 

to determine the threshold value since it might differ based on the radiological 

instruments and even from record to record. As a result, including the incorrect tissue 

in the model might lead to inaccurate findings. In this study, the most accurate model 

was produced by a layer-by-layer analysis of the image utilizing adaptive threshold 

and region-growing techniques. 

Furthermore, besides the 3D-printed bone model, different fixation methods were 

compared in the study with composite bone. The medial malleolus plays a significant 

role in supplying ankle stability; hence, the treatment technique is highly significant. 
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However, nowadays, there is debate regarding the best fixation technique. 

Orthopedists typically favor K-wire, tension bands, or screws as treatment options. 

The novel medial malleolar compression plate has the following benefits: 

• The medial malleolar plate delivers compression at the vertical fracture site 

because of its distinctive sliding mechanism. 

• The likelihood of skin issues is limited because of its low profile, and we 

believe that it won't need to be removed. 

• Owing to the strong fixation, it will be able to support weight-bearing and early 

ankle motions. 

• Numerous screw choices may be available. 

Limitations of composite bone models 

• Since the generations of composite bones are crucial in biomechanical studies, 

the latest generation will give the best results, but the cost is quite high. 

• This novel plate is not compared with hook plate. 

Moreover, in this thesis, in the process of printing the slider mechanism in 3D, solution 

methods for printer problems have been developed. The printing process on 3D 

printers is fraught with problems such as filament breakage, nozzle blockage, power 

failure, material shortage, or filament holder drop. For example, the filament flow is 

interrupted, and the printing process continues without melting the filament because 

the 3D printers cannot deliver this flow. This results in a waste of time because the 

printer is idle and the printing process is disrupted. A tracking system with a camera 

and weight measurement has been designed to address these kinds of problems. Hence, 

by stopping the extrusion flow and motor mobility, significant electricity costs are 

avoided. In addition, recently considering the increasing costs, filament losses are 

prevented. The aforementioned faults are detected early thanks to this study, and time 

lost is minimized by informing the user. The system monitoring the weight of the 

filament uses a load sensor to determine whether the filament is moving smoothly, 

giving the ability to identify problems with printing. Compared to other studies 

detecting printer errors, Straub has established a good approach, however huge costs 
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have emerged [158]. In addition, Lyngby et al. used complicated robotic systems by 

minimizing the cost [159]. While many image processing-based defect detection 

systems have been developed, a system that measures filament weight has not been 

designed yet. Both tracking systems simultaneously track the printing and successfully 

detect possible errors. Additionally, the system can be modified to work with many 

printer types as long as it doesn't interfere with 3D printer performance. 

In another study, on the effects of miniscrew head designs, the stress distributions were 

concentrated on the shanks of the miniscrews in cross head and through-head designs. 

This was assumed to be caused by the various collar styles. Since it was determined 

that collar and neck designs are crucial and their differences have a significant impact 

on the result. For instance, because of the smaller diameter design, the neck absorbed 

the maximum stress in the button design. This led to the conclusion that von Mises 

stress and neck diameter had an inverse relationship. Because the button head, 

mushroom head, cross head, through-hole head, and bracket head all had lower neck 

diameters of 1 mm, 1.3 mm, 2.2 mm, 2.83 mm, and 2.6 mm, respectively. The high 

neck diameter and hexagonal collar of the bracket design are two factors that 

contribute to its lower stress than the others. Additionally, compared to the through-

hole, which has a cube design, and the bracket, which has a hexagonal design, the 

results of von Mises stress are higher in the cross head, mushroom head, and button 

head, which have a cylindrical neck design. The hexagonal neck shape lowers the 

stress value despite the cross head and bracket head designs being near to one another. 

The stress distribution in the bracket head design was restricted to the miniscrew head 

and was unable to impact the miniscrew tip. One of the lowest von Mises stresses in 

this design was determined to be 2.49 MPa in the bone block. The mushroom head, 

with a von Mises stress value of 2.47 MPa, is another design with a low von Mises 

stress in the bone block. With a total length of 4.75 mm, the neck and collar 

components have the highest design, which prevents stress from spreading to the 

miniscrew tip. The bracket head, at 4.07 mm, is the next-highest length after the 

mushroom head. The load on the miniscrew head is increased in these two designs 

because the overall length of the neck and collar component is longer than the other 

parts. Additionally, the load is divided into four in cross and bracket head designs so 

that it is spread equally across the surfaces. Since the two stress values were so widely 

apart, the parameter's impact on stress was, however, rather modest. On the other hand, 
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with other head designs, the load is delivered along a cylindrical surface. Although the 

results from these models are quite similar, it cannot be established that only one 

parameter influences stress because there are several other factors that vary. However, 

applying force to different surfaces caused a change in the region where the stress is 

concentrated. Consequently, the stress in the cross and bracket head designs was 

concentrated at the corner points and finer trims, which may cause it to become more 

fragile. The distance between the bone surface and the applied load is another crucial 

factor. The cross head, mushroom head, button head, bracket head, and through-hole 

head all have a distance of 2.81 mm, 2.6 mm, 1.5 mm, 1.81 mm, and 2.15 mm, 

respectively. On the other hand, Table 4.3 shows that the order of highest stress values 

is button head, mushroom head, cross head, through-hole head, and bracket head, 

going from largest to smallest. The button head created the most stress while having 

the shortest distance. The maximum distance, on the other hand, was measured at the 

cross head, and an average stress value was determined. Hence, it is not possible to 

assume that the distance of the applied load to the bone surface and the resulting stress 

has a linear or inverse relationship. However, this variable showed that it had an impact 

on the findings of the research. 

All models had about 20,000 elements at the beginning, and there were about 230,000 

elements at the end of mesh convergence. These numbers are higher than those in prior 

research, which increases the computational time [138]. However, a small element size 

is required to converge the output and reduce the impact of a mesh size change to less 

than 5%. After mesh convergence analysis, von Mises stresses corresponding to 

previous studies were verified. By applying 2 N of force to a miniscrew head at a 90° 

insertion angle, Te-Chun et al.'s study, for instance, calculated von Mises stress as 

roughly 15 MPa [123]. The stress value from our study's cross head, mushroom head, 

and through-hole head designs is remarkably similar to this amount. Similarly, while 

they calculated the total deformation as 3 µm, our study determined approximately 

1µm of total deformation in the cross head and through-hole head designs. In the study 

of Letizia et al., von Mises stress was calculated as 5.6 MPa in the bone block when 

they inserted the miniscrew as perpendicular and applied 2 N to the miniscrew head at 

a force direction of 0º [124]. The highest von Mises stress value determined by our 

simulation was 5.8 MPa and was found in the bone block. Even though the FEA 

software used in the two research was different, highly similar results were found. The 
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von Mises stresses in Yushan et al.'s research to compare the thread properties were 

between 9 and 20 MPa with their designs similar to our cross head design [122]. 

Correlatively, in our study, the von Mises stress value was 16.41 MPa in the cross 

head. Considering all the results, they were very supportive of the validation stage of 

our models because we produced results that were comparable to previous research. 

There are some limitations to this study. The first is that the bone structure is not 

homogeneous and has anisotropic properties that show different characteristics 

everywhere. However, solving such a complex problem is tricky and requires more 

running time in FEA. Additionally, it takes a long time to establish the material 

qualities via image processing, and computed tomography scans of the maxilla or 

mandible are required. Thereby, the bone structure was simplified, and a bone block 

was used instead of a complex bone structure. The bone structure was represented by 

defining two material properties, cortical and cancellous, in the bone block. Although 

the cortical thickness in the literature varies, it was determined as 2 mm on average 

[123]. The effect of bone density on the results is not the focus of this study. In 

addition, it was demonstrated that this is not a disadvantage since the same bone block 

is used in all models. Another limitation is that the thread design is not included in the 

models. Studies deal with optimal dimensions by changing thread properties [122]. 

However, in this study, threads are not created to avoid problems in the contact regions 

and to ensure mesh convergence. Because contact meshes in the cavity of the bone 

block with the miniscrew threads are sometimes not detected, analysis cannot be 

solved. Not creating threads on all models does not cause a disadvantage because other 

dimensions are the same on all models except for the head designs. As a result, this 

study did not investigate more characteristic features by keeping the insertion angle, 

miniscrew dimensions, force direction, and bone properties constant. Since there are 

studies assessing and comparing these parameters, they are not the focus of this study. 

In this study, since the different miniscrew head designs available on the market were 

compared, their original dimensions and shapes were not modified. Among these 

designs, neck and collar geometries, head designs and dimensions, and force properties 

applied to the surface were discussed as a whole instead of examining their effects 

separately. However, investigating each of these parameters in detail will be beneficial 

for developing a more stable miniscrew in future studies. 
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Furthermore, in our other study, finite element models of the mandible and the 

miniscrew were created, and the stress patterns generated by the implants at the bone-

implant interface were assessed under different insertion angulations (-15°, 45°, 60°, 

and 90°) to the alveolar process bone, screw lengths, and force application directions 

by using the 3D finite element method. This study was performed on the mandible 

model to assess the effects on the mandible and to resemble the simulation as close to 

reality as possible, instead of assuming a representative bone block by simplifying the 

mandible. As in our previous study, studies have often used FEA on the bone block to 

compare various parameters and determine the stability of the miniscrew. Issa Fathima 

et al. investigated the stress produced by varying the miniscrew lengths and cortical 

thickness at various insertion angles. They claimed that the stress intensified as the 

miniscrew length extended and that the stress was lowest at an angle of 90° [125]. In 

an alternate study, Te-Chun et al. evaluated the von Mises stress on the bone block by 

changing a variety of miniscrew configurations. They also observed that as the 

miniscrew length increased, the stress increased as well [128]. In our conducted study, 

the stress increased as the miniscrew length went from 6 mm to 10 mm (Figure 4.11a). 

The lengthening of the miniscrew alone does not, however, outweigh other factors. In 

addition to miniscrew length, additional factors that affect primary stability include 

insertion angle, force direction, cortical thickness, and miniscrew diameter. For 

example, the results for 6 mm miniscrew length and a -15° insertion angle and 8 mm 

miniscrew length 60° insertion angles were almost the same. Thus, a variety of factors 

influence the outcomes of the simulation. In the study of Letizia et al. on the bone 

block, they calculated von Mises stress of approximately 31.2 MPa in the 8 mm 

miniscrew length and 90° insertion angle by applying 2 N to the miniscrew head [124]. 

We computed this value by simulating equivalent scenarios in our study, and it is 

exceedingly comparable to the 24.9 MPa stress. However, in their analysis, the 120° 

insertion angle had the highest stress value. In another study by Hamidreza et al., in 

which they compared the effect of thread on the bone block, the average of all different 

situations was 36.94 MPa at 0° force direction and 90° insertion angle at the same 

force and about 10 mm miniscrew length [127]. An average von Mises stress of 35.72 

MPa was calculated in our study using a 10 mm miniscrew with a 90° insertion angle. 

Additionally, they observed that the stress dropped as the force angle increased, which 

is consistent with the findings of our investigation. On the other hand, there are studies 
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using more complex simulations than bone block simplification. Hussein et al., who 

performed treatment planning on the mandible, determined von Mises stress as 26.5 

MPa by applying a 2 N compression force to 8 mm miniscrew length [126]. Similar to 

this, when positioned perpendicular to the surface with identical miniscrew 

parameters, our von Mises stress was measured at 25.63 MPa. In another study 

accomplished by Jason, an FEA model of the maxilla bone was created and inserted 

with an 8 mm length and 1.6 mm diameter miniscrew with three different insertion 

angles of 45°, 60°, and 90°. The lowest reported von Mises stress was 31.56 MPa at 

60° [141]. Our research reported that von Mises stress was lower than the others at a 

60° insertion angle for all screw lengths and force directions (Figure 4.11a). 

The results of statistical analysis show that the variation in miniscrew lengths is 

consistent with the findings of prior studies. In fact, it has been convincingly 

demonstrated that an increase in the miniscrew's length results in a considerable 

alteration in stress. In contrast, there were no noticeable changes in the insertion angles 

or force directions. In a similar way, Jason et al. found no significant difference in 

cortical bone stress at any insertion angle [141]. 

Prior studies often used varied angulations parallel to the vertical plane for the force 

delivered to the miniscrew head [127,128]. However, this is very difficult in terms of 

application, especially at angles like 60° and 120°, because the force is applied as a 

mixture of horizontal and vertical planes, to power the arm or bone directly. Therefore, 

in this study, 30°, 45°, and 60° varying angles according to the force arm length were 

investigated instead of changing the force in the vertical plane. 

Miniscrew success rates have been documented by several authors in the literature, 

however, the association between the angulation of miniscrew insertion and stress on 

the bone has not been sufficiently investigated [125]. The primary mechanical stability 

of miniscrews is greatly influenced by direct contact with bone. The invasion of 

inflammatory cells as a biological reaction does not occur in areas of direct contact. 

The mineralized bone tissue is in contact with the miniscrew one day after it was 

inserted, and osteoblasts are firmly adhered to the titanium implant surface. After about 

1-2 weeks, the bone resorbs in areas with direct bone contact and is replaced by newly 

formed living bone. Miniscrews remain clinically stable despite the temporary loss of 
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hard bone contact. However, under different conditions and depending on the 

application, it can be observed miniscrews failure or loss. This study demonstrated that 

using bigger miniscrew lengths and a -15° angulation would result in a higher failure 

rate. 

Various other factors that may play a role in the stability of miniscrews and affect the 

success rate have been investigated in the literature. First of all, the self-drilling 

miniscrew utilized in this investigation had a diameter of 1.6 mm and a head length of 

2.2 mm. Since they have more bone connections, drill-free screws were chosen. 

However, it has been advised to use the predrilling technique for inserting miniscrews 

into thick cortical bone [140]. In addition, miniscrews can be displaced within the bone 

during mechanical retention. Liou et al. reported that the miniscrews applied 400 

grams of force were extruded 1.0 - 1.5 mm in 7 of 16 patients and overturned [105]. 

Studies report that an average of 0.5 - 2.0 mm thick bone should be around miniscrews 

and authors suggested that miniscrews should be placed at certain distances from 

anatomical structures [160]. Moreover, Gracco et al. reported as a result of their FEM 

analysis that the lowest values of the maximum von Mises stress for a given level of 

osseointegration were calculated for 9 mm screws at the lowest miniscrew length in 

their study. The authors explained the reason for the increase in the magnitude of stress 

with the increase in the screw length is due to the increase in the bending moment 

acting first on the screw and then on the bone [161]. Therefore, in this study, the 

cortical thickness was determined as 2.5 mm in the FE modeling, and the inter 

radicular spaces between the first molar and the second premolar at a distance of 11 

mm from the alveolar crest were chosen as an optimal miniscrew insertion site [139]. 

The lowest stress values occurred at the shortest screw length of 6 mm, in line with 

previous studies. 
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Chapter 6 

Conclusion 

In this thesis, hard tissue-related finite element analyses were carried out. The first of 

these analyses was performed on femur fractures, and their experimental validation 

was provided. At the same time, how the femur samples will be obtained in 3D and 

the results of the compression test application have been compared statistically. 

Additionally, commercial composite tibia bones to find the best fixation technique in 

medial malleolus fractures have offered an alternative to 3D-printed bone models in 

the experimental study. Both models' benefits and drawbacks for use in preoperative 

planning, training, and biomechanical testing are thoroughly discussed. 

Simultaneously, a 3D-printed gripper that was appropriate for the study's test device 

was created, and occurred printing issues were overcome using a real-time monitoring 

system with image processing and measuring of filament weight. In addition, the most 

strength primary stability methods were investigated using FEA with various 

application methods for miniscrews, which have been frequently used in orthodontics 

recently. The following provides further information on the findings of these studies. 

The CT-reconstructed models were appropriately manufactured on a 3D printer. Since 

biomedical engineering is expanding in our country, it is essential that these 

technologies be understood and applied extensively. This thesis outlines the use of 3D 

printers to produce human or patient hard tissue. In the near future, anatomical models 

will be possible to be produced by means of the expansion of 3D printers in educational 

institutions. The biocompatible printer will produce implants and other medical 

devices that are used in the treatment of illnesses. It is essential for biomedical 

engineers to learn about this technology in this regard. Applications for 3-D printers 

will be available for usage in laboratories at universities with biomedical engineering 

programs, and teaching these technologies to students will be extremely beneficial for 
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their educational advancement. Therefore, in order to use 3D technology, proficiency 

with 3D software is required. Throughout the first year of undergraduate study, several 

institutions provide computer-aided drawing sessions, which are recognized for 

assisting students in understanding and utilizing contemporary technology. This 

research attempts to reveal the details of this mechanism's function in biomedical 

engineering. Additionally, the study's key findings are highlighted in the paragraphs 

that follow. 

• Between simulation and experimental data on femur fractures, there was an 

error of about 12%, which is rather similar to the literature. 

• In the compression test, the fracture line was located in the femoral neck, 

likewise in the simulation, high-stress values were found on the same line. 

• The correlation coefficients between simulations and experimental data 

(R2=0.99) are also higher than those of previous studies. 

• In areas where fast prototyping is critical, such as pre-operative planning, BJ 

or SLS printer technologies are superior in many ways despite being pricey. 

The following are significant inferences from the compression test on composite 

polyurethane bones. 

• In AO OTA type 44A2 malleolar fractures, the novel medial malleolar 

compression plate outperforms the conventional one-third semitubular plate 

with lag screws in terms of biomechanical properties. 

• In the MP group, twice as much force was needed to produce a displacement 

as in the TP group. 

• The sliding mechanism generated extremely beneficial results in applying the 

axial force precisely to the correct position in the compression test. 

In this study, there was significant demand for a sliding mechanism since there were 

so many samples of bone models. A lot of problems with 3D printers were found 

creating this mechanism. As a consequence, several problems have been resolved by 

the camera system created to rapidly intervene in incomplete printings. Additionally, 

it can be tracked in real-time via the application at any time and from any location. 

Also, this system can be utilized to create bone models for pre-operative planning or 



83 

 

similar purposes. As a result, in the case of a possible problem, both printing losses 

will be avoided with immediate action, and time losses will be compensated. On the 

other hand, for FDM-type printers, the filament weight tracking system alerts the user 

before the material runs out. By accomplishing this, in the event that there may be a 

material shortage, it can minimize the chance that a printer would use power in vain 

and that will encounter unforeseen circumstances. 

The following is a summary of the outcomes from the analysis of miniscrew different 

head designs. As a consequence of the study, the bracket head had the least amount of 

stress. In contrast, the maximum stress was determined at the button head. In the 

mushroom head, button head, and bracket head, the stress was concentrated mostly on 

the collar and head sections. The study's findings lead to the prediction that bracket 

head designs will raise the success rate of miniscrew treatments. However, only five 

prominent miniscrew head designs were used in this investigation. Future research 

should include other head shapes and a more complicated model. 

The study, which focused on the insertion methods and length characteristics of 

miniscrews, came to the following notable conclusions. 

• A total of 36 different FE models were simulated, including miniscrew lengths, 

miniscrew insertion angles, and forces in various directions according to power 

arm lengths. 

• The most suitable miniscrew length was determined to be 6 mm with a 60° 

insertion angle. 

• The failure rate in treatments may rise when the chosen miniscrew length gets 

longer for use on the mandible as a temporary anchoring because it generates 

more stress.  

• Although there was a significant difference between miniscrew lengths, no 

significant difference was observed in terms of insertion angles and force 

directions. 

• At a ventral insertion angle of 15 degrees, the maximum stress value was 

observed. 

• The shorter the power arm is used, the lower the stress occurs due to the 

increased force direction. 
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• A single parameter does not clearly dominate the others since several 

parameters affect miniscrew stability. The best conditions, nonetheless, are 

illustrated in this thesis. 
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