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Abstract 

Dense titanium implants have become a popular choice for orthopedic surgery due to their 

biocompatibility and corrosion resistance. However, they can cause stress shielding, which 

leads to bone loss around the implant due to the mismatch between the implant's higher 

stiffness and the lower stiffness of the surrounding bone. Stress shielding is a common 

problem in dental implantology. To address this issue, researchers have developed various 

strategies, including modifying the implant's surface properties or design, using materials 

with lower stiffness, and developing novel implant design such as using porous bioamaterials 

that can stimulate bone growth and regeneration around the implant. The use of the finite 

element method and mechanostat theory has been proposed to better understand the stress 

and strain distribution in the implant-bone interface and to develop strategies to minimize 

stress shielding. In this study, a finite element model with porous titanium and low stiffness 

was used to simulate the stress and strain distribution in a the bone and implant under 

different loading conditions. The mechanostat theory was applied to predict bone behavior 

and remodeling. However, the use of different implant stiffness was found to affect the strain 

intensity in the host bone. Our findings suggest that porous implants can promote bone 

ingrowth and enhance the implant's stability by allowing the bone to grow into the implant's 

surface. In addition, the finite element method and mechanostat theory can be useful tools to 

optimize dental implant design and prevent stress shielding in silico-analysis. 

Keywords: Porosity, titanium, finite element, dental implant, mechanostat, stress-shielding, 

bone atrophy, FGM, 3D modeling 

 



 الملخص: 

خيارًا شائعًا لجراحة العظام نظرًا لتوافقها الحيوي ومقاومتها للتآكل. ومع    ذات الكثافة العالية أصبحت غرسات التيتانيوم  

، مما يؤدي إلى فقدان العظام حول    stress shielding  الحماية من الإجهاد   هذه الغرسات ظاهرة  ذلك ، يمكن أن تسبب

الوقاية من الإجهاد مشكلة  المحيط.  للعظم  المنخفضة  العالية للغرسة والصلابة  التطابق بين الصلابة  الزرع بسبب عدم 

شائعة في زراعة الأسنان. لمعالجة هذه المشكلة ، طور الباحثون استراتيجيات مختلفة ، بما في ذلك تعديل خصائص سطح  

تخدام المواد الحيوية المسامية تصميمه ، واستخدام مواد ذات صلابة أقل ، وتطوير تصميم جديد للزرع مثل اسالزرع أو  

التي يمكن أن تحفز نمو العظام وتجديدها حول الغرسة. تم اقتراح استخدام طريقة العناصر المحدودة ونظرية الميكانيوستات  

لفهم توزيع الإجهاد والانفعال بشكل أفضل في واجهة عظام الزرع ولتطوير استراتيجيات لتقليل الحماية من الإجهاد. في 

لدراسة ، تم استخدام نموذج العناصر المحدودة مع التيتانيوم المسامي والصلابة المنخفضة لمحاكاة توزيع الإجهاد  هذه ا

للتنبؤ بسلوك العظام وإعادة   الميكانوستات  والانفعال في العظم والغرسة تحت ظروف تحميل مختلفة. تم تطبيق نظرية 

. تشير النتائج  له تأثير على توزيع الاجهادات على مستوى العظم  غرسات ذات صلابة مختلفةتشكيلها. وجد أن استخدام  

التي توصلنا إليها إلى أن الغرسات المسامية يمكن أن تعزز نمو العظام وتعزز استقرارها من خلال السماح للعظم بالنمو  

أدوات مفيدة   الميكانيوستات  المحدودة ونظرية  العناصر  أن تكون طريقة  ، يمكن  ذلك  إلى  بالإضافة  الغرسة.  في سطح 

 .منع الحماية من الإجهادلتحسين تصميم زراعة الأسنان و

Résumé : 

Les implants en titane denses sont devenus un choix populaire pour la chirurgie orthopédique 

en raison de leur biocompatibilité et de leur résistance à la corrosion. Cependant, ils peuvent 

provoquer une protection contre les contraintes, ce qui entraîne une perte osseuse autour de 

l'implant en raison de l'inadéquation entre la rigidité plus élevée de l'implant et la rigidité 

plus faible de l'os environnant. La protection contre les contraintes (Stress-shielding) est un 

problème courant dans l'implantologie dentaire. Pour résoudre ce problème, les chercheurs 

ont développé diverses stratégies, notamment en modifiant les propriétés de surface de 



l'implant ou la conception, en utilisant des matériaux avec une rigidité plus faible et en 

développant une nouvelle conception d'implant tel que l'utilisation de biomatériaux poreux 

qui peuvent stimuler la croissance et la régénération osseuses autour de l'implant. L'utilisation 

de la méthode d'éléments finis et de la théorie du mécanostat a été proposée pour mieux 

comprendre la distribution de contrainte et de déformation dans l'interface implantaire et pour 

développer des stratégies pour minimiser le stress-shielding. Dans cette étude, un modèle 

d'éléments finis avec du titane poreux et une faible rigidité a été utilisé pour simuler la 

distribution des déformations et des contraintes dans l'os et l'implant dans différentes 

conditions de chargement. La théorie du mécanostat a été appliquée pour prédire le 

comportement et le remodelage osseux. Cependant, l'utilisation de différentes rigidité 

implantaire s'est avérée affecter l'intensité de la déformation dans l'os. Nos résultats suggèrent 

que les implants poreux peuvent favoriser la dérivation des os et améliorer la stabilité de 

l'implant en permettant à l'os de se développer dans la surface de l'implant. De plus, la 

méthode des éléments finis et la théorie du mécanostat peuvent être des outils utiles pour 

optimiser la conception de l'implant dentaire et prévenir le stress-shielding en silico-analyse. 
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The skeletal system is a complex system contains mainly bones and cartilages, it protects the body’s 

vital organs. There are around 206 bones (excluding teeth) in a human skeleton [1], they occupy 

between 12% and 15% of the whole-body weight [2]. The bone tissue is multifunctional and 

biological material. When we talk about skeletal system in the context of biomechanics, we must 

always mention the interactions between joints, muscles, and bones. Our knowledge of the 

composition and characteristics of bones allows us to know their potential resistance, mechanical 

support and protection.  Figure I.1 shows the skeletal elements. 

 

Figure I.1 The skeletal elements [3]. 

I.1 Bones functions 

Bone's mechanical functions are by far the most well-known and researched.  The function of the 

bone is to adapt to avoid fractures caused by repetitive loading  (dynamic cyclic loading) at 
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physiological levels. Because of its strength and stiffness, the bone also serves as a form of 

protection for the body and play a central role in maintaining mineral homeostasis and 

hematopoiesis [2][4]. Research has shown that bones also perform an important endocrine function 

[5][6]. 

I.2 Composition of bones 

Bone is composed of an organic matrix, minerals and water. Organic matrix includes bone cells 

(osteoblasts, osteoclasts, and osteocytes) and materials made by osteoblasts: proteoglycans, 

glycoproteins and collagen. Minerals contains hydroxyapatite, calcium, phosphate and it make up 

about 65% of bone's weight, organic matrix about 25%, and 10% is water [7](Figure I.2). Bone is 

the primary calcium depot in the body, it is present in an amount of about 1000 grams and 99% 

with phosphate in the skeleton [8]. 

 

Figure I.2 The composition of the bone. 

I.3 Bone cells 

Bone is living tissue made up of different cell types (osteoblasts and osteoclasts) that either make 

new bone or destroy old bone, keeping bone homeostasis by a dynamic’s equilibrium of cells [3].  
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I.3.1 Osteoblasts cells 

The osteoblasts are secretory cells, responsible for the bone-production cells. They form a protein 

matrix called osteoid during osteoblastic activity [9]. Osteoblasts cells are small, nucleated and 

single cells (mono). 

I.3.2 Osteoclasts cells 

The osteoclasts are large cells as compared to osteoblasts; they are responsible for bone destruction 

(in bone removable processes). Osteoblasts cells are multinucleated [10]. 

I.3.3 Osteocytes cells 

Osteocytes are created when osteoblasts embed themselves in the bone's mineral matrix and take 

on characteristics. Osteocytes cells can release proteins to osteoblasts and osteoclasts cells. 

I.3.4 Osteogenic cells 

Osteogenic cells are cells that have a significant impact on bone growth and healing. These cells, 

which can be found in the bone marrow, are the forerunners of the more specialized bone cells 

(osteocytes and osteoblasts). 

 

Figure I.3 bone cells. 
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I.4 Bone remodeling, formation and resorption 

Bone remodeling (or bone metabolism) is the process of bone renewal and microdamage repair, it 

performed by groups of cells on a local level. Each cycle of bone remodeling lasts about 200 days 

[11]. The bone remodeling cycle begins with the activation of osteoclasts cells, which leads to a 

phase of bone resorption. After bone resorption period, osteoblasts cells go through a phase of bone 

formation. The bone remodelling is highly regulated, where bone turnover being higher at night 

and lower during the day. Endocrine hormones like cortisol, oxytocin, and melatonin, as well as 

local factors like peroxisome proliferator activated receptor Y and clock genes, control this cycle. 

As a result, the mechanical properties of bone tissue change because of agin, maturation, aging, 

pathologic processes.  

The process by which bones are shaped or reshaped by the independent action of osteoblasts and 

osteoclasts cells is known as bone modeling. 

 

Figure I.4 The process of bone remodeling. 

I.4.1 Loading and bone remodeling 

Bone remodelling and modeling in humans are load-driven, the mechanical loading such as strain 

is necessary for bone growth maintenance. Without mechanical loading, bone formation decreases 

and resorption increases  (atrophy state). Figure I.5 show the concept of bone remodeling in an 

alveolar bone.  
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Figure I.5 Alveolar bone remodeling in orthodontic tooth movement (OTM) [12]. 

I.4.2 Wolff’s law 

Wolff’s law [13] state that the bone tissue can adapts in size and shape to external physiological 

loading under which it is applied, and that bone will remodel itself over time. Wolff stated the 

relationship between principal stress (or strain) and internal bone tissue. 

I.4.3 The mechanostat theory of Frost 

Harold Frost proposed the mechanostat theory in the 1980s [14], he described how bone behaves 

and responds differently under mechanical stimuli  based on microstrain levels.  The five 

fundamental principles of the mechanostat theory [15] are illustrated in Figure I.6. 

 

Figure I.6 The five fundamental principles of the mechanostat theory of Frost. 
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I.5 Osteoporosis 

Osteoporosis is a bone metabolic disease and the most common bone disorder associated with low 

bone mass and characterized by bone architectural deterioration, resulting in bone fragility and 

increasing the risk of fracture [16].  The major cause of osteoporosis is unbalanced bone 

remodeling, when bone resorption exceeds bone formation. There are primary osteoporosis and 

secondary osteoporosis. Primary osteoporosis usually occurs in older people (50 years or above), 

this is often due to decreased estrogen hormones after menopause [17].  Secondary osteoporosis 

occurs as a result of some medications that cause low bone mineral and it more common in men 

than in women [18]. There are other bone disorders than osteoporosis, such as Paget's disease, 

osteosarcoma, osteogenesis imperfecta, and Ricket's disease, which are all distinct from normal 

bone architecture. Figure I.7 shows the comparison of normal and osteoporotic bones. 

 

Figure I.7 Comparison of normal and osteoporotic bones [19]. 
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Figure I.8 bone resorption versus bone formation in health and osteoporotic bones 

I.6 Bones as multiscale material 

bone is organized in a hierarchical structure. To better understand this structure, its best to evaluate 

bone at three levels from nano to macro scales. 

I.6.1 The nanoscale structure of bone 

At nanoscale, bone is nano biocomposite, it’s constituted of type I collagen elastic fibrils that 

biomineralized with hydroxyapatite crystals.  Any disturbance at the level of these molecules may 

lead to poor bone quality [20]  . 

I.6.2 The microscale structure of bone 

Most bone types display either woven or lamellar tissue at the microscale. The lamellar bone is a 

type of tissue that can be primary or secondary, and its typically easily identifiable [21]. Around 

the periosteal and endocortical surfaces, lamellae are structured circumferentially [22]. Figure I.9 

show the woven and lamellar bones. 
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Figure I.9 The woven and lamellar bones at microscale level [23]. 

I.6.3 The macroscale structure of bone 

Bones are classified at the macroscopic level into cortical bone (compact bone) and cancellous 

bone (trabecular bone because it’s made up of trabecular struts), each with its own functions and 

characteristics. 

I.6.3.1 Cortical (Compact) bone 

Cortical bone is the most solid and dense tissue, it represents around 80 % of the total skeleton 

[24]. Cortical bone encapsulates trabecular bone, it’s structurally well-organized, densely packed, 

stiffer, and texturally smooth [25]. It can withstand higher stresses. 

I.6.3.2 Cancellous (trabecular) bone 

Cancellous bone is also called spongy bone or trabecular bone, its covered by cortical bone. It’s 

porous composite material which has the texture of a meshwork of bone (trabeculae) with many 

interconnected gaps that contain red bone marrow, this meshwork allows it to store a lot of energy 

of bone marrow imparted by loading impacts  [25]. Figure I.10 show the hierarchical structure of 

bone. 
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Figure I.10 The hierarchical structure of bone [26]. 

I.7 Mechanical properties of bone tissue 

Mechanical testing and methods have been a direct way to assess the mechanical behavior of bone 

tissue, these methods based on the fundamental principles of material strength (mechanics of 

materials), continuum mechanics and fracture mechanics.  

When bone tissue is subjected to external forces, the response of the tissue depends on a number 

of factors, such as the type of loading (tensile, compression, shear, bending or combinations), the 

nature of the loading (loading continuous monotonic, cyclic), and loading magnitude. Mechanical 

tests quantify stresses, displacements, and deformations, which are fundamental variables that 

explain bone characteristics’ and have been examined at various length scales using a variety of 

methodologies. 

I.7.1 Elasticity 

Based on linear theory of elasticity, the elastic behavior characterizes the reversible deformation, 

i.e. the initial dimensions of the sample can be returned after removing the applied load. It can be 

mathematically described by the generalized Hooke's law. 
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The bone tissue is an exception, it doesn’t obey Hook’s law because its bio-composite material and 

the relation between stress and strain is nonlinear. Therefore, the material behavior of bone tissue 

(cortical and cancellous bones) is anisotropic. Anisotropy property means different properties in 

different directions. Several studies have evaluated the orthogonal or anisotropic mechanical 

properties of bone tissue [27][28].  

I.7.2 Cortical bone 

The longitudinal elastic modulus of cortical bone was found to be greater than the transverse elastic 

modulus, thus, cortical bone can be considered as a transversely isotropic material [27][29]. Figure 

I.11 show the stress-strain curve for bovine cortical bone. The mechanical characteristics of cortical 

bone span a wide range of values influenced by a variety of factors including age, gender, animal 

species dissimilarity, and testing methods used. For example, the stress-strain curves of bones with 

and without osteoporosis under tensile testing have a different pattern, as shown in Figure I.11 

The mechanical property parameters of the two stress–strain curves of Figure I.12 are listed in 

Table I.1. Moreover, there is a lot of data that varies from one study to another. 

 

Figure I.11 Stress–strain curves for cortical bone tested along the longitudinal direction [30]. 
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Figure I.12 The stress–strain curves of bones with and without osteoporosis [31]. 

Cortical bone's mechanical characteristics vary with strain rate ( ). In general, stiffness and 

strength increase as the strain rate increases  .This is a bone characteristic. It's a viscoelastic 

material. Furthermore, studies showed that the ultimate strength is more sensitive to strain rate than 

elastic modulus [32]. The Young's modulus is relatively constant, as shown in Figure I.13. 

 

Figure I.13 Stress-strain curves of rib bone for each decade at 0.005 strain/s (left) and 0.5 strain/s (right) 

[32]. 

Table I.1 Mechanical properties of normal and osteoporotic bones [31]. 
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Name of the Mechanical Property 

Parameter 

Osteoporotic bone Normal bone (without 

osteoporosis) 

Range of the elastic region (in strain) 

(m/m) 

0–0.0063 0–0.0043 

Range of the plastic region (in strain) 

(m/m) 

0.0063–0.0089 0.0043–0.0129 

Proportional limit (in stress) (MPa) 77.0934 80.3718 

Elastic limit (in stress) (MPa) 88.3528 98.6828 

Failure strength (in stress) (MPa) 94.9280 116.9657 

Brittleness coefficient (Dimensionless) 0.7079 0.3333 

Modulus of resilience (MJ/m3) 0.3394 0.2450 

Modulus of toughness (MJ/m3) 0.5778 1.1751 

Modulus of elasticity (MPa) 18283.2314 27544.2425 

Tangent modulus (MPa) 2490.2230 2118.0671 

Strain hardening parameter (MPa) 2882.8784 2294.5076 

 

I.7.3 Cancellous bone 

In cancellous bone, the strength is greater in compression rather than in tension and lowest in shear, 

just like in cortical bone. The linear elastic region in cancellous bone is not clear because the 

nonlinearity is present at low stress levels [9]. Several studies have found that the Young's modulus 

ranges between 0.8 and 16.9 gigapascals [33], for many considerations, such as measuring 

methods, mechanical testing (bending, tensile, compression), ultrasonic methods, nanoindentation, 

finite element method.  The study on samples from different anatomical sites also gives different 

results. For example, it has been reported that the Young’s modulus varies between the mandible, 

tibia, vertebra, and femur [34][35]. 
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I.7.3.1 viscoelasticity  

Bone has a viscoelastic behavior same as cortical bone, due to many factors, including the 

properties of collagen and movements of fluids within the pores, as well as the organization of 

hierarchical tissues. Both cortical and cancellous bones exhibit creep and stress relaxation, phase 

lag between stress and strain during oscillatory loading [36].  Both exhibit strain rate sensitivity 

when subjected to loading. Bone viscoelasticity has been evaluated beyond the elastic limit by 

many researchers [37][38]. Aging and diseases can alter the viscoelastic behavior of bone, which 

can cause fragility and damage [39]. 

I.7.3.2 Bone mass and density 

Bone mineral density (BMD) is the amount of calcium in a given volume of bone material. This 

measurement makes it possible in particular to determine the mechanical behavior, it is measured 

by X-ray diffraction. Since the density influences the stiffness considerably, this means that the 

Young's modulus varies according to the density. It’s very important to test bone mineral density 

of those who have osteoporosis. Figure I.14 show an example of the relationship between bone 

density and Young’s modulus. Many scientific research have worked this relationship.  
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Figure I.14 Relationship between the density and elastic modulus [40]. 

I.8 The masticatory system 

The masticatory system is a complicated functional unit associated with teeth, bones (the mandible 

or lower jaw, the maxilla or upper jaw), temporomandibular joint (TMJ), and the muscles directly 

or indirectly involved in mastication (Including lips and tongue) [41]. The mastication system is 

the series of actions from swallowing to ingestion. Understanding the biomechanical functions of 

the jaw is very important  in clinical dentistry. Hence, dentists must know how mastication normally 

occurs. Today, these  functions have become clear and have a great importance in prosthodontics, 

orthodontics, dentofacial orthopaedics, periodontics, Oral and maxillofacial pathology, and 

surgery. 

I.8.1 The upper jaw 

The upper jaw also knows as maxilla, its facial fixed bone which contains the maxillary sinus and 

divides the nasal and oral canals. The maxilla holds the upper teeth and supports the nose. 
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I.8.2 The lower jaw 

The lower jaw also knows as mandible, it’s the largest bone in the human skull, It helps with 

chewing, maintains the position of the lower teeth, and defines the lower jawline. The mandible is 

inferior to the maxilla and is composed of a body, ramus, condyloid (mandibular condyle) and 

coronoid process.  Figure I.15 depicts a human's lower jaw. 

I.8.3 The temporomandibular joint 

The temporomandibular joint is formed by the condyloid process and the mandibular fossa the 

temporal bone.  

 

Figure I.15 The lower jaw. 
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I.8.4 Chewing physiology 

Mastication is the very complex mechanical and rhythmic act during which, the food is cut, crushed 

then ground by a synergistic work of the teeth, lips, cheeks and tongue, under the action of saliva. 

Many systems are involved in chewing including teeth, tongue and muscles. Teeth for cutting, 

tearing and crushing. The tongue plays a part in the mastication system as well; it shifts food from 

right to left so that the molars can grind it. The most crucial muscles for mastication function are 

the temporal (anterior and posterior), masseter (superficial and deep), medial pterygoid, lateral 

pterygoid (superior and inferior), and digastric muscles. The masticatory muscles are depicted in 

Figure I.16. 

 

Figure I.16 Muscles involved in mastication [42]. 

Chewing force is usually measured using strain gauges or with a gnathodynamometer, which is a 

dental medical instrument. An Italian professor used it for the first time in 1681 [43]. A human's 

biting force is approximately 500 N on average [44][45]. Numerous studies have discovered that 

the maximal voluntary biting force (MVBF) is a reliable indication of masticatory function 

[46][47][48]. 
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I.9 Age-related tooth loss 

Teeth are important for chewing food, speaking, communicating socially, loosing these essential 

structures may have a negative effect on people’s quality life. In general, tooth loss appears to be 

linked with older age. Many previous studies [49][50]  have evaluated the risk factors of tooth loss, 

dental caries and periodontal disease are two main causes of tooth loss. Figure I.17 show the bone 

resorption in mandible bone because of tooth loss. 

 

Figure I.17 The anatomy of mandible bone due to the tooth loss 

I.10 Edentulous patient complications 

Edentulism, often known as tooth lessness, is the absence of teeth (complete tooth loss). The World 

Health Organization identified edentulism as a significant global public health problem that has a 

significant impact on both oral and general health status [51]. Additionally, edentulous patient have 

a higher chance of developing several systemic diseases such as chronic kidney disease ..etc. 

Therefore, researchers in the field of oral health care are working to prevent tooth loss by promoting 

oral health, or even by replacing missing teeth with various prosthodontic procedures. 
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I.11 Removable Partial Dentures 

Patients with missing tooth can be treated with different types of prostheses. Removable partial 

dentures are common option of restoration for partial dentition. It is commonly utilized in clinical 

practurce. Kennedy (1925) divided removable partial dentures into four categories  [52] based on 

where the edentulous space was in patients with tooth loss. The Kennedy categorization of 

removable partial dentures is shown in Figure I.18. 

 

Figure I.18 Kennedy classification of removable partial dentures. 

(a) Class I: Bilaterally located edentulous spaces, posterior to natural teeth. 

(b): Class II: A unilateral edentulous space located posterior to natural teeth. 

(c): Class III: A unilateral edentulous space with natural teeth remaining both anterior and 

posterior to it. 

(d): Class IV: A single, but bilateral (crossing the midline) edentulous space located anterior to 

the remaining natural teeth. 

I.12 Conventional Denture Prostheses 

Conventional denture prostheses are removable prostheses that rehabilitate the whole dentition  .

Partial and complete edentulism can treated with conventional dental prostheses.   Nowdays, these 

prostheses are well fabricated due to the introduction of CAD/CAM (Computer-aided 

(a) (b) (c) (d)
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design/computer-aided manufacturing) technology in dentistry [53], from data acquisition to 

fabrication (Figure I.19).  

 

Figure I.19 Main process for denture prostheses fabrication. 

I.13 Implant dentistry 

Implant dentistry is a branch of general dentistry, concerned with replacing teeth with prosthetics 

(implants), as well as oral surgery. The practice of modern implant dentistry has developed 

throughout years, especially since osseointegration was discovered by Branemark [54]. Nowadays, 

advancements in digital dentistry, accurate and precise diagnostic tools, such as three-dimensional 

imaging, and proper treatment planning, which is essential to any clinical process, have all been 

made possible by new understanding to provide the best treatment outcomes.  The demand for 

implant therapy has increased from the public for aesthetic reasons, 

I.13.1 Implant-Supported Prostheses 

A key element of contemporary prosthodontics is the dental implant, as it has replaced removable 

prostheses. It was proved that any patient wearing an adaptable denture may benefit from implant 

prosthodontics as a viable treatment option, provided the requisite systemic and local requirements 

for implant treatment can be satisfied. The availability of implants offers new approaches to solve 

problems caused by missing teeth. 

Data acquisition Designing (CAD) Fabrication (CAM)
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I.13.2 Structure of the dental implant system 

The components of a dental implant include the crest module, apex, body, abutment, crown, and 

screw. The crest module is the top part of the implant, and it sits above the gum line. The apex is 

the bottom part of the implant, and it's inserted into the jawbone. The body of the implant connects 

the crest module and the apex. The abutment is a small connector that attaches to the implant body, 

and it supports the crown. The crown is the visible part of the implant, and it resembles a natural 

tooth. The screw is used to secure the abutment to the implant body, and it has threads that match 

the pitch, width, and depth of the implant. All of these components work together to create a stable 

and durable replacement tooth that looks and functions like a natural tooth. The components of 

dental implants are shown in Figure I.20. 

 

Figure I.20 Structure of dental implant system. 
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I.13.3 Osseoinegration 

Osteocytes grow directly into titanium implants, resulting in complete integration of the foreign 

body into the bone. This phenomena called osseointegration (the term: “functional ankylosis” is 

also used), it was discovered by Branemark [54]. Due to this scientific fact, dental implants as well 

orthopaedic implants have been developed with great clinical performance. Studies have shown 

osseointegration occurs through a uniform and complex process that can take several months. 

Stages of the osseointegration process are determined biologically [55]. After implant placement, 

comes the first stage which is the formation of woven bone around the implant (inert object), it can 

rapidly form a trabecular scaffold and vascular network (compared to trabacular bone, newly 

woven bone is noticeably darker). Stage 2 involves reinforcement of the primary spongiosa, with 

deposition of parallel-fibered and lamellar bone, this stage consists of adaptation of bone mass to 

load. Stage 3, beginning around 12 weeks, consists of bone modeling and remodeling (adaptation 

of bone structure).  

 

Figure I.21 Different ultrastructural arrangements between bone and implant [55].  

There are plenty of biomaterials that are used in implantology. Titanium and titanium alloy 

(Ti6A14V) have been the most widely used of these materials.   Figure I.21 describes the 

ultrastructural contact between implant and bone from different experimental and clinical 

conditions (literature). The implant surface is surrounded with osteonal/lamellar bone, osteoclasts 
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(OC) and osteocytes (OT) are also welded directly with implant, as illustrated in Figure I.22 

Moreover, at the interface between the implant surface and bone, complex physical and chemical 

reactions occur at multiscale. Many cells are involved in the process of osseointegration  (Figure 

I.23) 

 

Figure I.22 Bone-Ti implant interface [55].  
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Figure I.23 Process of osseointegration. 

I.14 Implant stability 

I.14.1 Primary stability 

Primary stability is defined as the mechanical anchorage immediately after implant insertion. It is 

obtained by surface of contact between the implant and bone. It is crucial for the development of 

osseointegration [56] and helps determine the implant's prognosis, which in turn influences the 

selection of the best loading protocol. The quality and quantity of the contact area between the 

implant and the bone provide primary stability. The contact area can be measured in percentage. 

Several factors related to the bone (bone quality and quantity) and implant type (implant length, 

diameter, surface type, and macro design) influence the bone implant contact (BIC). Low-density 
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trabecular bone (more porous) has a lower of BIC and can lead to uneven and concentrated force 

distribution from implant to bone which can result to excessive microstrain, implant mobility and 

failure. Overall, higher bone density has a higher BIC, and consequently, the greater the bone 

density, the greater the primary stability. Primary stability of implants is considered a prognostic 

factor for osseointegration and an indication of bone quality [57]. The implants macro-design might 

represent a key factor on primary stability. A study has showed that implants with a more 

aggressive thread distance could increase primary stability [58]. 

I.14.2 Secondary stability 

Secondary stability refers to the formation of new bone around the implant. After implant 

placement, the bone surrounding the newly placed implant is reorganized, and during this process, 

primary stability is gradually replaced by secondary stability. Secondary stability is given by the 

level of osseointegration. This refers to the concept of an anatomical and functional junction 

formed directly between the living bone and implant without the presence of fibrous matter. Figure 

I.24 shows the primary and secondary stability in function of time. 
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Figure I.24 Primary and secondary stability in function of time. 

In the trabecular bone, secondary stability begins with the formation of a blood clot, filling the gap 

between the implant and remaining bone. The fibrinogen in the blood attaches to the implant, 

allowing for preferential adsorption of platelets to the implant surface, and their immediate 

degranulation, releasing factors attracting undifferentiated cells to the site.  

Various techniques have been used to assess implant stability during osseointegration and at the 

time of insertion. Resonance frequency analysis (RFA), developed by Meredith et al. in 1996 [59], 

is a non-invasive technique for examining the stability and stiffness of the implant-bone interface. 

The implant stability quotient (ISQ), which runs from 1 (lowest implant stability) to 100 (best 

implant stability), is used to quantify implant stability. Successful implantation has reported ISQ 

levels ranging from 57 to 82 [60]. However, to achieve adequate implant stability, ISQ values 

during implant insertion should be lower than 60 [61]. Figure I.25 illustrates the surgical procedure 

to measure the implant stability.  
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Figure I.25 The resonance frequency analysis (RFA) [56]: (A) insertion of the measurement adapter, (b) 

resonance frequencies measured with the device, (c) implant with adapter in situ, (D) RFA-measurement 

from the vestibular side, and (E) implant stability meter with implant stability quotient (ISQ) values for the 

evaluation 

I.15 Mandibular bone Quality 

Several types of mandibular bone and several classifications according to its densities and 

compositions have been recognized and make it possible to determine their quality and quantity. 

The crestal cortical bone thickness and the inner cancellous bone density determine the amount and 

quality of the host bone.  

The structure of the mandibular bone is classified by four qualities according to Lekholm and Zarb 

(1985, [62])  as shown in the Figure I.26. 
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Figure I.26 Classification of Lekholm and Zarb. 

The remaining alveolar bone was divided into four types: 

Type 1: A homogeneous and compact tissue essentially composes the bone.  

Type 2: A core of dense cancellous bone surrounded by a thick layer of compact bone.  

Type 3: A core of dense cancellous bone surrounded by a thin layer of cortical bone.  

Type 4: A core of low-density cancellous bone surrounded by a very thin layer of cortical bone. 

Subsequently, Mish [63] proposed a classification of bone density based on clinical drilling. He 

measured bone density in Houndsfield units (HU) for different mandibular sites, Table I.2 shows 

the five types of densities (D1-D5) identified by Mish in different jaw positions.  

Table I.2 Bone density classification by Misch. 

Bone density Description Location 

Density 1 Dense cortical bone Anterior mandible 

Density 2 Porous cortical bone and dense 

trabecular bone 

Anterior and posterior mandible 

Anterior maxilla 

TYPE 1 TYPE 2 TYPE 3
TYPE 4

Mandible – cross section.

Cortical bone Trabacular bone
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Density 3 Thin and porous cortical bone and 

thin trabecular bone 

Anterior and posterior maxilla 

 

Density 4 Thin trabecular bone posterior maxilla 

 

Density 5 Non-mineralized bone - 

To measure bone density, computed tomography (CT) has been utilized frequently. CT axial 

images have 260,000 pixels, each pixel in a CT image has a certain HU level which is associated 

with the density of the bone tissue. Table I.3 shows the classification of bone density by Misch 

and Lekholm and Zarb based on computed tomography scan. 

Table I.3 Classification of bone density by Misch, and Lekholm and Zarb based on Hounsfield units by 

CT scan. 

Mish Bone Density Bone density range 

(HU) 

Lekholm and Zarb 

Bone Quality 

Bone density range 

(HU) 

D1 >1250 HU Q1 >850 HU 

D2 850–1250 HU Q2 500–850 HU 

D3 350–850 HU Q3 0-500 HU 

D4 150–350 HU Q4 <0 

D5 <150 HU - - 

I.16 Marginal Bone loss 

Marginal bone loss has been one of the criteria to define implant success (the most referred 

definitions of implant success are permissive of a 1 mm marginal bone loss (MBL) for the first 

year and an annual rate of 0.2 mm in next years). Early bone loss, considered to be mainly 

physiological, happens rapidly during the early healing phase from implant installation to one year 

after loading [58]. [59]. Early bone loss may cause periimplantitis, which is frequently thought of 

as the initial stage before progressive bone loss, it can be be influenced by many factors such as 

implant position, occlusal loading, implant-abutment connection type, plaque accumulation, 
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implant macrodesign, neck design, smoking, bone quality and quantity, abutment height [59]. 

According to a systematic review [64], osseointegrated dental implants with internal connections 

exhibited lower marginal bone loss than implants with external connections. Another review [65] 

indicated that cement-retained, fixed implant-supported restorations showed less marginal bone 

loss than screw-retained. On the other hands, a meta-analysis showed that micro thread design in 

the implant neck can reduce the amount of MBL (Marginal bone loss) [66]. 

 

Figure I.27 The measurement of marginal bone loss (MBL) based on radiography [67]. 

Figure I.27 shows the measurement of marginal bone loss (MBL) on dental radiography. The 

reference points for the measurements are the implant platform (the horizontal interface between 

the implant and the abutment), the implant tip, and the first bone-implant contact (FBIC). The 

length from the implant platform to the FBIC defines the marginal bone level. The marginal bone 

level is measured in mm using the ratio of the real implant length and the length from the implant 

platform to the tip on the images. 

I.17 Implant success 

Several criteria have been proposed to evaluate the osseointegration and implant success. The most 

recognized criteria were established by Albrektsson et al. [68] Initially, accepted vertical bone loss 

was set at 1.5 mm during the first year and 0.1 mm for the following years. These criteria were 
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later revised, and the accepted vertical bone loss was changed to 0.2 mm annually after the first 

year of service [69]. 

Criteria for implant success [70]: 

– An individual unattached implant is immobile when tested clinically.  

– The radiograph does not demonstrate any evidence of preimplant radiolucency.  

– Vertical bone loss is less than 0.2 mm annually after the first year of service of the implant.  

– Individual implant performance is characterized by an absence of persistent or irreversible signs 

and symptoms such as pain, infections, neuropathies, paresthesia, or violation of the mandibular 

canal.  

– Success rates of 85% at the end of a 5-year observation period and 80% at the end of a 10-year 

period are minimum criteria for success. 

I.18 Dental biomaterials 

Biomaterials are substances that interact with the human or animal body for therapeutic reasons, 

such as replacing a damaged part part of the body. Modern biomaterials are one of the main features 

that have increased the quality and duration of human life, especially after excessive research in 

vivo and vitro. Over the past years, several biomaterials (ceramics, metals, polymers) have been 

used to treat, restore and replace more different parts of the human body, including skin, muscle 

tissue, blood vessels, nerve fibers, bone tissue. The current state of the implant market can be 

viewed as an expectation of a massive invasion of new ideas and materials. Therefore, biomaterials 

must have certain biological, mechanical, chemical properties. According to the nature of the 

body's response to the implant, biomaterials are classified as bioinert (non-toxic but biologically 

inactive), bioactive (biologically active and osseointegrated with bone tissue), biocompatible 

(Figure I.28). Nowadays, biomaterials are an integral part of dentistry and can offer a unique bone 
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and soft tissue regeneration system for use in implantology, oral surgery, maxillofacial surgery and 

periodontology. 

 

Figure I.28 The main characteristics of effective biomaterials. 

I.18.1 Bioinert 

The body will not interact in any manner with bioinert materials when they are ingested, and the 

materials themselves will not be affected. This is the first extreme stage with such full inertness in 

terms of chemical and biological processes. 

I.18.2 Bioactivity 

The second stage is bioactivity of the materials, it can form a biochemical link with the body as 

soon as they enter, for example taking part in tissue regeneration. Bioactive materials release ions 

or molecules that promote the attachment and growth of cells and tissues, leading to improved 

healing and integration of the implant with the surrounding tissue. Examples of bioactive materials 

used in dental implants include calcium phosphate ceramics, which can stimulate bone growth and 

improve osseointegration, and bioactive glass, which can promote the formation of a layer of 
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hydroxyapatite on the implant surface, leading to improved bonding with surrounding tissue. The 

development of bioactive dental biomaterials has the potential to significantly improve the success 

rates and long-term outcomes of dental implant procedures. 

I.18.3 Biocompatibility 

A biomaterial used in dental implants must be biocompatible, meaning that it should not cause any 

adverse reaction in the human body. This includes inflammation, infection, or rejection. Titanium 

and its alloys are the most commonly used materials for dental implants due to their excellent 

biocompatibility. They have been extensively studied and found to be safe for use in the human 

body. In addition to titanium, other materials such as zirconia and ceramics are also used in dental 

implants, and have also been found to be biocompatible. The biocompatibility of a biomaterial used 

in dental implants is critical for the long-term success of the implant, as it ensures that the implant 

can function properly without causing any harm to the patient. 

I.18.4 Biostability and biodegradability 

Biostability and biodegradability are two important properties that must be considered when 

selecting biomaterials for dental implants. Biostability refers to the ability of a material to maintain 

its structural integrity and physical properties over time without undergoing significant degradation 

or breakdown. This property is crucial in ensuring that the dental implant remains stable and 

functional for an extended period of time, without deteriorating or causing any harm to the 

surrounding tissues. Materials such as titanium and ceramics are known for their excellent 

biostability, making them suitable for use in dental implants. On the other hand, biodegradability 

refers to the ability of a material to be broken down and absorbed by the body over time. 

Biodegradable materials are advantageous in that they eliminate the need for implant removal 

surgery, which is necessary when using non-degradable materials. However, biodegradable 
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materials must also be carefully selected to ensure that they degrade at an appropriate rate, and that 

their degradation products do not cause any adverse reactions in the body. Biodegradable materials 

such as polymers are being developed for use in dental implants, but more research is needed to 

assess their biocompatibility, biodegradability, and long-term effectiveness. In conclusion, a 

balance between biostability and biodegradability must be struck when selecting biomaterials for 

dental implants, to ensure optimal patient outcomes. 

I.19 Biomaterials Class 

Biomaterials are materials that are specifically designed to interact with biological systems, such 

as living tissues or organs. They are used in a wide range of medical applications, including dental 

implants, orthopedic implants, drug delivery systems, and tissue engineering. Biomaterials can be 

classified into several categories based on their chemical composition, structure, and properties. 

One way to classify biomaterials is based on their origin. Naturally-derived biomaterials are those 

that are obtained from natural sources such as animal tissues, plants, or microorganisms. Examples 

of naturally-derived biomaterials include collagen, hyaluronic acid, chitosan, and silk. Synthetic 

biomaterials, on the other hand, are those that are synthesized in the laboratory using chemical or 

physical methods. Examples of synthetic biomaterials include polyethylene glycol (PEG), 

polylactic acid (PLA), and polyglycolic acid (PGA). Another way to classify biomaterials is based 

on their chemical composition. Metals, ceramics, polymers, and composites are the four main types 

of biomaterials based on their chemical composition. Each of these materials has unique properties 

that make them suitable for different medical applications. Metals are strong, durable, and 

biocompatible, making them ideal for use in load-bearing applications such as orthopedic implants. 

Ceramics are hard and brittle, but they are also biocompatible and can withstand high temperatures, 

making them suitable for dental implants and bone grafts. Polymers are lightweight, flexible, and 

can be easily shaped, making them useful for drug delivery systems and tissue engineering. 
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Composites are a combination of two or more types of materials, and can be tailored to have 

specific mechanical, chemical, or biological properties. 

I.19.1 Metals 

Metals are one of the most commonly used biomaterials for dental implants due to their excellent 

mechanical properties and biocompatibility. Specifically, titanium and its alloys are the preferred 

materials for dental implants due to their ability to form a stable oxide layer on the surface, which 

allows for integration with the surrounding bone. This integration, known as osseointegration, is 

critical for the success of dental implants as it provides stability and support for the replacement 

tooth or bridge. In addition to titanium, other metals such as cobalt-chromium and stainless steel 

have been used in dental implants, but they are less commonly used due to concerns over corrosion 

and biocompatibility. Overall, metals are a reliable and effective biomaterial for dental implants, 

providing patients with a long-lasting and durable solution for tooth replacement. One potential 

concern with metal dental implants is the possibility of allergic reactions. While rare, some patients 

may have an allergic reaction to certain metals, such as nickel, which is commonly found in 

stainless steel. However, allergy testing prior to implantation can help identify any potential issues 

and alternative materials can be used if necessary. Overall, metals are a reliable and effective choice 

for dental implants, providing a long-lasting and durable solution for tooth replacement. The 

success rates of metal dental implants are high, with studies showing a 10-year success rate of over 

90%. Ongoing research is focused on improving the surface properties of metal implants to 

promote faster and more reliable osseointegration, as well as developing new metal alloys that can 

further enhance the performance. 
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I.19.2 Ceramics 

Ceramics are another type of biomaterial commonly used in dental implants due to their 

biocompatibility, high strength, and aesthetic properties. Dental ceramics are typically composed 

of metal oxides, such as alumina, zirconia, or a combination of both. They can be manufactured 

using a variety of techniques, such as sintering, casting, or computer-aided design and 

manufacturing (CAD/CAM). Ceramics are highly resistant to wear and can withstand high 

compressive forces, making them an excellent option for dental crowns, bridges, and implant 

abutments. In addition, ceramics can be color-matched to the patient's natural teeth, making them 

a popular choice for aesthetic restorations. One of the main advantages of ceramics over metals is 

their ability to promote osseointegration. Unlike metals, ceramics are bioinert, meaning they do not 

elicit a significant immune response from the body. This allows for the formation of a strong bond 

between the implant and the surrounding bone, promoting osseointegration and ensuring long-term 

stability. However, one of the main challenges with ceramics is their brittle nature, which can make 

them prone to fracture or chipping under certain conditions. To address this issue, researchers have 

developed new ceramic materials, such as yttria-stabilized zirconia, which have improved fracture 

toughness and strength. In summary, ceramics are a highly biocompatible and aesthetically 

pleasing option for dental implants, providing excellent strength and wear resistance. While their 

brittle nature remains a challenge, ongoing research is focused on developing new ceramic 

materials and manufacturing techniques to improve their mechanical properties and enhance their 

performance in dental applications. 

I.19.3 Polymers 

Polymers are a class of biomaterials that have gained significant attention in recent years for their 

potential use in dental implants. Polymers are highly versatile materials that can be engineered to 

exhibit a wide range of mechanical, chemical, and biological properties, making them an attractive 
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option for implant applications. One of the main advantages of polymers is their flexibility, which 

can reduce the risk of stress shielding and implant failure. In addition, polymers are highly 

biocompatible and can be engineered to degrade over time, promoting tissue regeneration and 

repair. This is particularly useful in cases where a temporary implant is required, such as in 

periodontal or bone tissue engineering applications. However, one of the main challenges with 

polymers is their low strength and wear resistance compared to metals and ceramics. To address 

this issue, researchers have developed polymer-ceramic composites, which combine the 

mechanical properties of ceramics with the biocompatibility and flexibility of polymers. These 

composites have shown promise in a range of dental applications, including implant abutments and 

bone regeneration scaffolds. Overall, polymers are a promising option for dental implants, 

providing excellent biocompatibility and flexibility. While their low strength and wear resistance 

remain a challenge, ongoing research into polymer-ceramic composites and other advanced 

materials is aimed at overcoming these limitations and developing more effective implant 

materials. 

I.19.4 Composites 

Composites are another class of biomaterials used in dental implants, which are typically composed 

of a combination of two or more materials, such as ceramics and polymers. Dental composites have 

been used for decades in restorative dentistry, such as in fillings and veneers, and their use in 

implants is gaining popularity due to their favorable mechanical properties and aesthetics. One of 

the main advantages of composite materials is their ability to be customized to match the 

mechanical properties of natural teeth. Composites can be engineered to exhibit a range of strength, 

stiffness, and wear resistance, making them suitable for a variety of implant applications. In 

addition, composite materials can be color-matched to the patient's natural teeth, providing an 

aesthetically pleasing option for implant restorations. However, one of the main challenges with 
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composites is their potential for wear and degradation over time. To address this issue, researchers 

have developed new composite materials, such as fiber-reinforced composites, which have 

improved mechanical properties and wear resistance. Overall, composites are a promising option 

for dental implants, providing excellent customization and aesthetic properties. While their wear 

resistance and potential for degradation remain a challenge, ongoing research is focused on 

developing new composite materials and manufacturing techniques to overcome these limitations 

and enhance their performance in dental applications. Various biomaterials classes are shown in 

Figure I.29. 

 

Figure I.29 Biomaterials classes. 

I.20 Manufacturing of biomaterials 

The manufacturing of biomaterials for dental implants is a critical process that involves the creation 

of materials with specific mechanical, chemical, and biological properties. There are various 

methods used for the manufacturing of biomaterials, including traditional methods such as casting, 

machining, and powder metallurgy, as well as newer methods such as 3D printing (Figure I.30) 

and electrospinning. The selection of the manufacturing method depends on several factors, 
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including the material properties, the intended application, and the desired final product. For 

instance, traditional methods like casting and machining are well-suited for producing large, 

complex structures such as implant bodies, while newer techniques like 3D printing are ideal for 

creating intricate geometries and customized designs. During the manufacturing process, it is 

essential to ensure the quality and consistency of the materials produced. This involves rigorous 

quality control measures, such as testing the materials for mechanical strength, biocompatibility, 

and chemical composition, as well as ensuring that the materials are free from defects and 

impurities. In summary, the manufacturing of biomaterials for dental implants is a complex process 

that requires careful consideration of the material properties, intended application, and regulatory 

standards. With advances in manufacturing techniques and quality control measures, biomaterials 

can be produced with greater precision and consistency, leading to improved patient outcomes and 

greater success rates for dental implants. 

I.20.1 Selective laser melting (SLM) 

Selective laser melting (SLM) is a type of additive manufacturing technique that can be used for 

the fabrication of dental implants. This process involves the use of a high-powered laser to 

selectively melt and fuse layers of metallic powder to create a three-dimensional (3D) structure. 

During the SLM process, a computer-aided design (CAD) model is first created to define the 

desired geometry of the implant. The CAD model is then converted into a series of digital slices, 

which are used to control the laser beam as it fuses successive layers of metallic powder together. 

The final product is a fully dense implant with excellent mechanical properties and precise 

geometries. One of the main advantages of SLM is its ability to create complex geometries with 

high accuracy and precision. This technique allows for the production of customized implants that 

are specific to each patient's unique anatomy. Additionally, SLM produces implants with a 

uniform, homogenous structure, reducing the risk of defects or weak spots that can compromise 
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implant performance. Another benefit of SLM is its ability to produce implants with a controlled 

microstructure. By adjusting the processing parameters, the microstructure of the implant can be 

optimized for specific mechanical properties, such as strength, stiffness, and wear resistance. 

Overall, SLM is a promising manufacturing technique for dental implants, offering precise control 

over implant geometry and microstructure. While the cost of SLM-produced implants is currently 

higher than traditional methods, ongoing research and development are focused on reducing costs 

and expanding the range of materials that can be used in SLM. 

I.20.2 Laser surface alloying (LSA) 

Laser surface alloying (LSA) is a surface modification technique that can be used to improve the 

mechanical, chemical, and biological properties of biomaterials for dental implants. This process 

involves the use of a high-powered laser to melt and fuse a thin layer of alloying material onto the 

surface of the implant. During LSA, a laser beam is directed at the surface of the implant, melting 

the surface layer and allowing the alloying material to diffuse into the underlying substrate. This 

results in a modified surface layer with improved wear resistance, corrosion resistance, and 

biocompatibility. One of the main advantages of LSA is its ability to improve the wear resistance 

of the implant surface. By adding a layer of wear-resistant material, LSA can increase the lifespan 

of the implant and reduce the risk of failure due to wear and tear. LSA can also improve the 

biocompatibility of the implant surface by altering its chemical composition. For example, the 

addition of titanium or other biocompatible elements can enhance the ability of the implant to 

integrate with surrounding tissue and reduce the risk of rejection. Overall, LSA is a promising 

technique for improving the surface properties of biomaterials for dental implants. While LSA can 

be more expensive than traditional surface modification techniques, ongoing research and 

development are focused on optimizing the process and reducing costs. Additionally, LSA can be 
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combined with other surface modification techniques to produce implants with tailored properties 

that meet the specific needs of individual patients. 

I.20.3 Selective laser sintering (SLS) 

Selective laser sintering (SLS) is another type of additive manufacturing technique that can be used 

for the fabrication of biomaterials for dental implants. This process involves the use of a high-

powered laser to selectively fuse layers of powdered material together to create a three-dimensional 

(3D) structure. During the SLS process, a computer-aided design (CAD) model is first created to 

define the desired geometry of the implant. The CAD model is then converted into a series of digital 

slices, which are used to control the laser beam as it fuses successive layers of powdered material 

together. The final product is a fully dense implant with excellent mechanical properties and precise 

geometries. One of the advantages of SLS is its ability to produce implants with a high degree of 

precision and accuracy. This technique allows for the production of customized implants that are 

specific to each patient's unique anatomy. Additionally, SLS can produce implants with a uniform, 

homogenous structure, reducing the risk of defects or weak spots that can compromise implant 

performance. Another benefit of SLS is its ability to produce implants from a variety of materials, 

including metals, ceramics, and polymers. This allows for a range of properties to be tailored to 

specific patient needs, such as strength, stiffness, and biocompatibility. Overall, SLS is a promising 

manufacturing technique for dental implants, offering precise control over implant geometry and 

microstructure. While the cost of SLS-produced implants is currently higher than traditional 

methods, ongoing research and development are focused on reducing costs and expanding the range 

of materials that can be used in SLS. 
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I.20.4 Metal injection molding (MIM) 

Metal injection molding (MIM) is a manufacturing technique that is widely used for the production 

of metal-based biomaterials for dental implants. This process involves the injection of a mixture of 

metal powder and binder into a mold, which is then subjected to heat and pressure to form a solid 

metal implant. During MIM, metal powders are first mixed with a thermoplastic binder to create a 

feedstock. The feedstock is then injected into a mold, which is typically made of metal or ceramic, 

using a high-pressure injection molding machine. Once the mold is filled, it is heated to remove 

the binder and sinter the metal particles together to form a solid metal implant. One of the 

advantages of MIM is its ability to produce complex geometries with high precision and accuracy. 

This allows for the creation of customized implants with complex shapes that are specific to each 

patient's unique anatomy. Additionally, MIM allows for the production of implants with excellent 

mechanical properties, including high strength and wear resistance. Another benefit of MIM is its 

ability to produce large quantities of implants with consistent quality and reproducibility. This 

makes MIM an attractive option for mass production of dental implants, as it can significantly 

reduce production time and costs compared to traditional machining or casting methods. However, 

MIM also has some limitations, such as the restricted range of materials that can be used and the 

need for post-processing to remove residual binder and achieve the desired microstructure. Despite 

these limitations, MIM is a promising manufacturing technique for dental implants, offering high 

precision and efficiency in the production of metal-based biomaterials. 

I.20.5 Functionally graded material (FGM) 

Functionally graded materials (FGMs) are a relatively new class of biomaterials that have attracted 

attention for their potential application in dental implants. FGMs are characterized by a gradual 

transition in material properties from one end of the implant to the other, resulting in a continuous 

variation in the properties of the implant. This gradient in properties can be tailored to match the 
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mechanical, physical, and biological requirements of the implant and the surrounding tissue. The 

manufacturing process for FGMs involves depositing layers of different materials onto a substrate 

using advanced additive manufacturing techniques such as 3D printing. By varying the 

composition and structure of the deposited layers, FGMs can be designed to exhibit specific 

properties such as high strength, good biocompatibility, and controlled degradation rates. In dental 

implants, FGMs can be used to create implants with a gradient in mechanical properties, allowing 

for a better distribution of stress and strain across the implant and reducing the risk of implant 

failure. FGMs can also be designed to have a graded surface chemistry, which can improve the 

implant's ability to bond with surrounding bone and promote osseointegration. Overall, FGMs 

represent a promising area of research for the development of advanced biomaterials for dental 

implants. The ability to tailor the material properties of implants to match the specific needs of 

each patient can lead to improved implant success rates and better clinical outcomes. 

I.21 Nanodentistry 

Nanodentistry is a field of dentistry that involves the use of nanotechnology to develop and improve 

dental materials and procedures. Nanotechnology involves the manipulation and control of matter 

at the nanoscale level, typically between 1 and 100 nanometers in size. This technology can be 

used to modify the properties of dental materials and devices, leading to improved 

biocompatibility, mechanical strength, and durability. One application of nanodentistry is the 

development of nanocomposites for dental restorations. These composites incorporate 

nanoparticles of materials such as silica, titanium dioxide, or calcium phosphate to enhance the 

mechanical properties and biocompatibility of the composite material. Nanoparticles can also be 

used to enhance the antimicrobial properties of dental materials, reducing the risk of bacterial 

infections and decay. Another application of nanodentistry is the development of nanorobots, or 

nanobots, that can be used for a variety of dental procedures. These tiny robots can be designed to 
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perform tasks such as repairing damaged tissue, detecting and removing plaque, and delivering 

medications or therapeutic agents to specific sites in the mouth. Nanodentistry also holds promise 

for the development of improved imaging and diagnostic tools for dental care. Nanoparticles can 

be used to enhance the contrast of dental x-rays and other imaging techniques, leading to more 

accurate diagnosis and treatment planning. While still in the early stages of development, 

nanodentistry has the potential to revolutionize the field of dentistry, leading to improved materials, 

procedures, and outcomes for patients. 

 

 

Figure I.30 Additive Manufacturing Processes. 
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The finite element method is an advanced and popular tool for computational analysis that solves 

mathematical (differential) equations in engineering. This numerical technique is widely used 

in biomechanics with the aid of specific software. One of the axes where the finite element tool 

is being used is in the field of dental implants (to analyze stresses, strains, and displacements at 

the level of the bone, implant, and its components). There are several procedures (Figure 1) 

before moving on to FE analysis, including scanning and imaging (CT scan), reconstructing the 

3D parts of the bone and implant, meshing, loading and boundary conditions. Researchers and 

engineers are currently studying the biomechanical influence of many factors that can impact 

implant and bone in a vitro approach using the FE technique, such as implant diameter, implant 

length, implant thread, implant shape (tapered or cylindrical), implant material, loading 

magnitude and directions, abutment-implant connection type, osseointegration and bone 

remodeling process. The results obtained from the finite element analysis (stress/strain) can help 

researchers to evaluate the behavior of bone and implant, and determine the mechanical strength 

of the implant, abutment, and prosthesis. This review aims to study the use of FEA in the field 

of dental implants and to provide a deep understanding through the analysis of recent studies 

presented in detail. 

 

 

 

 

 

 



Chapter II Literature Review 

47 

 

 

Figure II.1 Main steps for numerical simulation. (A) reconstruct the 3D model; (B) meshing and 

boundary conditions; (C) analyze and extract results. 

II.1 Modeling of mandible bone and implants 

The mandible bone can be modeled from medical images using various imaging techniques such 

as X-ray imaging, computed tomography (CT), magnetic resonance imaging (MRI), and 

ultrasound imaging. These techniques play an important role in describing the bone quality 

(bone density), determining fractures and multi-scale bone characterization. Medical images of 

bone from different scans can be segmented to reconstruct bone surface mesh using dedicated 

software that offers many segmentation features and algorithms and can eventually generate an 

STL (standard stereo-lithography) file, which is a uniform mesh with many triangles. For 

example, the CT scan can generate medical images with a DICOM file (Digital Imaging and 

Communications in Medicine). These datasets can be analyzed for segmentation with various 

software (free open-source software or even paid commercial software). One of the most 

common software packages for this kind of job is MimicsTM, and the final shape can be 

exported for another process to create the solid part with the use of computer-aided design 
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(CAD) software, such as Solidworks. Some studies have simply created the bone as solid on a 

mesoscale simply to facilitate the analysis. The implant can be modeled with the same process, 

but in most cases, it can be reconstructed using the direct method with CAD package software. 

Some manufacturers provide information with details about implant design. Thence, the process 

of reconstructing the bone and the implant requires high skill using numerical methods. 

II.2 Methodology for the review 

The outline of the review was chosen through a clear strategy represented by many 

questions, which are explained as follows: 

- Dental implant design and materials 

- Bone properties  

- Finite element parameters (including loading, boundary conditions, mesh element type 

and FEA software) 

II.2.1 Search strategy 

An electronic search was carried out using Science Direct and Springer databases, with the 

following keywords: “dental implant finite element analysis”, “dental implant FEA”, “dental 

implant FE”, and “dental implant computational analysis”. The year was chosen in the search 

between 2019 and 2022 (prior to July 4, 2022). 

II.2.2 Study selection 

All papers related to oral surgery and finite element analysis were collected from many scientific 

journals, especially papers whose title are related to dental implants. Papers containing only an 

abstract or on a single page were not collected. 
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II.2.3 Inclusion and Exclusion Criteria 

Exclusion criteria were reviews, conference proceedings, orthodontic implants, zygomatic 

implants, and no FE application. Inclusion criteria were full manuscripts in indexed journals 

that are related to the finite element method and dental implants, and that are assigned to report 

one of the following conditions: implant design, bone properties, mesh and boundary conditions. 

A full review was done manually for the selected references.  The accessed papers have been 

studied and divided in the results section into studies regarding implant design and materials, 

studies regarding bone properties, studies regarding finite element parameters, studies regarding 

the mechanostat theory, and studies regarding bone remodeling algorithms. To maintain clarity, 

they are discussed in sections that match the above-mentioned categories. 

II.3 Results 

II.3.1 Study selection 

The flowchart of the review is shown in Figure II.2. Among the obtained results, 102 papers 

were initially selected. 21 studies were excluded because they did not meet the inclusion criteria. 

In the end, a total of 81 studies were reviewed. 
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Figure II.2 The flowchart of this review. 

II.3.2 Relevant Data of Included Studies Regarding Implants design and materials 

Based on the results listed in Table II.1 Dental implants' primary characteristics..Most of the 

manuscripts used titanium material for the dental implant in their studies. Six research studies 

used zirconia material. Only one study used coated materials and FGM, and the other two used 

PEEK-Ti composite and CFR-PEEK as the implant material. Regarding the length and 

diameters of implants, there is a wide range of dimensions. There are no fixed standard 

dimensions in this regard. Six papers in which the implant diameter is not specified. The 

minimum diameter was 2 mm and the maximum diameter was 6  mm, so the implant diameters 

in the included studies had a mean SD of 4.2mm.  The most common diameter among the 
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selected studies is 3.5 mm (14 studies) and 4.5 mm (13 studies). Regarding the length, 7 papers 

in which the implant diameter is not specified. The minimum length was 4 mm and the 

maximum length was 15 mm. The most common length among the selected studies is 13 mm. 

Regarding implant shape, the most common shape was the tapered shape. About the connection 

type between implant and abutment, the internal connection was the most used in the selected 

references. 17 papers in which the type of connection is not specified.  The most used CAD 

software is Solidworks. 

Table II.1 Dental implants' primary characteristics. 

Author year reference Geometric 

characteristic 

Software used Implant Type Abutment 

Connection 

Material 

Diameter 

D (mm) 

Length 

L 

(mm) 

Park et al. (2022) [71] 4, 4.5, 5 7 / Cylindrical Internal Titanium 

Jafari et al. (2022) [72] 4 12 SolidWorks Cylindrical Internal Titanium/FGM/Ha 

coated Ti 

Dayrell  et al. (2022) [73] 3.75 13 Rhinoceros Cylindrical Morse taper Titanium 

Chang et al. (2022) [74] 3.5 11 Creo Parametric Tapered Internal Titanium 

Xie et al. (2022) [75] 3.5 10 3-Matic Tapered one piece Titanium/Titanium-

zirconia 

Zupancic et al. (2022) 

[76] 

4.1 4,6,8 Medtool  Cylindrical / Titanium 

Huang et al. (2022) [77] 4.2 10 SolidWorks Tapered Internal Titanium 

Chen et al. (2022) [78] 3.3,4.5,4.8 6,8 / Cylindrical Internal Titanium 

Sun et al. (2022) [79] 4.3 11 / Tapered Morse taper Titanium 

Patil et al. (2022) [80] 2.5,3,3.5,4 12 3-Matic Cylindrical / Titanium 

Yu et al. (2022) [81] 4.3 10 SolidWorks Tapered one piece Titanium 

Armentia et al. (2022) 

[82] 

4.5,5.5 13 / Tapered/ 

Cylindrical 

Internal/External Titanium 
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Author year reference Geometric 

characteristic 

Software used Implant Type Abutment 

Connection 

Material 

Diameter 

D (mm) 

Length 

L 

(mm) 

Mohamed et al. (2022) 

[83] 

/ / SolidWorks Cylindrical External Titanium 

Mohammadi et Selahi 

(2022) [84] 

4 12.95 Catia Tapered Internal Titanium 

Zupancic et al. (2022) 

[85] 

4.1 4,6,8 Medtool Cylindrical / Titanium 

Liu et al. (2022) [86] 4 6,10 SolidWorks Cylindrical / Titanium 

Cheng et al. (2022) [87] 3.75 10 Pro/ENGINEER 

Wildfire 

Tapered Internal Titanium 

Bassi-Junior et al. 

(2021) [88] 

3.75 13 SolidWorks Cylindrical / Titanium 

Ausiello et al. (2021) [89] 4.2 9 Rhinoceros Tapered / Titanium 

Lee et al. (2021) [90] 3.5,4,4.5 10 Mimics Tapered Internal/External Titanium 

Silva et al. (2021) [91] 4 7 Rhinoceros/ 

SolidWorks 

Tapered External Titanium 

Fabris et al. (2021) [92] 3.5 15 SolidWorks Cylindrical one piece Zirconia 

Jafariandehkordi et al. 

(2021) [93] 

4 10 Autodesk Inventor Cylindrical Internal Titanium 

Chen et al. (2021) [94] 4.3 10 SolidWorks Cylindrical Internal Titanium 

Liu et al. (2021) [95] 3.6,4.5 8,10 SolidWorks Cylindrical Internal Titanium/PEEK-Ti 

Cantó-Navés et al. 

(2021) [96] 

4.20 11.50 SolidWorks Tapered Internal Titanium 

Lee et al. (2021) [97] 3.5,4,4.5 10 3-Matic Tapered Internal/External Titanium 

Gibreel et al. (2021) [98] 3.75 11 SolidWorks Tapered Internal Titanium 

Kul et al. (2021) [99] 3.5,5.5 8,12 SolidWorks Tapered Internal Titanium 

Honório et al. (2021) 

[100] 

3.75 11.5 SolidWorks Tapered Internal Titanium 

Lemos et al. (2021) [101] 4 10 Rhinoceros/ 

SolidWorks 

Tapered Internal/External Titanium 
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Author year reference Geometric 

characteristic 

Software used Implant Type Abutment 

Connection 

Material 

Diameter 

D (mm) 

Length 

L 

(mm) 

Patil et al. (2021) [102] 3.5 12 SolidWorks Tapered / Titanium 

Darwich et al. (2021) 

[103] 

4 13 SolidWorks / / Titanium 

Giner et al. (2021) [104] 4.3 11 SolidWorks / Internal Titanium 

Borges et al. (2021) [105] 2,3.75 10 SolidWorks Tapered Morse taper/ 

External 

Titanium 

Lee et al. (2021) [106] 4.5 10 / Tapered Internal Titanium 

Sato et al. (2021) [107] 3.75 13 / Tapered / Titanium 

Mourya et al. (2021) 

[108] 

4.2 10 Ansys Tapered Internal Titanium/CFR-

PEEK 

Oyar et al. (2021) [109] 4 13 Rhinoceros Tapered Internal Titanium 

Ercal et al. (2021) [110] 4.1 7 SolidWorks Tapered Internal Titanium 

da Rocha et al. (2021) 

[111] 

4.1 6 SolidWorks Cylindrical External Titanium 

Zincir et Parlar (2021) 

[112] 

3.5,4,4.5 11.5 Rhinoceros Tapered Internal Titanium 

Manafi et al. (2021) 

[113] 

4 8,10,12 / Tapered External Titanium 

Pirmoradian et al. 

(2020) [114] 

4.1 8.5,10 

11.5,13 

Catia Cylindrical one piece Titanium 

Chakraborty et al. 

(2020) [115] 

4 13 SolidWorks Tapered Internal Titanium 

Alaqeely et al. (2020) 

[116] 

4.1 10 3-Matic Cylindrical / Titanium 

Valera-Jiménez et al. 

(2020) [117] 

3,3.5,4.3 10,13 SolidWorks Tapered Internal Titanium 

Kayabasi  (2020) [118] / / / Cylindrical Internal Titanium 

Wu et al. (2020) [119] 4 11.5 SolidWorks Tapered Internal Titanium 

Jin et al. (2020) [120] 4 11.5 Abaqus Cylindrical one piece Titanium 
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Author year reference Geometric 

characteristic 

Software used Implant Type Abutment 

Connection 

Material 

Diameter 

D (mm) 

Length 

L 

(mm) 

Bayata et al. (2020) 

[121] 

3.5;4;4.5;5 13 SolidWorks Cylindrical Internal Titanium 

Moreira et 

Francischone (2020) 

[122] 

2.9,3.5 11.5 SolidWorks Tapered Morse taper Titanium 

Dantas et al. (2020) 

[123] 

5 8.6 SolidWorks Cylindrical / Zirconia 

de Souza Rendohl et al. 

(2020) [124] 

4.3,5 5 Rhinoceros Cylindrical Internal Titanium 

Bachiri et al. (2020) 

[125] 

4.1 14 SolidWorks Cylindrical Internal Titanium 

Ayali et al. (2020) [126] / 10,13 Rhinoceros Tapered Internal Titanium 

Zhong et al. (2020) [127] 4.6 12 SolidWorks Tapered Morse taper Titanium 

Niroomand et 

Arabbeiki (2020) [128] 

4.1 / Ansys Cylindrical one piece Titanium 

Stocchero et al. (2020) 

[129] 

3.6 6 SolidWorks Cylindrical / Titanium 

Morita et al. (2020) 

[130] 

3.8 11 / Cylindrical External Titanium 

Araki  et al. (2020) [131] 4 6,8,10 SolidWorks Cylindrical Internal  

Shash et al. (2020) [132] 4 11 Autodesk Inventor Tapered Internal Zirconia 

Brune et al. (2019) [133] 5 12 Rhinoceros Cylindrical Morse taper Titanium 

Chatterjee et al. (2019) 

[134] 

4 9,10,11 SolidWorks Cylindrical Morse taper Titanium 

Jung et al. (2019) [135] 5 11 Visual-Mesh Tapered Internal/External Titanium 

Azcarate-Velázquez et 

al. (2019) [136] 

4 13 / Tapered Internal Titanium 

Demenko et al. (2019) 

[137] 

3.3-5.4 4.5-8.5 / Cylindrical one piece Titanium 
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Author year reference Geometric 

characteristic 

Software used Implant Type Abutment 

Connection 

Material 

Diameter 

D (mm) 

Length 

L 

(mm) 

Chang et al. (2019) [138] 3.5,4.5,5.5 11 Avizo 3D Tapered Internal Titanium 

Aslam et al. (2019) [139] 4.5 11 Creo Parametric Cylindrical Internal Titanium 

Berger et al. (2019) [140] 4.1 / ANSYS 

DesignModeler 

Cylindrical external Titanium 

Kasani et al. (2019) 

[141] 

3.7 13 SolidWorks / / Titanium 

Lee et al. (2019) [142] / 7 3-Matic Cylindrical Internal/External Titanium 

Bulaqi et al. (2019) [143] / / SolidWorks Cylindrical Internal Titanium 

Petris et al. (2019) [144] 3.75 7 SolidWorks Tapered Morse taper Titanium 

de la Rosa Castolo et al. 

(2019) [145] 

0.5-6 13 / Cylindrical Internal Titanium 

Mello et al. (2019) [146] 4.1 10 Rhinoceros/ 

SolidWorks 

Cylindrical / Titanium 

Cheng et al. (2019) [147] 5 / Pro/Engineer Tapered one piece Zirconia 

Sharanraj et al. (2019) 

[148] 

/ 10 Catia Tapered / Zirconia 

Dávila et al. (2019) [149] 4.5 / / Tapered / Titanium 

Li et al. (2019) [150] 4.1,4.3 11,12 Catia Tapered/ 

Cylindrical 

Internal Titanium 

Dhatrak et al. (2019) 

[151] 

3.5 15 / Tapered / Titanium 

 

II.3.3 Relevant Data of Included Studies Regarding bone properties 

Table II.2 details the main properties of the mandible bone investigated in the included 

manuscripts. In view of Table II.2, most studies treated bone as an isotropic material, while six 

papers analyzed it as an orthotropic material. All studies used 3D models. Young's modulus, the 

most common among studies for cortical bone, is 13.7 GPa and for cancellous bone, it is 1.37 
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GPa. The rest of the research used different values or used formulas related to bone density and 

HU (Hounsfield units) based on CT scans. The one thing certain among all the studies is that 

the cortical bone was much stiffer compared to the cancellous bone. 

Table II.2 Bone properties. 

references model Young’s modulus (GPa) Bone type 

Cortical bone Cancellous 

bone 

[71] 3D 13.7 1.3 Isotropic 

[72][73][74][77][94][98][103][105][106][108][109] 

[110][113][114][122][124][133][135][140][141][143][142][145][146][149] 

3D 13.7 1.37 Isotropic 

[75][99][138] 3D 14 1.37 Isotropic 

[76][85][121] 3D 13.7 13.7 Isotropic 

[80] 3D 13.6 13.6 Isotropic 

[81] 3D 14 1.40 Isotropic 

[83] 3D 13.7 7.93 Isotropic 

[86][111] 3D Ex=12.6 

Ey=12.6 

Ez=19.4 

Ex=1.148 

Ey=0.210 

Ez=1.148 

Orthotropic 

[87] 3D 13.7 1.85 Isotropic 

[89][136] 3D 13.7 5.5 Isotropic 

[90][97] 3D 13.7 3.5 Isotropic 

[91][101] 3D 13.7 1.10 Isotropic 

[92] 3D Ex=19.5 

Ey=13.6 

Ez=10.2 

Ex=0.38 

Ey=0.38 

Ez=0.38 

Orthotropic 

[93] 3D 13.7 0.24 Isotropic 

[95] 3D 13.4 1.37 Isotropic 

[96] 3D 15 0.5 Isotropic 

[102] 3D 13.6 13.6 Isotropic 

[107][115][127][134] 3D Using 

equation 

related to 

Using equation 

related to 

density and HU 

Isotropic 



Chapter II Literature Review 

57 

 

references model Young’s modulus (GPa) Bone type 

Cortical bone Cancellous 

bone 

density and 

HU 

[112] 3D 13 5.5 Isotropic 

[116] 3D 18 0.7 Isotropic 

[117] 3D 13.7 0.5 Isotropic 

[118] 3D 20.5 2.16 Isotropic 

[119] 3D 14.8 1.48 Isotropic 

[120] 3D 13.7 0.95 Isotropic 

[123] 3D 13.7 0.7 Isotropic 

[125] 3D 14.7 1.37 Isotropic 

[126] 3D 13.7 1.85 Isotropic 

[128] 3D 13 1.37 Isotropic 

[129] 3D 14 0.62 Isotropic 

[132] 3D Ex=9600 

Ey=9600 

Ez=17800 

Ex=0.144 

Ey=0.99 

Ez=0.344 

Orthotropic 

[137] 3D 13.7 0.69 Isotropic 

[139] 3D Ex=12.6 

Ey=12.6 

Ez=19.4 

Ex=1.15 

Ey=0.210 

Ez=1.15 

Orthotropic 

[144] 3D 14 1 Isotropic 

[147] 3D 13 0.345 Isotropic 

[151] 3D 22.8 1.148 Isotropic 

[151] 3D Ex=12.7 

Ey=17.9 

Ez=22.8 

Ex=0.210 

Ey=1.148 

Ez=1.148 

Orthotropic 

 

II.3.4 Relevant Data of Included Studies Regarding FE parameters 

Table II.3 details the main parameters used in all reviewed manuscripts. 24 studies used 10-

node tetrahedral as an element type, while 12 studies used 4-node tetrahedral. Only three studies 
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used hexahedral elements, the rest used tetrahedral but did not specify if they were linear or 

quadratic. Regarding the software employed (with different versions), 32 studies used Ansys 

software, 17 studies used Abaqus, 4 studies used COMSOL, 3 studies used Algor Fempro, and 

two studies used MECHANICAL FINDER. Two other studies used Femap, and the rest of the 

studies used different software. Regarding the contact between bone and implant, most of the 

studies treat the bone-implant interface as 100% osseointegrated. The bonded feature was used 

for this purpose. Five studies used no full osseointegration; they used friction contact (a friction 

coefficient of 0.3 is the most used). Regarding the loading conditions, most studies used a 

combination of loading, 48 studies used oblique loading, and 40 papers used vertical loading 

(axial loading). 33 studies used 100 N as the magnitude of loading (either axial or oblique). 

Table II.3 FE parameters. 

References Mesh element FEA software Loading conditions Contact bone-implant 

[71] 4-node tetrahedral  Abaqus Vertical: 50 N 

Oblique: 200 N 

- 

[72] 10-node tetrahedral Ansys Oblique: 102 N Bonded 

[73] 10-node tetrahedral Ansys Vertical: 100 N, 300 N Bonded 

[74] - Ansys Oblique: 300 N Bonded 

[75] 4-node tetrahedral MSC Marc/Mentat Oblique: 150 N Bonded 

[76][85] 10-node tetrahedral Abaqus Vertical: 100 N 

Oblique: 100 N 

Bonded 

[77] 4-node tetrahedral SolidWorks Vertical: 50 N, 300 N Bonded 

[80] 4-node tetrahedral Ansys Vertical: 100 N Bonded 

[81] 4-node tetrahedral  Abaqus Oblique: 300 N Bonded 

[86] 10-node tetrahedral Abaqus Oblique: 110 N Bonded 

[87] 10-node tetrahedral Ansys Oblique: 200 N Bonded 

[89] tetrahedral Ansys Oblique: 350 N Bonded 

[90] tetrahedral Abaqus Vertical: 100 N 

Oblique: 200 N 

Bonded 

[91] tetrahedral Ansys Vertical: 300 N, 800 N Bonded 
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References Mesh element FEA software Loading conditions Contact bone-implant 

[92] tetrahedral COMSOL Oblique: 100 N Bonded 

[93] 10-node tetrahedral COMSOL Pressure: 1.117 MPa Bonded 

[94] tetrahedral Ansys Oblique: 400 N Bonded 

[95] hexahedral and 

tetrahedral 

Ansys Vertical: 100 N 

Oblique: 100 N 

Bonded 

[96] 10-node tetrahedral Ansys Vertical: 300 N Bonded 

[97] tetrahedral Abaqus Vertical: 200 N 

Oblique: 100 N 

Bonded 

[98] tetrahedral Ansys Vertical: 100 N 

Oblique: 100 N 

Bonded 

[99] 10-node tetrahedral Ansys Vertical: 365 N 

Oblique: 200 N 

Bonded 

[101] tetrahedral FEMAP Vertical: 200 N 

Oblique: 100 N 

Bonded 

[102] tetrahedral Ansys Vertical: 100 N Bonded 

[103] 4-node tetrahedral Ansys Vertical: 200 N Bonded 

[105] - Ansys Vertical: 150 N 

Oblique: 100 N 

Bonded 

[106] tetrahedral Ansys Oblique: 150 N Bonded 

[107] 4-node tetrahedral MECHANICAL 

FINDER 

Oblique: 63.8 N Bonded 

[108] 10-node tetrahedral Ansys Vertical: 1000 N 

Oblique: 500 N 

Bonded 

[109] tetrahedral Algor Fempro Oblique: 200 N Bonded 

[110] 10-node tetrahedral Autodesk Nastran Vertical: 200 N 

Oblique: 100 N 

Bonded 

[111] 10-node tetrahedral Abaqus Oblique: 23 N Bonded 

[112] tetrahedral Algor Fempro Vertical: 250 N 

Oblique: 250 N 

- 

[113] 10-node tetrahedral Abaqus Vertical: 700 N Bonded 

[114] 10-node tetrahedral Abaqus Oblique: 180 N Bonded 

[115] 10-node tetrahedral Ansys Vertical: 200 N Bonded 

[116] tetrahedral Ansys Torque: 25N.cm friction coefficient 0.3 
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References Mesh element FEA software Loading conditions Contact bone-implant 

Force: 1KN 

[117] - COMSOL Oblique: 300 N Bonded 

[118] tetrahedral Ansys Vertical: 114.6 N 

horizontal: 23.4 N 

horizontal: 17.1  N 

Bonded 

friction coefficient 0 

friction coefficient 0.3 

[119] 10-node tetrahedral Ansys Vertical: 100 N Bonded 

[120] tetrahedral Abaqus Oblique: 150 N Bonded 

[121] 10-node tetrahedral Ansys Oblique: 100 N frictional 

[122] 10-node tetrahedral Ansys Vertical: 100 N 

Oblique: 100 N 

Bonded 

[123] tetrahedral COMSOL Oblique: 100 N Bonded 

[124] 10-node tetrahedral Ansys Vertical: 150 N 

 

Bonded 

[125] 4-node tetrahedral Abaqus - Bonded 

[126] tetrahedral Algor Fempro Vertical: 100 N Bonded 

[127] 4-node tetrahedral Abaqus Muscles forces 

Oblique: 100 N 

Bonded 

[128] 10-node tetrahedral Ansys Oblique: 100 N Bonded 

[129] - VOXELCON Oblique: 150 N Bonded 

[130] 10-node tetrahedral MECHANICAL 

FINDER 

Vertical: 120 N 

Oblique: 120 N 

- 

[131] tetrahedral SolidWorks Oblique: 100 N Bonded 

[132] tetrahedral Ansys Oblique: 118.2 N Bonded 

[133] - Ansys Vertical: 100 N Bonded 

[134] 10-node tetrahedral Ansys Vertical: 100 N friction coefficient 0.4 

[135] tetrahedral Visual-Crash Oblique: 100 N Bonded 

[136] 4-node tetrahedral Abaqus Vertical: 400 N 

Oblique: 400 N 

Bonded 

[137] hexahedral Ansys Oblique: 118.2 N Bonded 

[138] - Ansys Oblique: 100 N - 

[139] tetrahedral Ansys Vertical: 200 N to 800 N 

Oblique: 50 N to 150 N  

Bonded 

[140] 10-node tetrahedral Ansys Vertical: 135 N Bonded 
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References Mesh element FEA software Loading conditions Contact bone-implant 

Oblique: 135 N 

[141] tetrahedral Ansys Vertical: 50 N, 100 N, 150 N Bonded 

[142] 4-node tetrahedral Abaqus Vertical: 200 N 

Oblique: 200 N 

Bonded 

[143] tetrahedral Abaqus Torque: 35 N.cm Bonded 

[144] 10-node tetrahedral Ansys Oblique: 250 N Bonded 

[145] tetrahedral - Vertical: 63 N Bonded 

[146] tetrahedral Femap Vertical: 400 N 

Oblique: 200 N 

Bonded 

[147] - Ansys/LS-DYNA Vertical: 100 N 

horizontal: 25 N 

horizontal: 17  N 

friction coefficient 0.3 

[148] tetrahedral Ansys Vertical: 50 N to 300 N Bonded 

[149] 4-node tetrahedral COMET Vertical: 100 N Bonded 

[150] hexahedral Abaqus Torque: 35 N.cm 

Oblique: 20 to 200 N 

Bonded 

[151] 10-node tetrahedral Abaqus Vertical: 100 N 

Oblique: 100 N 

Bonded 

 

II.3.5 Relevant data of included studies regarding bone remodeling algorithm 

Bone remodeling is a complex mechanism, many factors can influence it such as the mechanical 

loading (forces). Studies have shown that mechanical stress/strain can affect the cell's stability, 

these forces result in adaptive changes in bone structure (bone homeostasis). Numerous 

mathematical models to estimate cell and bone density changes can be found in the literature. 

Park et al. [71] have evaluated the impact of bone remodeling with certain biomechanical 

conditions (implant diameter: 4, 4.5, 5 mm) under a biting force of 50 N  in 150 days of bone 

remodeling. They have used FE software (ABAQUS) with UMAT subroutine and they 

simulated the evolution of bone properties around the implant using the following formulas: 
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i i i1
w(x ) (x ) : (x )

2
=      (1) 

w: the strain energy density  

i osteocyte i at its location xi  

σ: the stress tensor 

ε: the strain tensor 

 

Table II.4 Different parameters used in bone remodeling algorithm and FE model [71].  

Parameters Description Numerical values 

xi Location of osteocyte i calculated 

w strain energy density calculated 

ψ mechanical signals calculated 

C(n0, μi ) model parametric function 

depending on the number of 

considered osteocytes and 

sensitivity of osteocyte 

calculated 

W0 threshold value of the mechanical 

signal 

0.002 J/g 

μi sensitivity of osteocyte 1.0 

ni number of cell n0 = 13,300 osteocytes 

n1(t = 0) = 15 osteoclasts 

n2(t = 0) = 15 osteoclasts 

gij factors produced by the cell i that 

regulate the formation of cell j 

calculated 

Ai, Bi, γ model parameters that regulate the 

production of cells 

A1=1.6 

B1= -0.49  

γ1= 16.67 g/J  

A2=-1.6  

B2= 0.6  

γ2= 33.37 g/J 

αi cells production rate α1= 3 osteoclasts/day  

α2= 4 osteoblasts/day 

βi cells removal rate β1= 0.2 osteoclasts/day  

β2= 0.02 osteoblasts/day 

m mass of bone calculated 

ρ apparent density of bone calculated 

ki, Ki normalized activities k1,K1=0.0024 osteoclasts/day  

k2,K2=0.000017 osteoclasts/day 
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Ni numbers of actively 

resorbing/forming bone cells 

calculated 

E0 young’s modulus of perfect bone 

without porosity 

3.137 GPa 

ρL density of perfect bone without 

porosity 

1,200 kg/m3 

δs , δc constants describing young’s 

modulus evolution 

δs=2.5 

δc=3.2 

 

Jafari et al. [72] have also examined bone remodeling using a specific algorithm and finite 

element method around three different implant materials (Titanium, titanium with 

hydroxyapatite coating, and radial functionally graded materials). They have evaluated the final 

bone configuration (Young’s modulus of bones). They used a mathematical model (with bone 

density function): 

d
A(S k)

dt


= −  

ρ: apparent bone density  

A: the remodeling rate constant 

k: the reference (homeostatic) stimulus of the intact bone 

S: the stimulus 

u(x, y,z, t)
S(x, y,z, t)

(x, y,z, t)
=


 

u: the strain energy density  

S is a scaler function of the position vector components and time. 

The differential equation of bone remodeling of bone tissue was used as follows: 

A(S (1 )k) S (1 )k)
d

0 if (1 )k) S (1 )k)
dt

A(S (1 )k) S (1 )k)

− +   + 
 
= −    + 
 − −   − 
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The average  Young’s modulus of each bone was calculated in every remodeling stage by the 

following formulas: 

For cancellous bone: 

2.15E 2349=   

For cortical bone: 

E 24000 23.930= −  

Their results showed that radial FGM implants generate the highest remodeling stimulus and 

bone density, during the remodeling process the bone density was increased around the implant. 

Regarding overload-induced bone resorption, the stress values were within the safe range (lazy 

zone). 

II.3.6 Finite element studies and mechanostat theory 

Mechanostat theory is a good criterion that can be used with finite element analysis (strain 

analysis in bone tissue) to describe the behavior of the bone. Xie et al. [75] have studied the 

effects of the materials on fixed partial dentures supported by two endosseous implants (a 

diameter of 3.5 mm and a length of 10 mm) with titanium, zirconia, and titanium-zirconia 

materials. The strain in bone tissue was analyzed. They have found that the strains in the 

spongious bone for all models were below the physiological upper limit of 3000 micro-strain 

(based on mechanostat theory). Liu et al. [86] have evaluated the effect of bone quality with 

short (6 mm) and standard implants (10 mm) with an all-on-four design. The stress/strain 

analysis was performed using maximum principal stress and strain. In their study, they 

empathized that the volume of elements with strains of over 3000 micro-strains (με) in bone 

was counted for the risk of overload, according to Frost’s mechanostat theory. Silva et al. [91] 

have examined the biomechanical behavior of 3-unit implant-supported prostheses under 
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parafunctional forces. They have used microstrain analysis criteria to evaluate bone tissue and 

the risk of resorption scale by mechanostat theory. Fabris et al. [92] have used von Mises 

equivalent strain to compare it with mechanostat strain levels. Jafariandehkordi et al. [93] have 

evaluated the implant design parameters (Young’s modulus, length, radius) based on 

mechanostat theory by equivalent strain analysis. They have highlighted that if the strains in the 

bone tissue exceed 25,000 µε, the bone fracture will occur. Lee et al. [97] have studied the effect 

of implant diameter, abutment connection type, and bone density on the stability of the implant 

and bone. They have analyzed the principal strain to evaluate the bone behavior based on 

mechanostat theory (strain levels). Moreira et al. [122] have interpreted the results based on the 

mechanostat theory without describing the bone state. Dantas et al. [123] have compared results 

with mechanostat theory levels by calculating the octahedral shear strain values in root-analog 

and screw implants. They have found that root-analog implants can be a promising solution for 

dental implant options. Lee et al. [142] have evaluated the stability of the bones (cortical and 

cancellous), and the volume fractions according to strain levels of bone remodeling were 

estimated using the mechanostat theory. De la Rosa et al. [145] have examined the 

biomechanical performance of different bar-IOD designs by analyzing the stress and strain 

distribution on the bone with secondary stability. The mechanostat theory was taken into 

account as bone damage criteria. 

These studies used mechanostat theory as a basis to describe the behavior of bone under 

mechanical loading. A reliable technique that is frequently employed in the field of 

biomechanics is the application of this theory (mechanostat theory or frost theory) with the use 

of the finite element method. 
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Finite element analysis involves several processes, including collecting data, 3D modeling 

(models reconstruction) models, mesh setting, boundary conditions, and loading.  These 

procedures are performed with certain software, requiring expertise and skills. 

II.4 Conclusion 

All reviewed manuscripts in this chapter have certain limitations. The bone was considered 

isotropic and solid in most of the data analyzed in this review. The interior structure of bone 

tissue is porous and exhibits an anisotropic characteristic. The muscles, lips, and tongue forces 

were not applied in the computational analysis. The majority of studies are focused on the 

macro-level (or mesoscale), and there is a lack of data about the bone remodeling process using 

finite element analysis and implanted algorithms. It can be said that there is no established 

standard for performing finite element analyses in the dental implantology field. To acquire 

trustworthy FEA findings,  it is necessary to use data from CT scans by using techniques to 

obtain the non-homogeneous and anisotropic properties. Nevertheless, finite element analysis is 

an effective tool to predict stress and strain in bone tissue and dental implant components as 

well as describe such phenomena broadly in the biomechanics field. 
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III.1 Introduction 

Titanium (Ti) and its alloys are biocompatible materials that are largely used in dental implant 

systems. Dense dental Ti implants exhibit excessive stiffness and mismatch with the 

surrounding bone thus causing stress shielding, aseptic loosening and implant failure 

[152][153]. Implant stability is divided into primary stability (mechanical stability) and 

secondary stability (osseointegration). The principle of osseointegration depends on the primary 

stability which is influenced by implant design, bone quality, and surgical protocol [154]. To 

attain long-term osseointegration and to maximize the implant life, researchers are working on 

designs of implants to find suitable ones. During mastication forces after implantation, 

appropriate stresses should be transferred to the surrounding bone but due to the dense metallic 

implants and stiffness mismatch between implant and bone, a very low level of stresses are 

transferred to the bone and major load is carried by the implant which may cause stress shielding 

and bone resorption [153][155][156]. To overcome the aforementioned problems, research has 

found that the application of porous implants might inhibit the effect of stress shielding to ensure 

the implant's longevity [157][158] [159]and increase the possibility of bone ingrowth[160]. 

Studies showed that porous implants show reduced stiffness which effectively stresses transfer 

to the bone and facilitate bone ingrowth [161][[162] [163][164].  

Currently, additive manufacturing (3D printing) techniques have great potential in the 

biomedical industry, especially to manufacture complex designs of implants [165] [166][167]. 

Moreover, this technology can be used to customize implants for specific patient conditions, 

because it provides great control of porosity, micro surface roughness, making complex profiles 

[168][169][170]. 3D printing increased the potential in the field of implants due to quick 

production, the desired shape and fabrication bioinspired design [171][172][173].  
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The bone tissue has a complex behavior, consisting of organic components (such as 

collagen) which provide tensile properties and inorganic components (calcium, phosphorus) 

which are responsible for compression strength and stiffness [174]. Mandible consists of cortical 

bone which surrounds cancellous bone, the cortical bone has dense structures. However, the 

cancellous bone has a highly porous structure. Bone is classified on the mechanical properties 

such as Young’s modulus, the thickness of the outer layer (cortical bone) and density [175]. 

Osteoporotic bone is a disease in elderly patients that decreases bone density [176]. Bone has 

the capability to continuously remodel itself through the activities of different cells, which 

include bone resorption by osteoclasts and bone formation by osteoblasts [177]. Wolff [178] 

defined a relationship between bone remodeling and the direction of loading via a process called 

mechanotransduction. Frost HM [179] redefined Wolff’s law as the mechanostat hypothesis 

which is based on the level of strains [180]. Several approaches have been proposed in this 

concern [181][182][183][184]. Finite element analysis (FEA) is a well-known tool in the field 

of implants, it can easily predict the biomechanical behavior of implants and bones under 

various biomechanics conditions. Stress and strain analysis of the bone healing, bone-implant 

interface [185] [186] and implant design [187] has been the subject of multiple FEA studies 

[188][189][190][191][192][193][194][195][196][197][198][199]. Huang et al. [200] used FE 

analysis to investigate the effect of implant neck and cortical bone thickness on primary and 

secondary stability, they used four commercial implants of different sizes. Results showed that 

implant neck design has a role in micromotion and stress concentration in cortical bone. Ausiello 

et al. [89] numerically analyzed the effect of neck geometry of three implants of dense titanium 

with different angle platforms under a combined compressive and shear load on strain in the 

bone. The results showed that the straight neck produces more strain compared to the two other 

neck configurations. Jeng et al. [201] established the effect of implant neck wall thickness on 



Chapter IV Concept of functionally graded materials (FGM) For Dental Implants  

70 

 

bone and implant component using nonlinear finite element analysis, they used three different 

implant sizes (diameters 4, 5, and 6 mm) of titanium grade 4 with three implant neck wall 

thicknesses of 0.45, 0.50, and 1.00 mm. They reported that increasing implant neck thickness 

can significantly decrease bone strain. Marcián et al. [202] studied the state of the bone under 

different loading conditions on fully osseointegrated and partially-integrated implants based on 

two approaches, the mechanostat hypothesis and tensile/compression yield strains. Results 

showed that dense trabecular architecture leads to an increased strain in alveolar bone, and non 

axial loading produce higher strain than axial loading. Mehboob et al. [203] established the 

effect of implant type and porosity on patient's bone and studies the state of the bone based on 

mechanostat hypothesis and by using FEA. They concluded that the highly porous implants in 

weak bone produce very strain intensity, and the dense titanium produce very low strain 

intensity. 

This study aims to investigate the effect of implant neck design and porosity of mono-

piece implant on secondary stability in healthy bone type III and the osteoporotic bone under 

different loading. The failure criteria and mechanostat hypothesis were used to examine the 

behavior and the state of the bone. 

III.2 Materials and Methods 

III.2.1 Construction of 3D models  

A simplified section of mandible bone was constructed in NURBS (non-uniform rational 

basis spline) CAD (computer-aided design) software Rhinoceros 3D v6.0. 3D models of bone 

quality, implant design and implant porosity were also constructed.  



Chapter IV Concept of functionally graded materials (FGM) For Dental Implants  

71 

 

III.2.1.1 Modeling of bone heterogeneity  

Patients have different bone qualities which depend on age, everyday activity and food 

intake. Therefore heterogeneity in mandible bone is considered to construct 3D finite element 

models of the bones. Two types of bones are considered; healthy bone and osteoporotic bone. 

The model of bone type III (healthy bone) was constructed, the cortical bone is modeled around 

the cancellous bone with a thickness of 1.5 mm. Similarly, osteoporotic cortical bone also 

envelops the osteoporotic cancellous bone, which has lower Young’s modulus to mimic lower 

bone density (Figure III.1.a). The height of the bone was 27 mm and the width was 10 mm.  

III.2.1.2 Design of implant neck 

Various types of implant designs are available commercially. Therefore, different 

implant designs are modeled to investigate their effect on bone. A typical mono-piece straight 

implant (one-piece) is selected for modeling in SolidWorks 2020. 3D models of three implants 

were created with the same dimensions (3 mm × 15 mm) as shown in Figure III.1.b. Three 

angles of the implant neck were designed as 0°, 10°, 15° which are named implant A, implant 

B and implant C, respectively. All components were assembled in SolidWorks with the 

consideration that dental implants were fully osseointegrated with the bone.  

III.2.1.3 Designs of implant porosity 

Conventional Ti alloy dense implants with various designs are used to replace defective 

teeth. Therefore, a dense Ti alloy implant and two porous implants were modeled to investigate 

their influence on the surrounding bone. Two states of porosity of Ti (63% porous and 77% 

porous) in addition to the bulk Ti alloy (Ti-6Al-4V), based on previous study [203] are 

illustrated in Figure III.1.c. The effective Young’s moduli are used to mimic the porosity of the 
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dental implants to save the computational time and convergence of the simulations. Details of 

implant dimensions are shown in Figure III.1.d. 

III.2.2 Mesh, loading and boundary conditions 

All models are imported in the finite element (FE) software ABAQUS v6.20. All 

components are meshed with tetrahedral elements (C3D10), as shown in Figure III.2.a Five 

different mesh sizes (0.1, 0.2, 0.3, 0.4 and 0.5 mm) were used to investigate the accuracy of the 

results. It was determined that models with a size of 0.2 mm mesh size produce adequate 

accurate results, this determines the mesh size, total number of tetrahedral elements and nodes 

as listed in Table III.1. The regions interested are meshed with 0.2 mm mesh size, the rest 

ranged between 1 mm and 0.3 mm. The aspect ratio was less than 3 to ensure a good mesh 

quality. The total numbers of elements and nodes of all models meshes are reported in Table 

III.1.  

Table III.1 Total numbers of nodes and elements used in this study. 

Implants Cases Number of 

nodes 

Number of 

elements 

Implant A (0° platform) 125995 84425 

Implant B (10° platform) 128604 86213 

Implant C (15° platform) 128833 86385 

 

All materials simulated in this study are considered isotropic, homogeneous, and linearly elastic.  

Table III.2 summarizes the properties of the materials used in this study. 

Table III.2 Properties of the materials. 
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Components 
Materials 

Young Modulus (GPa) 
Poisson’s 

Ratio (ν) 

References 

Mandibular Bone 

Healthy cortical bone  13.7 

0.3 

 

[141][101] 

 

Healthy cancellous bone 1.37 

Osteoporotic Cortical bone 8.71 

Osteoporotic cancellous bone 0.465 0.2 

Implant 

Bulk titanium alloy (Ti-6Al-4V) 114 0.3 [203] 

77% porous implant 18 0.3 

63% porous implant 9 0.3 

 

The following two occlusal forces are chosen in this study: 

- 200 N is applied in the corono-apical direction (along the implant axis, named axial 

loading). 

- 150 N is applied in the buccolingual direction (perpendicular to the implant axis, 

named buccolingual loading) [202]. 

The bottom surfaces of the bone are fixed in all axes, a bonded contact was used between bone-

bone and bone-implant (fully osseointegrated), as shown in Figure III.2.b. 
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 Figure III.1 3D geometric models; (a) mandibular bone section, (b) neck platform angle, (c) 

implant porosity and (d) dimensions of the implant. 
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Figure III.2 (a) Loading and boundary conditions and (b) 3D finite element mesh. 

III.3 Results  

III.3.1 Von Mises stress in cortical bone 

The von Mises stresses are investigated because it provides a more accurate state of the 

stress [193], it is commonly utilized in three-dimensional stress studies. The von Mises stress is 

referred to as equivalent stress and it is defined in terms of the principal stresses by equation 

(1) [204].  Fig. 3 and Fig. 4 show equivalent stress distribution in the cortical bone under axial 

and buccolingual loading respectively. The maximum von Mises stresses acting in cortical bone 

are reported in Table 3. 

( ) ( ) ( )
2 2 2

e 1 2 2 3 3 1

1

2
  =  − +  − +  −
 

  (1) 
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Figure III.3 Von Mises stress distribution (in MPa) in the cortical bone under axial loading. 

It could be observed that results obtained for the cortical bone when applying 

buccolingual load were significantly greater than those obtained when the applied load was 

axial. Figure III.3 and Figure III.4 show that the stress distribution was higher in the cervical 

line at the implant-bone interface for all cases, this region has always been subject to more stress. 

The results indicated that maximum equivalent stress under axial loading was observed in the 

osteoporotic bone with a value of  74.8 MPa, and minimum stress reaching a value of 30.1 MPa 

in the healthy bone. Under buccolingual loading, the maximum von Mises stress was noticed in 
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the healthy bone with 304 MPa and the minimum stress in the osteoporotic bone with a value 

of 77 MPa. Overall, the reduction of stress in the bone under axial loading was due to an 

improvement in bone quality. 

It was also observed that the design of the implant neck had an important effect on the 

distribution of stress at the cervical line of the cortical bone, as the angle of the implant neck 

changes the stress decreases  which means that a straight neck generates great stress in both cases 

for the healthy and osteoporotic bone. 

From the results, it was noticed that the stresses in the case of porous (77% and 63% 

porous Ti) implants are higher than those of the bulk Ti. Under axial loading, the maximum 

value of bone stress was 74.8 MPa and it was obtained in the osteoporotic bone with the 77% 

porous Ti. However, the lowest bone stress was obtained in the healthy bone with Bulk Ti 

implant reaching a value of 30.1 MPa. This increase is more noticeable in the case of 

osteoporotic bone and implant C. Under buccolingual loading, the maximum stress value (304 

MPa) was obtained with the 77% porous Ti implant in the healthy bone. The minimum values 

(77 MPa) were observed for the Bulk Ti implant in the osteoporotic bone. Titanium's porosity 

percentage affects the variations of the stress in the cortical bone, due to different mechanical 

properties of the implants which mean the lower Young's modulus, the greater stress was 

observed in all cases. The yield stress of human cortical bone was determined to be between 50-

200 MPa [205]. Under axial loading, the stresses  are less than the yield stress, but in the 

case of buccolingual loading in the porous implants the values are greater than the 

yield stress, this may cause mini-fracture of the bone.  
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III.3.2 Von Mises stress in cancellous bone 

The distribution of stress is studied at the level of the cancellous bone because it has a 

major contribution to the process of bone remodeling. Figure III.5 show the stress distribution 

under axial and buccolingual loading, maximum stresses are reported in Table III.4 Under axial 

loading, higher stresses were observed in osteoporotic bone compared to the healthy bone. On 

the contrary, in the case of buccolingual loading, the stresses in osteoporotic bone are lower 

compared to healthy bone. Under axial loading, the maximum stress value (8.98 MPa) was 

obtained in the healthy bone, and the lowest value was observed in the case of osteoporotic bone 

with a value of 3.15 MPa in healthy and osteoporotic bone. It can be observed from the obtained 

results that the neck of the implant did not affect significantly the peak stress in the cancellous 

bone. On the other hand, the implant's porosity has a distinct effect. Stresses were higher in the 

case of porous implants than the bulk Ti, increasing the porosity of the implants led to  producing 

more stress, this is what was achieved in previous studies [206]. Stresses under axial loading 

are much lower compared to the stresses generated under buccolingual loading. The strength of 

cancellous bone ranges from 0.1 to 16 MPa [207], and understanding the fracture of cancellous 

bone with implant systems requires an understanding of the yield and failure properties of 

cancellous bone. 
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Figure III.4 Von Mises stress distribution (in MPa) in the cortical bone under Buccolingual 

loading. 

Table III.3 Maximum von Mises stress in cortical bone in MPa. 

 Osteoporotic bone Healthy Bone type III 

 77% porous 

Ti 

63% porous 

Ti 

Bulk Ti 77% porous 

Ti 

63% porous 

Ti 

Bulk 

Ti 

 Under axial loading 200N 

 

Implant A (0° platform) 

74.8 61.5 42.8 65.1 58.7 35.7 

 

Implant B (10° platform) 

49.3 49.0 40.3 43.0 43.6 34.8 
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Implant C (15° platform) 

41.0 39.3 38.6 35.2 33.3 30.1 

 Under Buccolingual loading 150N 

 

Implant A (0° platform) 

249.6 214.0 90.7 304.5 252.5 113.8 

 

Implant B (10° platform) 

180.1 158.9 80.6 183.0 172.0 97.4 

 

Implant C (15° platform) 

152.6 139.9 77.0 150.3 147.5 91.5 
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Figure III.5 Von Mises stress distribution in cancellous bone in MPa under axial and 

buccolingual loading. 

 Table III.4 Maximum von Mises stress in cancellous bone in MPa. 

 Osteoporotic bone Healthy Bone type III 

 77% porous 

Ti 

63% porous 

Ti 

Bulk Ti 77% porous 

Ti 

63% porous 

Ti 

Bulk 

Ti 

 Under axial loading 

Implant A (0° platform) 3.24 2.78 2.42 4.94 4.12 3.17 
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Implant B (10° platform) 3.17 2.71 2.42 4.86 4.04 3.15 

Implant C (15° platform) 3.15 2.68 2.41 4.84 4.02 3.15 

 Under Buccolingual loading 

Implant A (0° platform) 5.28 4.06 1.99 8.98 7.18 3.61 

Implant B (10° platform) 5.27 4.03 1.99 8.98 7.14 3.55 

Implant C (15° platform) 5.26 3.98 1.96 8.98 7.09 3.55 

III.3.3 Strains in cancellous bone 

III.3.3.1 Principal strain:  failure criteria 

To explore the biomechanical response of the cancellous bone, principals’ strains were 

analyzed because it has special meaning in failure prediction for isotropic materials. Table III.5 

lists the principal strain values obtained from the analyses. The maximum principal strain is 

generally tensile, and the minimum principal strain is compressive. The bone yield strains are 

7300 με in compression and 6500 με in tension [208][209]. Based on the principal strain failure 

criterion  we can study the risk of bone failure at the bone-implant interface by comparing the 

principals’ strains with the yield strains of the cancellous bone.  Depending on the obtained 

results, the principal strains were much higher in the osteoporotic bone compared to the healthy 

bone. In addition, it was observed that the buccolingual loading generates more strains than the 

axial loading. The maximum value of the first principal strain was 10190 με and the third 

principal strain was -10123 με, and this was obtained in case of osteoporotic bone under 

buccolingual loading. Under axial loading, the minimum value of the first principal strain was 

1845 με and for third principal strain reach a value of -2391 με, it was observed in the healthy 

bone. However, there is no significant difference in peak strains between the three implant neck 

designs  (A, B, C), but it should be mentioned that the implant surface porosity effect was clearly 

observed. A reduction in principal strains in cancellous bone was consistently observed when 
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implant porosity was increased. Under axial loading, the principal strains obtained were below 

the bone yield strains (6500 με, -7300 με). Contrarily, under buccolingual loading with the 

porous Ti in the osteoporotic bone the values were above the bone yield strains, as shown the 

comparison in Figure III.6. Under BL loading, in  healthy bone with 77% porous Ti, the values 

of the principals strains converge to the limit (6500 με, -7300 με).  The lowers principals’ strains 

were noticed with the Bulk Ti compared to the porous Ti in the healthy bone under the both 

loading. 

Table III.5 Principals micro-strain in cancellous bone (με). 

 Osteoporotic bone Healthy Bone type III 

  77% porous 

Ti 

63% porous 

Ti 

Bulk 

Ti 

77% porous 

Ti 

63% porous 

Ti 

Bulk 

Ti 

  Under axial loading 

 

Implant A (0° platform) 

Max 5027 4674 4422 2184 2063 1898 

Min -5104 -4208 -3372 -3112 - 2453 -1572 

 

Implant B (10°platform) 

Max 4656 4570 4654 2105 1982 1845 

Min -5007 -4193 -3387 -3058 -2389 -1579 

 

Implant C (15°platform) 

Max 4666 4593 4323 2095 1960 1869 

Min -5003 -4188 -3389 -3042 -2377 -1580 

  Under Buccolingual loading 

 

Implant A (0° platform) 

Max 9949 7440 3942 6264 4907 2416 

Min -10160 -7617 -4306 -6375 -5007 -2532 

 

Implant B (10°platform) 

Max 10190 7590 3878 6386 5008 2419 

Min -10200 -7606 -4109 -6395 -5002 -2416 

 

Implant C (15°platform) 

Max 9964 7351 3758 6322 4891 2335 

Min -10123 -7530 -3764 -6353 -4955 -2391 
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(b) 

Figure III.6 Histograms show the comparison in principals’ strains; (a) in tension and (b) in 

compression. 

III.3.3.2 Strain intensity: mechanostat hypothesis 

Another approach for analyzing the response of cancellous bone under biomechanics 

conditions is the use of the mechanostat hypothesis which categorizes bone behavior according 

to the intensity of the strain [210]. 

Figure III.7 exhibits the concept of the mechanostat hypothesis and indicates the different 

thresholds for bone behavior. According to the mechanostat hypothesis, effective strain below 

1000 με cause disuse atrophy, the strain between 1000–1500 με represent adapted state which 
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means bone homeostasis is maintained,  the strain between 1500-3000 με cause the 

physiological overload state which indicates an increase in bone mass, above 3000 με leads to 

bone damage, and above 25000 με leads to catastrophic fracture [15]. Strain intensity was 

calculated by the following formula (Equation 2) [204]: 

( )
( ) ( ) ( )

2 2 2

i 1 2 2 3 3 1

1

2 1
 =  −  +  −  +  − 

+ 
   (2) 

Table III.6 Strain intensity in cancellous bone. 

 Osteoporotic bone Healthy Bone type III 

 77% porous 

Ti 

63% porous 

Ti 

Bulk 

Ti 

77% porous 

Ti 

63% porous 

Ti 

Bulk 

Ti 

 Under axial loading 

 

Implant A (0° platform) 

2690 2064 1570 1668 1 198 687 

 

Implant B (10° 

platform) 

2654 2050 1490 1662 1180 687 

 

Implant C (15° 

platform) 

2644 2034 1519 1651 1175 684 

 Under Buccolingual loading 

 

Implant A (0° platform) 

5000 3738 2012 3432 2606 1307 

 

Implant B (10° 

platform) 

4950 3726 2016 3450 2560 1306 

 4928 3682 2008 3442 2544 1302 
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Implant C (15° 

platform) 

Results indicate that the strain intensity is higher in the case of osteoporotic bone 

compared to the healthy bone. The maximum value of strain intensity was 5000 με and it was 

obtained under buccolingual loading in the osteoporotic bone, and the lowest strain intensity 

was obtained under axial loading in the healthy bone with 687 με. It was observed that the 

buccolingual loading produces higher strain intensity than the axial loading Under axial loading, 

it was noticed that the strain intensity was below 3000 με in the osteoporotic and healthy bone. 

We also noticed that when the implant neck is changed, the strain intensity does not alter 

significantly. The obtained data show that implant porosity has a significant impact on strain 

intensity. Under axial loading, The maximum value of strain intensity was 2690 με in 

osteoporotic bone with 77% porous Ti, and the lower value (687 με) in healthy bone with the 

bulk Ti.  Under BL loading, the strain intensity is higher than 3000 με with 77% and 63%  porous 

Ti in the osteoporotic bone. Likewise, we can also observe this comparison in the case of healthy 

bone with the 77% porous Ti implant. This analysis confirms what has been achieved in the 

previous section where the principals’ strains were examined. Figure III.8 represents a 

comparison in strain intensities based on the mechanostat hypothesis in cancellous for various 

porous Ti. In the case of dense pure titanium under axial loading in the healthy bone,  the values 

of strain intensity are lower compared to 1000 με  which is the limit of the atrophy stage. Instead, 

in the case of osteoporosis the strain intensity range between 1000-1500 με, this is the interval 

of the adaptive state. Therefore, bulk dense titanium can cause stress-shielding in the healthy 

bone with much less strain intensity. Nevertheless, it can improve the performance of bone in 

the case of osteoporosis. 
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III.3.4 Influence of bone quality  

The change of bone quality is expressed as a variation in the young modulus. It was 

observed that bone quality has a clear effect on the distribution of stresses and strains so that the 

strain intensity of the bone was reduced with the improvement of bone quality. Based on 

mechanostat hypothesis, the bone remodeling in the case of osteoporosis behaves differently 

than it does in healthy bone. 

III.3.5 Influence of implant neck design  

In order to study the influence of implant design on implant-bone interface, three 

different neck implants were designed. Maximum von Mises stress in cortical bone was found 

with implant A compared to implant B and C, this indicates that the shape of the implant neck 

influences the stress distribution, and an implant with a straight neck produce more stress on the 

marginal bone. In addition, no significant difference was observed at the level of the cancellous 

bone when the implant neck was changed. 

III.3.6 Influence of implant stiffness  

Regardless of implant neck design or bone quality, decreasing the stiffness of the 

implants increased the amount of stress and strain in the bone. In comparison to Bulk Ti, porous 

Ti implants of varied stiffness produce more strain and stress. Based on the mechanical stimuli, 

porous Ti implants provide a distinct biomechanical environment in the surrounding bone, and 

dense Ti implants may cause atrophy or stress-shielding because they transfer less stress in the 

bone. 
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Figure III.7 Concept of mechanostat hypothesis [211]. 
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Figure III.8 Histogram shows a comparison in strain intensities based on mechanostat 

hypothesis in cancellous bone for porous Ti and bulk implants under different loading and 

bone conditions. 

III.4 Discussion   

Ti and its alloys are widely used in the fields of implants due to their high 

biocompatibility. However, dense forms of Ti may have several disadvantages, such as 

insufficient osseointegration capacity, and stress shielding due to the high Young’s modulus 

[212]. Porous Ti has been developed to be a promising alternative to bulk Ti for dental implant 

applications [213]. 

The present study examines the effect of bone quality, implant neck design, and the 

surface porosity of implant under certain biomechanics conditions (loading) to  have enough 

knowledge of bone behavior. The results indicate that the stress was higher in osteoporotic bone 

compared to healthy bone. Osteoporosis can develop fractures and make the bone more fragile 

leading to bone loss or secondary osteoporosis [214]. It is necessary to have much knowledge 

of the cortical bone thickness, density, and bone health conditions, due to their role on the stress 

distribution pattern. It is therefore essential to take into account that a straight implant neck is 

not the preferred choice to achieve an osseointegration environment at the bone-implant 

interface because it can deteriorate the load dissipation in the bone tissue [89]. 

The results of this study showed that the neck design of the implant influences cortical 

bone-implant contact at the cervical region. Thus, stress increasing can lead to implant mobility 

and bone fracture in case stress exceeds yield stress. This may lead to bone loss or forming a 

pocket  that allows bacteria colonialization [215] then the bone cannot be repaired by bone 

grafting. Conversely, the design of the neck did not affect the distribution of stress at the level 

of the cancellous bone 
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This study showed that the stress was lower in cancellous bone compared to cortical 

bone, due to the variation in stiffness, cortical bone is stiffer (have higher Young’s modulus) 

than cancellous bone. This explains why it is a protective layer around the internal cavity. The 

principal strains were analyzed to compare them with the yield strains, based on yield criteria. 

The results show that compressive strain was high and that may lead to maintaining the integrity 

of a bone-implant interface. However, tensile strains may lead to stretching the bone. Results 

indicate that in the case of 77% porous Ti in the osteoporotic bone under buccolingual loading, 

the principal’s strain was higher compared to yield strains, and that can lead to bone damage or 

fracture. The results reflect that porous Ti implants generate more strains than bulk Ti in 

cancellous bone. This means the principal strains were increased by increasing the porosity. 

Strain intensity was calculated to study it with a mechanostat hypothesis, using this 

hypothesis is very common in research [203][210][202][216] to predict the functional response 

of the bone. The results show that low strains in cancellous bone for dense titanium (Bulk Ti) 

may result in bone atrophy especially under axial loading. In contrast, the higher strain may lead 

to microfractures in peri-implant bone [217] and subsequently implant failure. Reducing implant 

stiffness is of great importance for the bone remodeling process. Therefore, it can prevent stress 

shielding which affects the stability of the implant and induces  bone resorption. In vitro [218], 

a study has reported the relationship between porous substrates with rough surfaces and cell 

adhesion which improve the process of osseointegration and prevent the phenomenon of stress-

shielding, this has also been proven in an animal experimental study [219]. It is critical to take 

into consideration that low Young’s modulus can cause bone damage when strain exceeds 3000 

με, based on the mechanostat hypothesis, and this is what was confirmed using yield strains 

intervals.  
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The results showed that stress and strain under buccolingual are higher than axial 

loading. The reason is that load that may represent the lateral loading produces more shear 

forces. Non-axial loads (in linguo-buccal or mesio-distal direction) are most destructive 

compared to axial loads. It is necessary to design dental implants based on bone conditions to 

attain fully osseointegration at the peri-implant bone and inhibit stress shielding. Additive 

manufacturing will be a better option to produce porous implants for their mechanical adapted 

properties. 

It’s important to note that the study has some limitations, the behavior of the bone cannot 

act as isotropic and homogenous. Moreover, porous cancellous bone and porous implants were 

simplified by solid models to save the computational cost. The role of the gums and the effects 

of forces applied by oral cavity muscles were not considered. The simplification of the models 

in this study allows us to do an approximate analysis. Thus, the findings of the study should be 

supported by more clinical trials. 

III.5 Conclusion   

This study concludes that the effect of bone quality, neck platform configurations and 

implant porosity is more pronounced. The biomechanical response of healthy bone and 

osteoporotic bone is different. In the case of osteoporosis, the bone is maintained with dense 

titanium.  Instead, in the case of healthy bone, the strain generated with dense bulk titanium may 

lead to bone atrophy. Straight’s implant design is not the preferred option for the cortical bone.  

1. The greater the angle of the neck, the less stress on the cortical bone.   

2. The lower the porosity of the implant, the better the behavior in relation to bone stress/strain 

in osteoporotic bone under axial loading. 
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3. The higher the porosity of the implant, the better the behavior in relation to bone stress/strain 

in healthy bone.  

4. The better the bone quality, the less bone stress. 

5. Very low and very high porosities of implants cause bone resorption and microfracture, 

respectively, thus optimal implants are suggested for healthy and osteoporotic bones.    

The porous titanium fabricated via 3D printing techniques (additive manufacturing) can be a 

good alternative to reduce stress-shielding and for bone remodeling. Additive manufacturing 

technology allows us to improve the mechanical properties of porous titanium, due to its 

advantages on surface modification, control design of pores structures. The results of this 

study need more investigations including animal trials to validate simulated results. 
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IV.1 Introduction 

Dental implants made of titanium alloys (Ti) are one of the most reliable alternatives to 

replace defective teeth due to their excellent biomechanical properties [220]. Conventional 

implants are made of dense titanium that is fabricated as solid structures, thus exhibiting 5-10 

folds higher stiffness than bone [221]. This high mismatch of implant stiffness and bone may 

cause stress shielding, aseptic loosening, and bone resorption [222]. Therefore, studies have 

explored the use of porous titanium to reduce the stiffness of implants and mimic the bone 

properties [223] to overcome the aforementioned complications. Moreover, bone remodeling 

around implants is influenced by many factors, such as implant material and design [224], 

implant surface[225], and bone quality [136]. Higher stiffness implants take more load and 

transfer fewer stresses and strains to the surrounding bone. The amount of strain in surrounding 

bone determines the remodeling process under occlusal loads [107], and this was proved by 

Wolff's Law [178].  

Frost [180] described the mechanostat theory as a change in strain level and 

corresponding changes in bone density. Bone density is a measurement that is frequently used 

to assess clinical findings in bone health. Each person may have different bone densities. Some 

elderly people have osteoporosis, which causes a decrease in bone density. Also, bone density 

varies in different age groups, genders, and diseases. Furthermore, several methods in biology 

have been used to examine complex physical phenomena such as thermal damage and the 

temperature in living tissue with laser irradiation [226][227]. Laser therapy has been proposed 

to reduce clinical markers of peri-implant tissue inflammation [228]. Many techniques of 

thermal therapy and heat treatment have been considered one of the best existing alternatives 

for modern clinical treatments [229–234] 
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To overcome the aforementioned complications, researchers have been working to 

develop new materials and bioinspired designs of structures using additive manufacturing (3D 

printing) to obtain mechanical properties well compatible with bone tissue [235] [236].  Low 

stiffness additively manufactured porous implants are promising alternatives to mimic the 

properties to meet biomechanical clinical needs. To attain excellent performance of such 

implants, the use of functionally graded designs and multi-objective optimization is necessary 

for optimal design and to further reduce the possibility of complications [237][238]. All these 

efforts and contributions have resulted in significant advancements in the field of orthopedic 

and dental implants. 

To simulate different bone densities, the designs of implants, and various mechanical 

loads, several researchers have demonstrated the great success of computer methods in 

evaluating implant performance [189,202,239–242]. Jafari et al. [72] have studied the influence 

of implant materials (functionally graded material (FGM), hydroxyapatite (HA)-coated and Ti) 

on bone remodeling. Their findings concluded that the most promising model is the radial FGM 

dental implant, and the second-most preferable choice is the HA-coated dental implant 

compared to the dense titanium. Ghaziani et al. [243] have examined the effect of FGM with 

titanium/Hydroxyapatite fixtures on bone remodeling around osseointegrated trans-femoral 

prostheses. The results showed that using a radial FGM with low-stiffness material in the outer 

layer and less metal composition significantly improved bone remodeling. Despite the numerous 

studies [115,244,245] that investigated the bone quality and implant materials, few papers have 

evaluated the effect of FGM porous Ti implants on surrounding bone strains.  

In this study, different bone densities (0.6, 0.7, 0.8, 0.9 and 1 g/cm3) with various designs of 

implants, including FGM Ti (axial and radial), conical and cylindrical implants, were simulated 
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under an axial load of 200N to mimic the masticatory force. The mechanostat theory was used 

to evaluate bone behavior. The levels of stress and strain were analyzed using mechanostat 

theory in different cases and suitable designs of implants were suggested according to the bone 

density. 

IV.2 Materials and Methods 

IV.2.1 Construction of three-dimensional models 

A section of mandible bone with a height of 22 mm was designed in the NURBS (non-

uniform rational basis spline) CAD (computer-aided design) software Rhinoceros 3D v4.0 

(NURBS Modeling for Windows, Seattle, WA, USA). The cancellous bone is surrounded by a 

1.5 mm layer of cortical bone to mimic the real bone (Type III Bone [175]). Five conditions of 

bone density (0.6, 0.7, 0.8, 0.9 and 1 g/cm3) were used as shown in Figure IV.1.a. Three-

dimensional solid models of two implants (conical and cylindrical) were created using 

Solidworks 2020 (Dassault Systèmes, Vélizy-Villacoublay, France). The implant and abutment 

were considered as mono-piece (single piece), with a height of 18 mm and a diameter of 4 mm. 

The geometry and dimensions of the dental implants are shown in Figure IV.1.b. 

IV.2.2 Designs of FGM dental implants  

Figure IV.1.b.displays four FGM implant designs in addition to the conventional implant. 

Two configurations were created using Abaqus software v6.14 (Dassault Systèmes, Vélizy-

Villacoublay, France) with the partitioning cells method. FGM implants were graded in axial 

and radial directions, which were axially functionally graded material (FGM A) and radiallly 

functionally graded material (FGM R). In these designs, implants were divided into four equal 

sections in axial and radial directions for FGM A and FGM R, respectively. The implant has a 

length of 14 mm, making each section 3.5 mm vertically for FGM A. The implant has a diameter 
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of 4 mm,  for FGM R, each section was modelled with a thickness of 1 mm. The threads are 

included in the external section.  In all configurations, each section represents different porous 

titanium with different Young’s modulus (53 GPa, 31 GPa, 18 GPa, and 9 GPa, listed in Table 

1). The FGM A implant was designed with two combinations, the one with the highest stiffness 

at the top section and the least at the bottom section, and vice versa. FGM A-53 has a Young's 

modulus of 53 GPa on the top section and 9 GPa on the bottom section, as shown in Figure 

IV.1.b. Similarly, FGM A-9 A has a reverse sequence (9 GPa on the top and 53 GPa on the 

bottom). The FGM R implant also has two combinations. FGM R-53 is a radial functionally 

graded material with a Young's modulus of 53 GPa on the implant's outer section and 9 GPa on 

the implant's inner section. In reverse order, the same goes for FGM R-9 (9 GPa on the outside 

section and 53 GPa on the internal section). The first part of our simulations was to evaluate the 

effect of the conventional implant with conical and cylindrical shapes on all bone densities and 

the second part was to examine the impact of FGM implants on the strain distribution in the 

bone densities (0.9 and 1 g/cm3) adversely affected (bone loss) by conventional implants. 

IV.2.3 Properties of materials used in simulations 

All materials used in this study were considered isotropic, homogeneous, and linearly 

elastic. Carter and Hayes [246] investigated the relationship between nominal modulus and 

apparent density in the cancellous bone as shown in Eq. 1. The below equation was used to 

calculate different Young's moduli for different bone densities of the cancellous bone [247].  

3E C =        (1) 

Where E is the nominal Young’s modulus in MPa, C is 3790 MPa⋅cm9/g3 and ρ is the bone 

density in g/cm3. Five values of bone density were chosen in this study (0.6, 0.7, 0.8, 0.9, 1 
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g/cm3). All the materials properties used in the finite element simulations were taken from the 

literature, as shown in Table IV.1. 

Table IV.1 Properties of the materials. 

Components Materials Young’s Modulus (GPa) Poisson’s Ratio ν References 

Mandibular Bone 

Cortical bone  13.7 0.3  

[141]  

 

Cancellous bone 

0.818 (with 0.6 g/cm3) 

0.3 

1.30 (with 0.7 g/cm3) 

1.940 (with 0.8 g/cm3) 

2.762 (with 0.9 g/cm3) 

3.790 (with 1 g/cm3) 

Crown Feldspathic porcelain 82.8 0.33 [185] 

Implant 

Dense Titanium (Ti-6Al-4V) 114 0.3  

[192] [203] 
Porous Ti (30 %) 53.84 0.3 

Porous Ti (47.3 %) 31.49 0.3 

Porous Ti (62.8 %) 18.33 0.3 

Porous Ti (77.6 %) 9.11 0.3 

 

IV.2.4 Mesh, loading, and boundary conditions 

All models were imported into ABAQUS v6.14 (Dassault Systèmes, Vélizy-Villacoublay, 

France) to run the simulations. The interfaces between bone and implant were considered 

perfectly bonded (fully osseointegrated) [72]. An axial load of 200 N was applied on the top of 

the implant as shown in Figure IV.2. The intensity of 200 N was chosen as a mean of vertical 

masticatory force [115][248]. The bottom surfaces of the bone were fixed in all axes. 

The bone-implant interface was refined with tetrahedral elements of type C3D10, and the 

regions away from the contacting area were meshed by coarser elements, as shown in Figure 
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IV.2. A mesh convergence analysis was carried out to ensure that the FE model's prediction 

accuracy was unaffected by the mesh element size. The element sizes for cortical bone, 

cancellous bone, and the implant were 0.06 mm, 0.08 mm, and 0.2 mm, respectively. An aspect 

ratio of less than 3 was verified to improve mesh quality and ensure the accuracy of the results. 

1.1.Mechanostat hypothesis 

According to Frost’s [180] mechanostat theory, the remodeling response of bones depends 

on the level of strain exerted. The mechanostat theory identifies five main ranges of strain and 

bone remodeling accordingly [15]: 

• Bone atrophy for 1000oct   

• Bone homeostasis for 1000 1500oct     

• Bone gain for 1500 3000oct     

• Bone damage for 3000oct   

• Bone fracture for 25000oct   

Where oct is the octahedral shear (equivalent) strain, representing the most appropriate 

strain for the mechanostat theory [249], which was calculated by Eq. 2. 

( ) ( ) ( )
2 2 2

oct 1 2 2 3 3 1

2

3
 =  −  +  −  +  −   

Where oct  is the octahedral shear strain, 1 , 2  and 3  are the principal strains in x, y, 

and z directions. 
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Figure IV.1 Construction of finite element models; (a) section and health of bone, (b) designs of implants. 

 

a) Section and health of bone

Cancellous bone

Cortical 

bone

Hole for implant

Mandible

Density 0.6 Density 0.7 Density 0.8 Density 0.9 Density 1

Weak cancellous bone

Healthy cancellous  bone

b) Designs of implants

Ti 18 GPa

Ti 9 GPa

Ti 31 GPa

Ti 53 GPa
Ti 9 GPa

Ti 18 GPa

Ti 31 GPa

Ti 53 GPa

Ti 9 GPa

Ti 18 GPa

Ti 31 GPa

Ti 53 

GPa

Ti 53 GPa

Ti 31 GPa

Ti 18 GPa

Ti 9 GPa

0
.9

 m
m4 mm

0.35 mm

C
y
li

n
d

ri
ca

l
im

p
la

n
t

C
o
n
ic

al
 i

m
p
la

n
t

1
8

 m
m

4 mm

2.2 mm

2.5 mm

1
4

 m
m

4
 m

m

3.5 mm

3.5 mm

3.5 mm

3.5 mm

3.5 mm

3.5 mm

3.5 mm

3.5 mm

4 mm

3 mm
2 mm
1 mm

4 mm

3 mm
2 mm
1 mm



Chapter IV Concept of functionally graded materials (FGM) For Dental Implants  

102 

 

 

Figure IV.2 Assembly, loading, and boundary conditions. 
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IV.3.1 Effect of implant design on bone density 

IV.3.1.1 Displacements in cancellous bone 

The displacement patterns of all cases are illustrated in Figure IV.3. The maximum 

displacement was found at the interface between bone and implant. The highest values were 

found to be concentrated at the adjacent cortical bone on top, and then gradually decreased to 

the apical region in cancellous bone. The maximum value of displacement was 6.05 µm and it 

was observed with the conical implant when the bone density was 0.6 g/cm3. In contrast, the 

lowest value of 2.07 µm was observed when bone density was 1 g/cm3. As the bone density 

increased, a reduction in the displacement was observed. The cylindrical implant followed the 

same pattern, with no significant differences, as shown in Figure IV.4. 

 

Figure IV.3 Displacement distribution (μm) induced by conical and cylindrical implants in cancellous bone 

with different bone densities. 
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Figure IV.4 Maximum displacement (μm) from the cervical region to the apical region. 

IV.3.1.2 Strains in cancellous bone 

 

Figure IV.5 Contour plots showing the first principal strains induced by conical and cylindrical implants with 

bone density variation.  
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observed that the maximum principal strain was concentrated at the top of the interface between 

cortical and cancellous bone. The highest strain concentrations were found in the conical 

implant with the lowest bone density of 0.6 g/cm3. It was also observed that the implant design 

(conical or cylindrical implant) did not affect significantly the concentration of strains in the 

surrounding bone. The maximum value of octahedral shear strain was 3184 µɛ and it was 

obtained with the conical implant when bone density was the lowest (0.6 g/cm3). In contrast, the 

lowest value of 648 µɛ was obtained in the cylindrical implant when the bone density was the 

highest (1 g/cm3). These findings indicate that strains were increased by decreasing the bone 

density and vice versa. However, regardless of bone density, the implant type did not affect the 

peak strain significantly.  

IV.3.1.3 Stresses in implants 

Figure IV.6 shows the equivalent von Mises stress distribution in the implants. The peak 

stresses in all models were observed at the neck between the bone and implant interface. The 

highest von Mises stress was found with the highest bone density (1 g/cm3) and the lowest stress 

was found with the lowest bone density (0.6 g/cm3). Overall, the results showed that as bone 

density increased, the stress on implants also increased. 
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Figure IV.6 Contour plots showing the von Mises stress (in MPa) in conical and cylindrical implants with bone 

density variation. 

Moreover, the stress was not significantly different between the two implant designs. 

Figure IV.7 shows the bone state with a change in octahedral shear strain under different 

densities based on the mechanostat hypothesis when conical and cylindrical conventional 

implants were used. The lower the density of the bone, the higher the strain was generated. It 
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conical and cylindrical conventional implants. 
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Figure IV.7 Bone behavior with change in octahedral shear strain under different densities using conventional 

implants (based on mechanostat hypothesis).  

IV.3.2 Performance of FGM implants  

IV.3.2.1 Stresses in implants 
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density of 0.9 g/cm3 and 1 g/cm3, respectively. In the case of FGM A-9 with a bone density of 

0.9 g/cm3, the maximum stress was 13.5 MPa, and in the case of a bone density of 1 g/cm3, the 

stress was 13.01 MPa. The maximum stress with implant FGM A-53 was 18.5 MPa with a bone 

density of 0.9 g/cm3 and 17.88 MPa with a bone density of 1 g/cm3. In conventional implants, 

the maximum stress values were 21.4 MPa and 23.5 MPa for bone density of 0.9 g/cm3 and 1 

g/cm3, respectively. Almost the same pattern was followed in the case of FGM A-53, but with 

less distribution among the threads. The stresses were higher in the case of a bone density of 0.9 

g/cm3 compared to a bone density of 1 g/cm3. Through these results, the different stress 

distribution at the level of implants with different materials may inevitably affect the production 

of strain at the bone level, which indicates that the implant material plays an important role in 

the bone remodeling process at different bone densities. 
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Figure IV.8 Contour plots showing the von Mises stress (in MPa) in the different FGM conical implants. 

 

Figure IV.9 Von Mises stress (in MPa)  in cancellous bone by various FGM implants (in the axial path); a) 

axial FGM; b) Radial FGM. 
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Figure IV.10 Von Mises stress (in MPa)  in the cervical region of cancellous bone by various FGM implants; 

a) axial FGM; b) Radial FGM. 

IV.3.2.2 Stresses in cancellous bone 

Figure IV.9 depicts the distribution of stress along the axis of cancellous bone from the 

cervical to the apical region. The stress induced by axial and radial FGM implants varies from 

one region to another. It was highest in the cervical third and lowest in the apical third. FGM A-

9, as shown in Figure IV.9.a transfers more stresses in the cervical third than FGM A-53. On 

the contrary, stress was higher in the middle third with FGM A-53 implants. Furthermore, when 

compared to axial FGM implants, the stress generated in cancellous bone by radial FGM 

implants (Figure IV.9.b) was approximately uniform along the axis. In all situations, the stress 

was greater in the case of 1 g/cm3 bone density compared to 0.9 g/cm3 bone density. Figure 

IV.10 shows stress distribution in the apical region of the cancellous bone with different FGM 

implants. It was noticed that FGM A-9 and FGM R-53 transfer more stress to the apical third of 

the cancellous bone compared to other FGM implants. 
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IV.3.2.3 Strains in cancellous bone 

Figure IV.11 shows the first principal strain distribution in cancellous bone with 

different FGM implants for bone density of 0.9 g/cm3 and 1 g/cm3. The maximum principal 

strains were observed at the top between the bone-implant interface in all models. Strains tend 

to decrease gradually away from the implant-bone interface. In the case of the conventional 

implant and FGM R-53, the strain was less distributed between the threads.  On the contrary, the 

strain was more distributed in the cases of FGM R-9 and FGM A-9. The maximum principal 

strain (1298 µɛ) was observed in FGM R-9 with a bone density of 0.9 g/cm3, and the lower value 

(898 µɛ) was seen in the case of a conventional implant with a bone density of 1 g/cm3.  It was 

observed that principal strains were higher in the case of FGM implants compared to 

conventional implant. This indicates that the stiffness of the implant is an important parameter 

for the generation of strain in the surrounding bone. When the strain is less, it means that fewer 

stresses are transferred to the bone, which may lead to stress-shielding phenomena or bone 

atrophy. It was also noted that the maximum principal strains were higher when bone density 

was 0.9 g/cm3 compared to 1 g/cm3. 

Figure IV.12 shows the maximum octahedral shear strain in cancellous bone. The higher 

values were found in the case of the FGM R-53 implant (1275 µɛ with 0.9 g/cm3 and 1197 µɛ 

with 1 g/cm3). Conventional implants produced the lowest values (847 µɛ with 0.9 g/cm3 and 

685 µɛ with 1 g/cm3). The maximum octahedral shear strains with a bone density of 1 g/cm3 in 

FGM R-9 and FGM A-9 were 1036 µɛ 1080 µɛ, respectively.  However, an increase in octahedral 

shear strain was observed in the case when the bone density was 0.9 g/cm3 (1072 µɛ for FGM 

R-9  and 1145 µɛ for FGM A-9). The maximum strain (1071 µɛ) for the FGM A-53 implant was 

found with a bone density of 0.9 g/cm3, and a 986 µɛ with a bone density of of 1 g/cm3. It was 

noticed that FGM implants produce more octahedral shear strain compared to conventional 
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implants. Besides the bone density, the material and design of the implants are other major 

factors in producing strains at the implant-bone interface. As bone remodeling is directed by 

strains, bone homeostasis is maintained in almost all FGM implants. 

 

Figure IV.11 Contour plots showing the first principal strain distribution in the cancellous bone with different 

FGM implants. 

 

Figure IV.12 Maximum octahedral shear strain in the cancellous bone under different implant materials. 
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IV.4 Discussion 

The long-term implant stability is contingent on favorable bone adaptation to maintain the 

osseointegration and bone remodeling process. Therefore, it is essential to evaluate how stress 

and strain in the surrounding bone affect the secondary stability. The current study was carried 

out to evaluate the effect of implant type on different bone densities under an axial load of 200 

N. Five bone densities were chosen to explain how bone responds in a certain biomechanical 

environment. The mechanostat theory was used to compare the strains and their corresponding 

bone responses.It is well known that the amount of occlusal load transferred from the implant 

to the surrounding bone affects the surrounding bone density. Figure IV.7 describes the bone 

responses with the obtained results of octahedral shear strains. The results indicated that there 

is no significant difference between the conical and cylindrical implants in terms of generating 

strains in all cases. However, implant design and bone density have a great influence on the 

generation of strains.  

The bone density is determined and maintained by osteoblasts and osteoclasts cells on the 

surface of the bone. Researchers have assessed bone density by measuring bone mineral density 

(BMD) and indicated that the main risk factor of implant failure is bone density (quality and 

quantity) [250]. According to their studies, implants in the lower jaw (mandible) have a greater 

survival rate than those in the upper jaw (maxilla). This difference is thought to be mostly caused 

by bone density. In the present study, the results showed that the highest displacement (Figure 

IV.3) in cancellous bone was observed with the lowest bone density (0.6 g/cm3). This indicates 

that the lowest bone density transmits the most micromotions when compared to denser bones. 

In the same condition, the bone was more prone to critically higher strains (Figure IV.5). This 

showed that the reduced density does not offer a favorable host environment for implants to 
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have a good prognosis. According to Frost's theory, different amounts of strains exert different 

responses to the bone remodelling process. Figure IV.7 shows the lowest density (0.6 g/cm3) 

bone exhibited the damage behavior based on maximum octahedral shear strain. It was 

observed from the obtained outputs that bone promotes bone resorption for a bone density of 

more than 0.8 g/cm3. Bone loss and bone formation stay constant (adapted state) for a bone 

density of between 0.75 g/cm3 and 0.8 g/cm3. Bone mass and bone strength are increased (bone 

gain) for a bone density of between 0.65 g/cm3 and 0.7 g/cm3, due to the hormones and cytokines 

produced by the mechanical stimulus [251]. This difference in bone density gives us insight into 

how bone behaves biomechanically in producing strains. Several studies have used 

computational methods to describe the bone density based on mean Hounsfield unit (HU) values 

and computerized tomography (CT) scans [252], as well as to highlight the influence of 

mechanical stimulus using various bone remodeling algorithms [253][254]. Many techniques 

were performed in vivo to measure the strain at the bone-implant interface [255], and numerous 

FE studies looked at the impact of bone density as well [136][175].  

Figure IV.9 displays the variations in von Mises stress along an axial distance for different 

FGM implants (axial and radial FGM). It was observed that the von Mises stresses were the 

highest at the top (cervical region), and the stress decreased gradually in the case of radial FGM 

(FGM-R) implants,  in contrast to axial FGM (FGM-A) implants, where  the stress path changed 

after 4 mm. By comparing the graph results, the low elastic modulus implant FGM A-9 produced 

more stresses in the cervical region and it transmitted the stresses to the apical region of 

cancellous bone as well (Figure IV.10). This indicates that FGM A-9 can prevent bone 

resorption in all zones. Since bone shows inhomogeneous structures in which functional 

gradients exist, an FGM implant possesses success. Figure IV.12 reflects that FGM implants 
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generate more strains in surrounding bone compared to conventional implants. Because human 

bone is a porous functionally graded structure [256], FGM implants with micropores could 

mimic bone and improve bone density and ingrowth. 

It has been studied [203] that porous titanium with low stiffness can avoid stress shielding, 

and this was confirmed in vivo tests [257][258] and pores can also facilitate bone ingrowth 

[259]. Many studies have recently used additive manufacturing techniques to fabricate porous 

and FGM implants [260][261] using additive manufacturing technologies [262]. Vivo studies 

[263–266] discovered that using 3D printed porous titanium improves osteogenic responses. 

Nowadays, additively manufactured functionally graded materials and designs present a class 

of new implants that can be used profusely  in dental implants  due to their excellent 

biomechanical performance. 

The current study has a few limitations, such as the porous parts of the cancellous bone and 

implant porous were simplified by solid models to save computational cost. Moreover, the 

behavior of the bone may differ from actual behavior because cavity muscle forces were not 

considered. The simplifications in this study allowed us to do an approximate analysis. The 

future work will be extended to model porous implants, partial osseointegration cases, and bone 

remodeling processes by introducing a subroutine algorithm.  

IV.5 Conclusion  

To address the bone shielding issue, novel functionally graded material designs of dental 

implants were simulated with different bone densities. 

This current study concluded that:  

- Strain in bone increased with a decrease in cancellous bone density. 
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- The shape of the implant (conical and cylindrical) did not affect the distribution of stress 

and strain in the surrounding bone, significantly.  

- Functionally graded materials of dental implants (FGM A-9, FGM A-53, FGM R-9, FGM 

R-53) produced appropriate levels of strains than the conventional implants. Thus, FGM 

implants ensure a better biomechanical environment for surrounding bone. 

- Functionally graded implants solved the problem of bone loss using conventional implants 

and generated appropriate levels of strains in 0.9 and 1 g/cm3 bone densities.  

- The stiffness and the design of the FGM implant can be easily tailored by selecting 

appropriate porosity according to the patient’s bone conditions, which can be the best choice 

for implant longevity.  

The FGM porous Ti implants with low stiffness are a promising alternative to mimic the 

behavior of bone tissue and bone osteogenic responses compared to conventional implants 

(dense titanium). FGM titanium implants are the new designs of implants. Multiple designs of 

implants can be printed easily using additive manufacturing techniques. The porosity and 

location of dense material can be controlled to meet the clinical requirements of the patient. 

Such designs of implants have the potential to alleviate stress-shielding effects and bone atrophy 

due to their closeness to natural bone morphology. In addition, multi-objective optimization is 

necessary to improve the performance of the optimal implant design and reduce the possibility 

of oral complications. 
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V.1 Introduction 

Layer-based additive manufacturing (AM) is a method for creating intricate three-dimensional 

physical items directly from three-dimensional computer-aided design (CAD) data. The 

inception of additive manufacturing goes back to 1980 with Dr. Hideo Kodama [267]. Additive 

Manufacturing (AM) also known as 3D printing, or rapid prototyping, or on-demand 

manufacturing, or digital fabrication, or desktop manufacturing, or solid freeform 

manufacturing, or layer manufacturing, or direct manufacturing technique. Figure V.1 shows 

the basic staged involves in 3D printing [166]. A simple setup involves converting 3D model 

data into standard triangulate language format (STL), which is easy to print with additive 

manufacturing machine. AM has integrated numerous manufacturing techniques (powder bed 

fusion, directed energy deposition, material extrusion, binder jetting, curing, lamination etc.). 

Recent years have seen a lot of interest in the powder bed fusion (PBF) technique because of its 

potential in the medical industry, notably with Ti-6Al-4V [268]. This method uses an energy 

source to selectively sinter or fuse a feedstock material made of fine powder into successive 

layers. Alternatively to using a laser beam (L-PBF) as the energy source, this technique also 

employs an electron beam (E-PBF), in which the kinetic energy of accelerated electrons is 

transformed into thermal energy upon impact with the powder bed. Commercially, this 

procedure is referred to as electron beam melting [269]. This method can meet the highest 

quality standards with appropriate conditions, such as good powder quality and well adjusted 

process parameters. However, when using L-PBF, a number of variables can affect the printibale 

structure., including hatch spacing (the distance between parallel laser passes), powder layer 

thickness, laser power, and laser scanning velocity [270]. 
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Titanium and its alloys are widely used in orthopedic and dental implant fields because of their 

high biocompatibility. Porous titanium has been created using a variety of techniques, which 

can improve the fixation ability with the bone tissue. In addition, the stress-shielding 

phenomenon can occur due to the mismatch between stiffness of dense titanium and bone. 

Hence, porous titanium can prevent this phenomena. AM has great potential to solve this kind 

of problems of creating a porous surfaces. In an in vivo and vitro investigation [271][272], 

printibale porous titanium implants were examined, their architecture can affect the bone 

ingrowth into pore space. Studies showed that porous titanium with lower stiffness similar to 

bone can provide an excellent osseointegration by improving the early bone formation [273]. 

Therefore, porous titanium is a promising candidate for bone-tissue engineering applications.  

Implants' porous architectures are mostly constructed from periodic arrays of representative 

volume elements (RVEs) [274]. Both mechanical properties and bone ingrowth depend on the 

RVEs' structure and size which are dependent on porosity and pore size as well. Porous 

structures reduced the elastic modulus with increasing the porosity, the strength will be very 

low, and the materials will have insufficient strength to replace natural host bones [275]. On the 

other hand, A porous construction with less porosity is likely to perform less biologically [276]. 

Typically, the mechanical and biological requirements are at odds. Therefore, it’s necessary to 

find optimal porous cellular to improve the mechanical and biological performances. 

Periodic structures, sometimes referred to as lattice structures, include honeycombs and trusses 

and are composed of unit cells that are organized periodically to form a certain shape. Lattice 

structures have drawn a lot of interest due to their desirable properties, including superior 

specific strength and specific stiffness [277]. The repetition of a unit cell using a specific spatial 

pattern is the typical method for creating lattice structures, so the unit cell is the smallest 
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element. Complex porous lattice structures can be designed by computer- aided design (CAD) 

software and can be manufactured with additive manufacturing techniques because it’s difficult 

to produce their complex architecture with conventional industrial techniques [278]. 

The study of mechanical performance of different lattice structures has been of interest to many 

researchers using finite element analysis (FEA) [192][279][280][281]. In this study, we selected 

five-unit cell as a representative strut-based unit (Figure V.2), the cubic-cross (CC), the body-

centered cubic (BCC), face-centered cubic (FCC), the octahedron (Octa), the octahedron-cross 

(Octa-c). Therefore, five lattice structure were modelled. The aim of this study is to verify the 

influence of the geometric properties of this unit cell such as strut diameter on the mechanical 

properties of the lattice structure using finite element method. 

 

Figure V.1 Main steps involves in 3D printing. 
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V.2 Methodology 

V.2.1 CAD modeling of unit cell and lattice structure design 

A simple cubic unit type was used to design the units cell (Figure V.2). The unit cell is 

characterized by three parameters, the edge of the cube (L=1 mm), the internal strut diameter 

(SD in mm), and the pore size (Po). Five type of units cell were designed using Abaqus v6.20 

software, the cubic-cross (CC), the body-centered cubic (BCC), face-centered cubic (FCC), the 

octahedron (Octa), the octahedron-cross (Octa-c). Three different strut diameters (SD) were 

chosen for this unit’s cell, 0.1 mm, 0.2 mm and 0.3 mm, respectively. Five designs of 27-unit 

cells were modelled by using feature of linear repetition (3 × 3 × 3 lattice structure). Figure V.3 

shows the CAD modelling parameters of the selected scaffold (CC, BCC, FCC, Octa, Octa-C). 

The pore size of different lattices structure with different strut diameter (0.1 mm, 0.2 mm, 0.3 

mm) are reported in Table V.1. 

 

Figure V.2 Different units cell and lattice structures ; the cubic-cross (CC), the body-centered cubic (BCC), 

face-centered cubic (FCC), the octahedron (Octa), the octahedron-cross (Octa-c). 



Chapter V Mechanical Characteristics of Porous Ti Grade 5 (RVE approach) 

122 

 

 

Figure V.3 CAD modelling of porous structure. 

Table V.1 Different lattice structures with their strut diameter, and pore size. 
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Figure V.4 Finite element configuration of different models . 

V.2.2 Materials properties 

The lattice structures of Ti-6Al-4V were investigated in this study. Ti-6Al-4V alloy is widey 

used in orthopaedic and dental applications for bone tissue engineering due to its advantageous 

mechanical properties and biocompatibility. To mesure the elastic and plastic properties, the the 

Johnson-Cook strength model has been used. The properties of  titanium grade 5 (Ti-6Al-4V) 

used in this study are summarized in Table V.2. 

Table V.2 Properties of Ti-6Al-4V [282]. 

Density 

ρ 

(kg/m3) 

Modulus 

of 

elasticity 

E (GPa) 

Poisson’s 

ratio ν 

Intact 

strength 

constant 

A 

(MPa) 

Strain 

hardening 

constant 

B (MPa) 

Strain 

hardening 

exponent 

n 

m Strain 

rate 

constant 

C 

Reference 

strain rate 

ξ (s-1 ) 

melting 

temperature 

(K) 

transition 

temperature 

(K) 

4430 113.8 0.342 1098 1092 0.93 1.1 0.014 1 1878 715 
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V.3 Finite element parameters 

In order to obtain mechanical properties, the latice structures were loaded under uniaxial 

compression. A quasi-static displacement loading of 0.5 mm was applied on the top of the 

scaffold. The bottom surfaces were fixed with zero displacements (translations and rotations), 

as shown in Figure V.4.  The scaffold was meshed by C3D10 element with mesh seed size up 

to 0.08. 

V.3.1 Post-processing  

The following equation was used to determine the porosities: 

p

s

V
p 1 100%

V

 
= −  
 

 (3) 

where p, Vp, and Vs are the porosity of the porous model, volume of the scaffold (the porous 

structure) and volume of the solid (the cube), respectively. 

Lattice structure's effective stress and strain are described as follows: 

0

F

A
 =  (4) 
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=  = =  (5) 

where F is the reaction force that was obtained on the scaffold's bottom surface and Δl is the 

displacement captured on the upper surface of the scaffold, l0 and A0 are the initial length of the 

unit cell and the cross-section area, respectively. The displacements and reaction forces were 

extracted from the output field. 
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The effective Young's modulus (Eeff) was calculated from the ODB results (from the 

corresponding stress-strain curve) based on the Hooke's law: 

effE


=


 (6) 

V.4 Results 

V.4.1 Porosity of lattice structures 

The equation (3) were used to determine the porosity pourcentage. The volumes of 27 unit cells 

were obtained (in mm3) from Abaqus using material properties feature calculations. Results are 

reported in Table V.3. The varying of the strut sizes results in different porosity of the all lattice 

structures.  The scaffold porosity decreased as the strut diameter was increased. The CC (cubic 

cross) lattice structure has the most porosity in comparison to the other lattice structures, which 

was followed by BCC structure. FCC and Octa-c have less porosity, as shown in Figure V.5. It 

could be observed that the greater porosity (97.78%) was with CC structure with strut diameter 

of 0.1 mm. The lowest porosity was with FCC structure (53.14%) with strut diameter of 0.3 

mm. Generally, changing the type of lattice structures leads to different porosity. The diameter 

of the strut is the significant factor that changes the porosity. 

Table V.3 Porosity of different lattice structures with different strut diameter (SD). 

 Strut Diameter (SD in mm) 

 SD 0.1 SD 0.2 SD 0.3 

 Porosity (%) 

CC 97,78 91,70 82,59 

BCC 95,03 82,14 64,25 

FCC 93,07 75,74 53,14 

Octa 94,11 79,51 60,88 
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Octa-C 92,37 74,88 55,88 

 

 

Figure V.5 A graph of porosity decreasing as strut diameter increases in all diferent lattice structures. 

V.4.2 Compressive responses of lattice structures 

Figure V.6 presents a summary of the effective stress-strain graphs of different structures 

obtained from compression test. Figure V.6.a depicts the stress-strain curve for CC lattice 

structure. It was observed that the CC 0.3 (with SD of 0.3 mm) has the highest magnitude and 

the CC 0.1 has the lowest magnitude. All data of effective Young’s modulus and yiend strength 

are reported in Table V.4. It was noticed that the CC 0.3 has the highest stiffness and yield 

strength (8.87 GPa and 79 MPa, respectively) as compared to CC 0.2 (3.83 GPa, 34 MPa)) and 

CC 0.1 (522 MPa, 8.70 MPa). Figure V.6.b shows the stress-strain curve for BCC lattice 

structure.  Similarly, so that when the lattice structure with a larger diameter (0.3 mm) means 

less porosity, the stiffness is high. BCC 0.3 effective elastic modulus and yield strength 59 MPa, 

1.96 MPa, respectively.BCC 0.2 effective elastic modulus and yield strength 1.03 GPa, 25.72 

MPa , respectively. BCC 0.1 effective elastic modulus and yield strength 5.32 GPa, 100.3 MPa, 
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respectively. Figure V.6.c shows the stress-strain curve for FCC lattice structure. Likewise, 

increasing the strut size increases the stiffness and strength of the lattice structure. FCC with 

strut size of 0.3 mm has the highest stiffness and effective yield strength (20.30 GPa, 255.82) 

MPa as compared to BCC 0.2 and BCC 0.1. In parallel, same oberservation was noticed with 

octa and octa-c lattice structures. Overally, an increase in stifness and effective yield strength is 

related to a decrease in porosity of the lattice structure. 
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(c) 

 

(d) 

 

(e) 

Figure V.6 The effective stress-strain curves of different lattice structures; (a): CC, (b): BCC, (c): FCC, (d): 

Octa, (e): Octa-c. 
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Octa-c (octa-c 0.3) lattice structure with a value of 26.77 GPa. The lowest stiffness was observed 

with BCC 0.1 (52 MPa).  For a given strut diameter, the BCC cellular architectures provide the 

weakest stiffness and yield strengths. However, the FCC lattice structure provide moderate 

effective Young's moduli and yield strengths and the effective stress-strain curves are very close 

to those of the Octa lattice structure. The type of the unit cell and the strut diameter plays a 

major role in changing the stiffness and strength of the lattice structure, as shown in Figure V.8. 
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(c) 

Figure V.7 Comparison of effective stress-strain curves of different lattice structures; (a): with 0.1 mm strut 

diameter, (b): with 0.2 mm strut diameter (c): with 0.3 mm strut diameter. 

Table V.4 Effective yield strength and Young's modulus of various lattice configurations. 

 Strut Diameter (SD) 

 SD 0.1 SD 0.2 SD 0.3 

 Eeff (GPa) 
eff  

(MPa) 

Eeff (GPa) 
eff  

(MPa) 

Eeff 

(GPa) 

eff  

(MPa) 

CC 0.522 8.70 3.83 34 8.87 79 

BCC 0.059 1.96 1.03 25.72 5.32 100.3 

FCC 1.37 13.4 6.78 63.55 20.30 169.03 

Octa 1.00 20 4.66 84.65 12.39 216.84 

Octa-C 2.15 26.88 10.63 100 26.77 222.81 
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(a) 

 

(b) 

Figure V.8 Comparaison of different lattice structures design; (a):the effective Young’s modulus, (b): the 

effective yield strength. 

V.4.4 Stiffness and pore size 

The porous morphology (pore size) can provide a good environment for the ingrowth of natural 

bone.In this study, the strut diameter of different lattice structures were fixed (0.1 mm, 0.2 mm, 

0.3 mm). Therefore, this geometrical parameter can affect the volume quantity of the structure 

and thus its porosity, as well as the pore size (Po). Figure V.9 presents the effect of pore size 

on the Young’s modulus of different lattice stucture. We note that the raising of pore size of the 

lattice structure increases the scaffold stiffness. It is clearly demonstrated that regardless of the 

pore size, the Octa-C structure has the greater Young’s modulus. In addition, it could be 

obeserved that FCC and CC structures with same strut diameter have the same pore size. 

Likewise, the BCC, Octa and Octa-c have the same pore size. Figure V.9 is devoted to showing 

that with the same strut diameter (SD) the lattice structure type has different stiffness than the 

other, and the larger the pore size, the lower the stiffness. Figure V.9 is also intended to display 

a comparison between bone stiffness and lattice structures stiffness. To mimic the bone tissue, 
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scaffold stiffness need to be similar with those of natural bones. Cortical bone is stiffer than 

cancellous bone. Therefore, it need dense lattice structure. Cancellous tissue is characterized by 

its honeycomb-like structure. It could be observed from the graph illustrated in Figure V.9 than 

lattice structures with larger pore size and lower strut diameter (means great porosity) can be a 

good choice for the cancellous bone, except the BCC 0.1 which has very low Young’s modulus 

and yield strength. For cortical bone, the moderate pore size between 700 μm and 750 μm can 

be good option for its architecture, the Octa-c 0.2 or CC 0.2 with moderate stiffness (between 9 

abd 12 GPa). 

 

Figure V.9 Effect of pore size on the lattice structure stiffness.  

V.5 Discussion 

Due to their great biocompatibility, high specific strength, good corrosion and fatigue resistance,  

titanium and its alloys have been utilized extensively for many years as a solid implant material 

for the creation of biomedical implants. However,  the significant mismatch in stiffness between 

bone tissue and conventional dental implants (made of dense titanium) can cause stress-
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shielding. Therefore, researchers are working to elucidate the biological response of novel high 

strength-low elastic modulus [283]. 

The design and fabrication of porous structures can be a promising approach to alleviate the 

mismatch in stiffness especially with the advancement of additive-manufacturing(AM) 

techniques. Porous structures have received extensive attention because of promoting 

osseointegration through bone ingrowth in the porous structure [274]. Hence, it may offer a 

viable remedy for the problem of aseptic loosening over time. Porous implants architectures are 

mostly constructed from periodic arrays of representative volume elements (RVEs). The 

mechanical characteristics of numerous RVEs, (eg; cubic, BCC, FCC, and triply-periodic 

minimum surface), have drawn significant interest in the study of AM porous structures. 

The objective of the study described here is to explore the mechanical properties of different 

lattice structures and make a comparison between them. Scaffolds with RVEs of cubic-cross 

(CC), body-centred cubic (BCC), faced-centered cubic (FCC), Octahedron (Octa), and 

Octahedron-cross (Octa-C) have investigated using finite element method. The strut diameter 

was employed as a parameter in the FE prediction of mechanical properties of lattice structures.  

This factor led to different porosity and pores size. 

Results showed that BCC structure have the lowest Young's modulus, which is in agreement 

with the previous studies [192][284][285]. Peng et al. [282] have evaluated the fatigue life 

prediction of various porous structures design (SC, BCC, FCC, SC-BCC). Their findings 

demonstrated that the body-centered cubic (BCC) unit cell has the lowest stiffness (Young’s 

modulus) and yield strength at all relative densities and the highest elastic modulus and yield 

strength for the simple cubic (SC) unit cell. Additionally, SC unit cells have the best wear 

resistance of any of the architectures, while BCC unit cells have the worst. Yu et al. [286] have 
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examined three different porous design (primitive, gyroid, octahedron) with a porosity of 65% 

under compressive and tensile tests. The octahedron structure was named as BCC in their study. 

According to their research, Gyroid scaffolds had the highest tensile and compressive strengths 

(It is approximately twice higher than BCC). The gyroid and primitive structures are triply 

periodic minimal surfaces (TPMS). These types may exhibit strut stretching and buckling as 

compared to solid strut structures. 

In the present study, the Octa-C scaffold was almost 2 times that of Octa structure, The Octa-C 

scaffold was therefore better suited for load-bearing. This is due to Octa-C lattice structure has 

the largest cross-sectional area at any strut diameter. This improves the structure's ability to 

transmit stress in the direction of loading. 

Design of porous orthopaedic implants is based on knowledge of how bone ingrowth affects the 

mechanical characteristics of osseointegrated scaffolds. The diversity of designs offered in 

dentistry for dental implants for production from materials with different properties by 

companies poses a question for dentists to choose the optimal material for a particular clinical 

case. The result of the analysis gave an overview of the use of porous titanium grade 5 (Ti-6Al-

4V) with different mechanical properties and showed the possibility of the development of a 

new orthopedic and dental implant to improve the results of treatment of patients with partial or 

complete edentulism who suffer from bone deficiency. 

V.6 Conclusion 

In this work, five different models of porous Ti6Al4V scaffolds (CC, BCC, FCC, Octa, Octa-

C) with different strut diameters of 0.1, 0.2, 0.3 mm were modelled. The mechanical properties 

of porous titanium grade 5 scaffolds were determined by compression test using finite element 

method. The main conclusions are as follows: 
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(1) The increase in the strut diameter of the unit cell increases the volume (cross-section) of 

the scaffold and thus the porosity decreases. 

(2) The lower the porosity the lower the stiffness at any structure. 

(3) BCC lattice structure showed the lowest Young’s modulus and yield strength at any strut 

diameter, while the Octa-C showed the highest Young’s modulus and yield strength. 

(4) The Octa and Octa-C scaffolds can make the structure has better stress transmission at 

any loading direction. 

(5) The CC and FCC with strut diameter of 0.1 mm can be suitable for cancellous bone 

ingrowth due to their largest pore size (900 μm) and similair Young’s modulus (522 

MPa, 1370 MPa, respectively). 
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General Conclusion and Future Studies 

In conclusion, the use of porous dental implants and Functionally Graded Material (FGM) 

porous implants with low stiffness to mimic the host bone and avoid stress shielding has been 

shown to be a promising approach. The Finite Element Method (FEM) was used to simulate 

the mechanical behavior of the implant and the surrounding bone. The results demonstrated 

that porous implants with lower stiffness were able to reduce stress shielding and promote 

bone ingrowth. The FEM was a powerful tool to investigate the mechanical behavior of the 

implants and to optimize their design. Therefore, porous implants with low stiffness can be 

considered a viable option for dental implant applications. 

Future studies should focus on the development of composite materials to enhance the 

mechanical properties of the porous implants while maintaining their biocompatibility. The 

use of artificial intelligence (AI) to predict the results of the FEM simulations and optimize 

the design of the implants could also be explored. More experimental studies, both in vitro 

and in vivo, should be performed to further validate the findings of this study and to assess 

the long-term performance of the implants. Additionally, clinical trials are needed to evaluate 

the efficacy and safety of these new implant designs in human patients. These future studies 

could lead to the development of more advanced and effective dental implant solutions. 
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